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ABSTRACT

Coarse-grained quartz-alkali feldspar crystal-rich tuff (QFAS) represents the least-altered host rock in the stratigraphic
footwall volcaniclastic sequence at the Brunswick No. 12 massive sulfide deposit. Toward the sulfide deposit, the coarse-
grained alkali feldspar phenoclasts exhibit variable degrees of psendomorphic replacement by secondary quartz, albite, phen-
gitic sericite, and Mg-rich chlorite to form milky quartz-rich augen. The proportion of albite decreases with increasing quartz
and mica in pseudomorphs in the quartz-augen schist (QAS). The preservation of pseudomorph morphology in low-strain
domains suggests that the pseudomorphs predate deformation and are the result of hydrothermal alteration. The mica compo-
sitions reflect the major-element changes resulting from increased alteration toward the ore zone. For example, the increase in
Fe/(Fe+Mg) of chlorite, phengite, and whole rock from the less-altered rocks (0.30, 0.25, 0.70, respectively) to the most-
altered rocks along the sample profile (0.75, 0.70, 0.90, respectively) reflects the increasing abundance of Fe and Fe-rich
chlorite associated with the proximal alteration faéies. Based on mass-balance calculations considering Al as least mobile, the
weakly altered crystal-rich tuff (Q[F]AS) is enriched, relative to the least-altered crystal-rich tuff (QFAS), in Na, Fe, Mn, S,
CO,, and base metals, and has variable Mg and Ca contents. The moderately altered crystal-rich tuff (QAS) is enriched, with
respect to the QFAS, in Fe, Mn, S, CO,, and base metals, and depleted in Na, K, Ca, Ba, Rb, and Sr. SiO, is relatively
unchanged. There has been 10 to 30% mass addition in the QAS relative to the QFAS. These alteration effects are more pro-
nounced in the footwall tuffaceous sedimentary rocks just above the QAS contact, possibly because they are more reactive
than the QFAS. The hydrolysis of primary and secondary feldspar to phengitic mica and Mg-rich chlorite is probably related to
heated seawater alteration of the pyroclastic package on the margins of the discharging hydrothermal system. This peripheral
assemblage is in turn replaced by Fe-rich chlorite and white mica toward the more highly altered QAS and footwall sedi-
mentary rocks beneath the massive sulfide, which is indicative of moderately acidic and high aFe?*/aMg?* conditions during
hydrothermal alteration.

Keywords: footwall alteration, hydrothermal vent, feeder zone, quartz-augen schist, quartz-eye schist, Brunswick Mines,
Bathurst, New Brunswick.

SOMMAIRE

Les tufs riches en cristaux grossiers de quartz et de feldspath alcalin représentent les roches hotes les moins altérées de la
séquence volcaniclastique stratigraphiquement en dessous du gite 2 sulfures massifs de Brunswick No. 12, prés de Bathurst, au
Nouveau-Brunswick. Prés.de I’amas de sulfures, les phénocristaux grossiers de feldspath alcalin témoignent d’un remplace-
ment plus ou moins avancé par quartz secondaire, albite, séricite phengitique et chlorite magnésienne, pour produire des augen
riches en quartz laitenx. La proportion d’albite diminue 2 mesure qu’augmente la proportion de quartz et de mica dans les
schistes 2 augen de quartz. La conservation de la morphologie du produit pseudomorphique dans les domaines faiblement
défortmés fait penser que la pseudomorphose a précédé la déformation, et résulterait d’une altération hydrothermale. La compo-
sition du mica illustre les changements en termes des éléments majeurs, de plus en plus importants prés de la zone minéralisée.
Par exemple, I’augmentation en Fe/(Fe + Mg) dans la chlorite, la phengite, ct les roches totales, 2 partir des roches les moins
altérées (0.30, 0.25 et 0.70, respectivement) vers les roches plus fortement altérées le long du méme profil (0.75, 0.70 et 0.90,
respectivement) témoigne de 1'importance accrue du fer et ’une chlorite ferrifére en association avec le facies proximal de
I’altération. A la lumidre des calculs des bilans de masse, en considérant Al comme le moins mobile des éléments, les tufs 2
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cristaux qui sont faiblement altérés sont enrichis en Na, Fe, Mn, S, CO, et métaux de base par rapport aux roches les moins
altérées, tandis que leurs teneurs en Mg et Ca sont variables. Les tufs 3 cristaux 2 degré d’altération moyen sont enrichis en Fe,
Mn, 8, CO, et métaux de base, et appauvris en Na, X, Ca, Ba, Rb, et Sr par rapport aux mémes roches-témoins. $iO, demeure
relativement constant. Il y a eu addition d’environ 10 2 30% de masse dans les roches les plus altérées. Ces effets sont plus
prononcés dans les sédiments volcanogéniques de la paroi inférieure du gisement, possiblement a cause de leur plus grande
réactivité. L’hydrolyse des feldspaths primaire et secondaire pour donner un mica phengitique et une chlorite magnésienne
serait li€e A 1’altération de I’amas pyroclastique due 2 la circulation de ’eau de mer chauffée, dans les parties périphériques
d’un systeme d’évents hydrothermaux. L’assemblage distal est ensuite remplacé par un assemblage 3 chlorite ferrifere + mica
blanc dans la direction des roches plus fortement altérées sans feldspath et des roches métasédimentaires situées en dessous des
sulfures massifs, ce qui indiquerait I"implication d’une phase fluide 16gérement acide et 2 rapport aFe?*/aMg?* élevé au cours

de I’altération hydrothermale.

(Traduit par la Rédaction)

Mots-clés: altération de la paroi inférieure, évent hydrothermal, filon nourricier, schiste 2 augen de quartz, mines Brunswick,

Bathurst. Nouveau-Brunswick.

INTRODUCTION

It has been known for some time that there is a
common association between the occurrence of
quartz-porphyroidal rocks and massive sulfide
deposits in felsic volcanic sequences. The felsic pyro-
clastic rocks occurring stratigraphically beneath the
“Brunswick horizon” massive sulfides and laterally
equivalent Algoma-type iron formation were, for the
most part, originally crystal-rich tuffs with quartz and
feldspar phenoclasts and possibly porphyritic intru-
sions that were deformed and metamorphosed into
quartz—feldspar augen schists (QFAS) (Loudon 1960,
Lentz & Goodfellow 1992a; Fig. 1). There has been
some controversy, however, over the origin of the
quartz augen and their metallogenic significance
primarily on the basis of textural evidence from
numerous deposits, including those in the Bathurst
Mining Camp, where these rocks are known as quartz-
augen schists (QAS) or quartz-eye schists (QES).
Hypotheses for the origin of quartz—augen-bearing
rocks include porphyroblastic growth of quartz in
siliceous rocks (Hopwood 1976, 1977), volcanic
quartz (Vernon & Flood 1977, Vernon 1986), near-
surface weathering of epiclastic feldspar (McCutcheon
1990, 1992), and hydrolysis of feldspar within the vent
complex of a massive sulfide deposit (Goodfellow
1975a, b, Juras 1981, Nelson 1983, Luff et al. 1992).
Within the hanging-wall sequence at the Brunswick
No. 12 deposit, the absence of feldspar in the fine-
grained, feldspar-phyric rhyolitic tuffs and tuffaceous
sedimentary rocks also is peculiar. Interestingly, at the
Heath Steele ACD and B deposits, a narrow zone of
sericitization of feldspar occurs within the crystal-rich
tuffs of the stratigraphic hanging-wall (Wahl 1978).

This paper describes textural and mineralogical evi-
dence and mass-balance constraints on the transforma-
tion of QFAS to QAS in the vicinity of the Brunswick
No. 12 deposit. In order to characterize the QFAS—
QAS transition petrographically and geochemically as
the ore zone is approached, two sections on the 850-

and 750-meter levels (Figs. 2A, B) were selected from
the Brunswick No. 12 deposit. Because these sections
span only the margin of the feeder zone, the miner-
alogy and geochemistry have allowed us to quantify
fluid—rock reactions along the margin of what was the
hydrothermal vent complex.

This work constitutes a part of a Canada — New
Brunswick Agreement on Mineral Development
(NB-CAMD 1990-1995) project, the objective of
which is to characterize the exhalative environment
and hydrothermal alteration associated with the
Brunswick massive sulfide deposits.

GEOLOGICAL SETTING

The rocks of the Bathurst Mining Camp in north-
eastern New Brunswick comprise a Cambro-
Ordovician sequence of sedimentary and bimodal vol-
canic rocks, which was intruded by mafic and felsic
plutons (Skinner 1974). This assemblage was subse-
quently intensely deformed and metamorphosed dur-
ing Late Ordovician (Ashgillian) to Devonian time
(van Staal & Fyffe 1991, van Staal et al. 1992). In the
mine area, the sequence consists of intercalated quartz
wacke and carbonaceous pelite of the Patrick Brook
Formation (Miramichi-Tetagouche Group, Fig. 1) and
is conformably overlain by rocks of the Tetagouche
Group. The Tetagouche Group has been subdivided
from the base upward into: (1) volcanic, volcani-
clastic, and sedimentary rocks of the Nepisiguit Falls
Formation (NF, Fig. 1), (2) dominantly rhyolite and
hyalotuff sequence known as the Flat Landing Brook
Formation (FLB, Figs. 1, 2), and (3) an upper
sequence composed of red to black siltstones, mud-
stones, and chert intercalated with transitional, tholei-
itic to alkaline, mafic volcanic rocks of the Boucher
Brook Formation (BB, Figs. 1, 2; van Staal & Fyffe
1991, van Staal ez al. 1992).

The Brunswick massive sulfide deposits and asso-
ciated iron formation occur in the upper part of the NF
Formation. The sulfide deposits are overlain by
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FiG. 3. Photograph of sheared contact with late quartz veins between the quartz-angen

schist (QAS) and the footwall sedimentary rocks (FW) at sample location 006 (QAS)

and 005A and B (FW).

rhyolitic volcanic rocks and associated sedimentary
rocks of the FLB Formation. The upper part of the
FLB Formation coincides with the transition from
felsic to mafic volcanism within the back-arc rift (van
Staal 1987, Fyffe & Swinden 1991).

At least five generations of folds have been identi-
fied in the Bathurst Mining Camp (van Staal 1985,
1987) The 8, foliation is particularly well developed
and is commonly transposed parallel to bedding. F,
folds and S, foliations are associated with early thrust-
faults and accompanying zones of high strain. F, folds
are tight to isoclinal, with a strongly developed S,
fabric. In the Brunswick Mines area, the F, axial trace
is steeply dipping with moderate to shallow, doubly
plunging axes. The interference between the F, folds
and large northeast-trending Fs folds (previously F;
folds) is responsible for the geometric distribution of
map units (van Staal & Williams 1984, van Staal
1987). Around the Brunswick No. 12 deposit, the
rocks have undergone upper-greenschist-grade
regional metamorphic conditions (M; and M,), with
temperatures on the order of 400°C estimated from
various geothermometers (van Staal 1985, Lentz &
Goodfellow 1993a) and the first appearance of biotite.

Pressures were on the order of 400 to 600 MPa (4 to
6 kbar) based on a petrogenetic grid and sphalerite
geobarometry (van Staal 1985, Lentz & Goodfellow
1993a), and locally up to at least 700 MPa (7 kbar)
within blueschists along a D, thrust zone between the
Tetagouche Group and the Fournier Group to the
northwest of the Brunswick No. 12 deposit (van Staal
et al. 1990).

FooTwALL LITHOTYPES

The Brunswick No. 6 and 12 massive sulfide
deposits are hosted by volcaniclastic mudstones that
are underlain by fine- to coarse-grained, crystal-rich
tuffs (tufflavas), porphyritic intrusions and reworked
pyroclastic and volcaniclastic rocks of the NF
Formation (Figs. 2, 3, 4). In the vicinity of Brunswick
No. 12 deposit, tight F; and F, folds are responsible
for the development of the weak to strong S, and S,
fabrics, which have transformed the crystal-rich tuffs
and sedimentary rocks into augen schists. The distri-
bution of the crystals, fragments, and matrix (origin-
ally glass) in these rocks has been variably modified
by sedimentary reworking.

Fi6. 2. A) Geological plan of the 850 m level, and B) geological section through the No. 3 shaft (11 north) at the Brunswick
No. 12 deposit (modified after Luff et al. 1992), illustrating the distribution of QAS and QFAS on this level and the two

profiles sampled for this study.
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FiG. 4. Polished rock slabs from the 850-m level illustrating the progessive breakdown of coarse alkali feldspar phenocrysts
with an increase in intensely foliated chlorite and sericite domains A) least-altered coarse-grained crystal-rich tuff
(quartz—feldspar augen schist, QFAS; sample 012) from near No. 3 shaft; B) weakly altered coarse-grained crystal-rich tuff
(quartz—(feldspar) augen schist, Q(F)AS; sample 153) with intermediate stages of replacement of alkali feldspar by albite,
sericite, and Mg-rich chlorite, with disseminated and vein sulfides; C) moderately altered crystal-rich tuff (quartz-augen
schist, QAS; sample 154), with quartz—sericite pseudomorphs of alkali feldspar, increase in content of Fe-rich mica, and
strong development of a composite S, and S, penetrative fabric; D) moderately altered footwall sedimentary rock (FW)
(sample 156), with a well-developed S; and S, fabric, and with transposed quartz—pyrrhotite veins.

The Nepisiguit Falls Formation consists of quartz—
feldspar augen schist (QFAS), quartz—augen schist
(QAS) or quartz-eye schist (QES), quartz—feldspar
crystal tuff (CT) and sedimentary rocks (FW). These
are descriptive terms that have long been used by
geologists at Brunswick Mines (Fig. 2). The nomen-
clature has been revised in order to reflect the current
understanding of the origin of these rock types.

Unfortunately, there are no series of samples that
characterize the complete transition from the least-
altered QFAS to the most-altered QAS in the core of
the sulfide-stringer zone adjacent to the main ore-
zone. The samples used in this study are from the
flank of the main sulfide-stringer zone where there is
good geological control along the entire sample pro-
file. The 850~ and 750-meter levels of the mine (Figs.
2A, B) were selected because they expose a virtually
complete section of the QFAS—QAS transition through
the Nepisiguit Falls Formation between the No. 3 shaft

and the footwall sedimentary rocks (Figs. 2A, B, 3, 4).
The QAS unit is thin on this level, and the QFAS
represents the “least-altered” footwall in the vicinity
of the mine (sample 012) on the basis of preservation
of primary textures, the presence of only weakly
altered alkali feldspar and the weak penetrative fabric
within the rock. Sample 012 was used as the basis for
comparisons with all other samples. A sample of the
footwall sedimentary rock (FW) (Fig. 4D), which
directly overlies the QAS unit, was included in the two
profiles in order to illustrate how the extent of alter-
ation changes toward the sulfide body and across the
QAS-FW contact. On the 850-m level, the contact
between the QAS and FW is sharp and possibly depo-
sitional, whereas the same contact on the 750-m level
is faulted, with late quartz veins occurring along the
fault (Fig. 3). Localized alteration (<1 m wide) asso-
ciated with the fault zone was avoided during
sampling.
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Coarse-grained crystal-rich tuff (QFAS) fine-grained matrix of sericite, Mg-rich chlorite,
albite, and opaque phases. The feldspar phenocrysts

The least-altered, crystal-rich tuffs (QFAS) are are subhedral to euhedral, and generally twice the size
composed of coarse-grained turbid alkali feldspar, of the “vitreous” quartz grains. The feldspar crystals
albite, and quartz phenocrysts that are hosted by a very  comprise 5 to 20 vol. % of the rock and are matrix-

F16. 5. Progressive alteration of feldspar in the crystal-rich tuffs (QFAS to QAS) beneath the Brunswick No. 12 massive sul-
fide deposit. A, B) Photomicrographs of phenocrysts of turbid alkali feldspar with fracture or pull-apart features filled with
an assemblage of quartz — albite — chlorite (QFAS, sample 012, No. 3 shaft, 850-m level). Plane-polarized light (PP) in A
and cross-polarized light (CP) in B. C, D) Photomicrographs of altered phenocryst of alkali feldspar composed of inter-
grown quartz and albite (chessboard) within the transition zone between QFAS and QAS (sample 009, 750-m level) (PP in
C and CP in D. E, F) Photomicrograph of porphyroclast of secondary chessboard albite altered to sericite, quartz and
partially deformed cataclastically within the QAS (sample 006, 750-m level) (PP in E and CP in F).
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supported in most areas (Figs. 4A, B, C, 5A, B). The
range in abundance of feldspar (10-20 vol. %) and
quartz (20-30 vol. %) phenocrysts is consistent
throughout the QFAS. There is overwhelming evi-
dence for a volcanic origin for some of the quartz
augen, including “vitreous” (black) quartz (para-
morphs after B quartz), crystal shards, and amoeboid
quartz. Paramorphs after B quartz were observed in
the QFAS near the transition into QAS. Discontinuous
dark grey to green wisps are morphologically similar
to relict pumice and lithic fragments that have been
observed in a few weakly deformed, coarse-grained
units of the crystal tuff. Although not common, small
dark grey to black wisps (0.5 to 1 cm, 10 vol. %) that
resemble lithic fragments of metapelite were identified
in the QAS and QFAS at the north end of the deposit.
In some samples, alkali feldspar phenocrysts are cut
and partly replaced by microcrystalline quartz — albite
— chlorite — sericite veinlets, although the rock remains
recognizable as QFAS. The minimal amount of crystal
fragmentation, the absence of flow-top breccias, and
the rare presence of fiamme are consistent with the
QFAS originating as a submarine pyroclastic flow
(Nelson 1983, Lentz & Goodfellow 1992a).

Fine-grained crystal-rich tuff (CT)

In the vicinity of the Brunswick No. 12 and 6
deposits, fine-grained quartz and feldspar, crystal-rich
tuff (tuffite?) is laterally continuous but of variable
thickness. The crystals are locally graded but usually
homogeneously distributed in a glassy to granular
matrix. Juras (1981), Nelson (1983), and Luff er al.
(1992) have described fragmented crystals, relict
fiamme, lithic fragments (0 to 20%), pumice clasts (10
to 20%), and granophyric textures in the crystal tuff.
The absence of these textures in the stratigraphically
lower QFAS is evidence against a reworking of the
QFAS and QAS to form the fine-grained crystal-rich
tuff (cf. Nelson 1983). This observation suggests that
in places, the crystal tuff represents several reworked,
distal pyroclastic fall deposits (Lentz & Goodfellow
1992a). This unit is also altered in the vicinity of the
deposit, although the unit remains known as crystal
tuff because of the difficulty in recognizing altered
feldspar phenocrysts. Although this unit was not inter-
sected in either profile sampled in this study, the foot-
wall sedimentary rocks (FW) described below have
some crystal-rich portions, indicating a derivation of
components from this unit.

Footwall sedimentary rocks (FW)

There are several very fine-grained, moderately to
poorly layered, leucocratic sedimentary rocks (FW)
(mudstones) that occur in the footwall sequence of the
Brunswick No. 12 deposit (Fig. 4D). The footwall
sedimentary rocks occur directly beneath most of the
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deposit, and pinch out laterally into fine-grained
crystal-rich tuff north and south of the deposit. The
transition is quite sharp, possibly representing onlap-
ping onto the crystal tuff or a lateral change in facies.
Within the footwall sedimentary rocks, scattered fine-
grained quartz and feldspar crystals and intercalated
crystal tuffs indicate a variable pyroclastic component.

ALTERED FOOTWALL LITHOTYPES

The fine- to medium-grained altered crystal tuff,
which is better known as quartz-augen schist (QAS),
is composed of 20 to 30 vol. % subrounded to suban-
gular grains or composite grains of quartz (£ feldspar
and mica) that are hosted in a dominantly sericitic
matrix (Fig. 4C). Quartz grains range from 0.1 to 1 cm
in diameter, and are matrix-supported and uniformly
distributed. Small grains of mottled feldspar that are
replaced by fine-grained mica or albite (or both) occur
near the base of the QAS (Figs. 2A, B). The alkali
feldspar phenocrysts decrease in abundance and size
(0.2 to 2 cm) in the transition zone [Q(F)AS] between
the QFAS and the QAS at the deposit. The strati-
graphic thickness of the quartz-augen schist is variable
(50 to <300 m) transgressing the stratigraphy, with
both sharp (50 cm) and gradational (>>100 m) transi-
tions into QFAS. Granoblastic quartz, albite, sericite,
and Fe-Mg-bearing chlorite have pseudomorphically
replaced alkali feldspar phenocrysts (Figs. 5C, D) or
albitized equivalents. Within the QAS, the alkali
feldspar phenocrysts that are totally replaced by
microcrystalline granoblastic quartz, sericite, and
chlorite resemble milky quartz augen in hand speci-
men, unlike the “vitreous” angular to eubedral vol-
canic quartz that also is present. The diameter of the
quartz augen in the QAS is generally 1 to 2 mm less
than quartz augen in QFAS, whereas feldspar in the
latter is up to twice as large as quartz. The smaller
grain-size of the mica—quartz pseudomorphs compared
to the original feldspar phenocrysts is attributed to
either 1) preferential growth of mica on the margin of
the quartz-rich pseudomorph, or 2) modification of the
proportions of quartz and mica in the pseudomorph
during recrystallization of the microcrystalline quartz
to produce a more micaceous margin. The mineralogy
and textural complexity of the pseudomorphs is
important to consider the account of compositional
changes, as pointed out by Gresens (1967).

Around the hinge zone of the F,—F, sheath-like
fold, the change in facies from footwall sedimentary
rocks to the fine-grained crystal-rich tuffs coincides
with zones of stringer-sulfide mineralization and asso-
ciated intense hydrothermal alteration probably local-
ized along a fault (Luff et al. 1992). High abundances
of Fe-rich chlorite near the deposit have been attri-
buted to either hydrothermal sedimentation during a
pre-ore hydrothermal stage (McCutcheon 1990, 1992)
or to pervasive chloritic alteration (melanocratic) by
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hydrothermal fluids that have migrated laterally from
the hydrothermal vent (stringer-sulfide zone) (Good-
fellow 1975a, b, Jambor 1979, Juras 1981, Nelson
1983, Luff ez al. 1992). The latter process would have
chloritized and sericitized the footwall units (Fig. 4).
The S, and S, fabrics are commonly more pro-
nounced in the QAS and FW than in the QFAS by
virtue of the higher content of phyllosilicates in the
matrix (i.e., less cryptocrystalline feldspar in the
matrix) and the absence of feldspar phenocrysts. The
well-developed fabrics indicate that deformation may,
in part, be responsible for the fragmentation of the
phenocrysts, resulting in a finer grain-size. Many
phenocrysts have variably developed deformation-
related, fine-grained mica—quartz beards in their pres-
sure shadows that have mineralogical and textural
attributes similar to those in pull-apart structures (cf.
van Staal 1985), although these features probably rep-
resent local in situ recrystallization of the matrix,
because the phenocrysts are not affected in many
cases. Despite the localized effects of deformation, the
morphological preservation of some of the pseudo-
morphs is compelling evidence for a pre-deforma-
tional origin. In addition, the minimal alteration in the
post-ore, synvolcanic composite mafic to felsic
quartz—feldspar porphyry dike that cuts the QAS to the
south of the deposit (Fig. 2A) indicates that alteration
“preceded dike emplacement and, therefore, deforma-
tion (Lentz & van Staal 1992). The pre-dike replace-
ment of alkali feldspar phenocrysts supports the con-
tention that the QAS is a product of alteration of the
QFAS (Goodfellow 1975a, Juras 1981, Nelson 1983,
Lentz & Goodfellow 1992a, Luff et al. 1992). The
occurrence, therefore, of milky quartz-augen pseudo-
morphs with “vitreous” volcanic quartz is evidence of
submarine hydrothermal alteration and may explain
the common association of QAS with felsic volcanic-
hosted massive sulfide deposits.

PETROGRAPHY
Feldspars

Within the least-altered crystal-rich pyroclastic
rocks, turbid alkali feldspar and albite phenoclasts
have been identified. Rare microperthitic textures are
preserved (Nelson 1983). The coarse-grained alkali
feldspar phenoclasts are irregularly turbid and com-
monly exhibit authigenic overgrowths that are color-
less and free of inclusions (i.e., not turbid). The alkali
feldspar phenoclasts have no albite lamellae and are
low in Na, indicating either diagenetic, hydrothermal
or upper-greenschist metamorphic alteration of the
felsic pyroclastic rocks (Table 1). These features have
been described in keratophyres in submarine pyro-
clastic rocks (Munhd et al. 1980). The celsian compo-
nent of the feldspar is quite low and irregular, possibly
because of the effects of hydrothermal alteration (¢f.
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Hughes 1973). The barium content of the alkali
feldspar is consistent with the whole-rock abundances
observed in the least-altered rocks. Detailed X-ray
analyses of feldspar separates indicate that the alkali
feldspar consists of ordered microcline, although some
crystals or portions of crystals are slightly more dis-
ordered and may be authigenic (Juras 1981, Nelson
1983). At the Brunswick No. 6 deposit, Nelson (1983)
determined that the degree of Si—Al order within the
feldspar was probably related to diagenetic reaction
with seawater and was not spatially related to the
hydrothermal alteration, although a metamorphic ori-
gin cannot be ruled out.

Two morphological types of plagioclase occur in
the least-altered rocks, small euhedral laths of primary
plagioclase (albite) and secondary albite or secondary
chessboard albite irregularly replacing alkali feldspar
or primary plagioclase. Both varieties of albite typic-
ally contains a negligible amount of the An component
(AbgoAn,, Table 1), which is indicative of re-equili-
bration under greenschist-grade metamorphic condi-
tions or possibly through alteration by seawater. They
also have uniformly low K, Sr, and Ba contents
(Table 1). In other areas of the Bathurst Camp,
secondary albite, including chessboard varieties, also
have formed (Starkey 1959) probably at the expense
of the microcline phenoclasts. Chessboard albite has
been described in association with keratophyric alter-
ation (Battey 1955) in other submarine volcanic
settings.

Phyllosilicates

The composition of mica was determined in select-
ed samples to characterize mineralogical variations
and mineral zonation related to alteration and to sup-
port mass-balance calculations. Eléctron-microprobe
analyses of mica in the least-altered rocks (QFAS)
were difficult to obtain because of the fine grain-size.
Analyses of mica in QFAS from the 750-m level were
supplemented with data from the stratigraphically
equivalent footwall sedimentary rock (sample 156),
850-m level. Total iron was represented as Fe?*, as
supported by the presence of low-f(O,) sulfide assem-
blages (pyrrhotite—chalcopyrite) in the footwall. In
addition, the average dyg, value in chorite is 1.555 A,
which is equivalent to a b, of 9.33 A (Juras 1981). The
large b, of chlorite is additional evidence that the chlo-
rite is reduced (high Fe?*) (¢f. Brindley & Youell
1953). The prominent 14 A dyy) peak in the footwall
samples examined by Juras (1981) indicates these,
samples have negligible septechlorite, consistent with
re-equilibration to the upper greenschist metamorphic
grade. However, this does not rule out the original
presence of septechlorite in the assemblage attributed
to premetamorphic alteration, especially since both
pre- and postmetamorphic berthierine was identified in
the alteration zone at the Kidd Creek deposit (Slack et
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al. 1992).

The composition of chlorite ranges from pycno-
chlorite in QFAS to ripidolite in the QAS and footwall
sedimentary units (¢f. Hey 1954; Table 2) similar to
the range identified by Luff er al. (1992). Average
compositions of inica were calculated for each sample
to smooth the irregular and overprinting effects of
alteration. The coexisting intergrown sericite has a
component of phengite. In both chlorite and sericite,
there is a slight decrease in VSi and an increase in
VAL and YTAl from the least-altered (sample 012) to
the most altered (sample 156) rock (Figs. 6A, B).
Tschermak substitution (*YSi + YIR = VAL + VIA])
results in the positive correlation between VAl and
VIAL However, at low Al contents, a coupled substitu-
tion involving Si and Mg predominates, whereas at
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higher total Al contents, Si and Fe are favored. This is
responsible for the enrichment in YAl and YIAI with
increasing Fe/(Fe+Mg) ratio (Fig. 6). This effect is due
to crystal-chemical considerations (¢f. Kranidiotis &
MacLean 1987), possibly because the Fe?* ion can
substitute more readily with an increase in VAl in the
chlorite or because Al readily substitutes for Mg in the
“brucite” layer (Deer et al. 1962). The cdvariance
between Fe/(Fe+Mg) and Al content also is probably
enhanced by the compositional variations produced by
changing activities of Si, Al, Fe, and Mg in the
hydrothermal fluid, for example, the enrichment in Al
and Fe in the protolith toward the massive sulfide. At
present, the respective contributions of each of these
factors remains unconstrained. The compositional
changes are, nevertheless, consistent with the leaching

TABLE 1. AVERAGE FELDSPAR COMPOSITIONS FROM HYDROTHERMALLY ALTERED, CRYSTAL-RICH FELSIC
PYROCLASTIC ROCKS, 750 m LEVEL BRUNSWICK NO. 12 MASSIVE SULFIDE DEPOSIT, BATHURST, NEW

BRUNSWICK
Sample 012 o012 009 008 008 007
Host QFAS ) QFAS QFAS QFAS QFAS QAS
Mineral Me Ab Mc Ab Ab Ab
No. 5 18 1 8 1s 3 1s 4 1s 4 18
SIiO, wt.% 64.3 0.8 66.5 62.5 0.4 67.7 0.5 67.3 0.4 67.5 0.8
TiO, 0.04 0.05 0.00 0.04 0.08 010  0.09 005 0.05 0.03 0.06
AlLO, 19.22 0.36 19.55 18.71 0.14 20.2 0.35 19.90 0.10 19.95  0.20
Fe,Oq 0.05 0.02 0.12 007 Q.08 0.02 0.03 0.03 003 0.07 006
MgO 0.04 0.02 0.00 0.03 0.01 003 0.03 0.00 0.00 0.02 0.01
MnO 0.01 0.01 0.02 0.01 0.01 0.04 0.03 0.03 0.03 002 0.02
BaO 0.53 0.31 0.13 046 042 023 020 0.12  0.18 003 0.04
Ca0 0.04 0.07 0.00 0.01 0.01 0.21 0.15 0.06 0.01 0.04 002
80 0.05 0.02 0.00 0.06 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Na,0 0.18 0.07 11.55 0.26 0.05 1198 0.05 1210 031 1186 0.18
K0 15.31 1.26 0.21 1654 0.14 013 0.03 010 0.03 0.04 0.01
Total 99.7 98.1 98.6 100.6 99.7 99.7
Si ‘2,98 297 296 2.96 2.96 297
Al 1.05 1.03 1.04 1.04 1.03 1.03
Fe3+ -0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.01 0.00 0.01 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.01 0.00 0.00
Na 0.02 1.00 0.02 1.01 1.03 1.02
K 0.90 0.01 1.00 0.01 0.01 0.01

* Notes: Mineral formulas were calculated assuming 8 atoms of oxygen. The presence of micaceous inclusions results
in high aluminum and low alkalis. The least altered sample 012 is located 350 m from footwall metasediments (FwW), 009
(50 m from FW), 008 (30 m from FW), 007 (15 m from FW), 006 (1 m from FW), 156 {5 m from QAS). QFAS = quartz-
feldspar-augen schist (least-altered crystal-rich tuff); QAS = quartz-augen schist (aitered crystal-rich tuff). Me (microciine)
and Ab (albite). No. = number of analyses used to calculate average composition; 1s = 1 standard deviation. Chemical
analyses were obtained at the Geological Survey of Canada using & Cameca 1electron microprobe (WDS) at 15 kV and
8.5 pramps operating current and calibrated with feldspar standards.
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FiG. 6. Compositional variation in chlorite and sericite from the least-altered crystal-rich tuffs (QFAS) to altered crystal-rich
tuffs into the altered footwall sedimentary rocks (FW) as a function of distance along the sample profiles toward ore zone
(Table 2). A) 'VSi content versus distance, B) YVIAl content versus distance, C) Fe/(Fe+Mg) versus distance, and Y'Mn
versus distance. Error bars represent 95% confidence intervals (£ = tos8/A/n is a 95% confidence interval: Le Maitre

1982).

of alkali constituents from the rock to form a more
aluminous residuum, and the increase in Fe/(Fe+Mg)
in the mica toward the more intensely altered zone
beneath the ore deposit (Fig. 6C). The Mn?* content of
chlorite also increases with Fe in the more altered
rocks (Fig. 6D). The chlorite compositions substanti-
ate previous observations of the vent-proximal Mg—Fe
chlorite (richer in Fe) and vent-distal Fe-Mg chlorite
(richer in Mg) described by Luff et al. (1992). Similar
compositional variations have been observed in chlo-
rite from several other massive sulfide deposits of the
Buathurst Camp (Sutherland 1967, Jambor 1981,
Lewczuk 1990).

In recent years, some studies of alteration have
documented Fe enrichment in chlorite toward the core
of the hydrothermal system (e.g., Roberts & Reardon

1978, Hendry 1981, McLeod & Stanton 1984,
Kranidiotis & MacLean 1987, Slack & Coad 1989,
Leitch 1992, Luff et al. 1992, Slack et al. 1992,
Cameron et al. 1993), although few have correlated
this enrichment with the composition of coexisting
phengitic mica (Hendry 1981, Cameron et al. 1993).
The positive correlation of the Al content of chlorite
and phengitic sericite with the Fe/(Fe+Mg) content of
these minerals is probably a function of the differences
in bulk composition produced by alteration, as these
rocks have been uniformly metamorphosed to upper-
greenschist-grade conditions. The Al content of phen-
gitic mica is variable, and therefore incapable of
“buffering” the Al content of chlorite to a fixed com-
position as a function of temperature. The proposed
chlorite geothermometer (¢f. Cathelineau & Nieva
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TABLE 2. AVERAGE PHYLLOSILICATE COMPOSITIONS FROM HYDROTHERMALLY ALTERED, CRYSTAL-RICH FELSIC PYROCLASTIC ROCKS, 750 m LEVEL BRUNSWICK NO.
12 MASSIVE SULFIDE DEPOSIT, BATHURST, NEW BRUNSWICK

Sample 012 012 008 oos 008 007 007 006 006 156 156

Host QFAS QFAS QFAS Q{FIAS Q{FAS QAS QAS QAS QAS FwW FW

Mineral Chi Ser Ser Chl Ser Chi Ser Chi Ser Chl Ser

No. 1 1 4 18 1 2 4 is 4 1s 7 18 8 18 10 is g 1s
Si0, wt.% 26.9 45.9 478 0.8 257 46.4 256 0.7 48.7 1.41 233 0.2 47.1 08 23.20 1.81 46.13 085
TiO, 0.07 0.31 034 004 0.13 0.33 0.00 000 0.30 029 0.04 006 027  0.11 0.08 0.7 022 004
AlLO; 19.83 27.31 27.78 1.16 20.47 273 2202 047 31.9 0.7 2216 0.22 34.9 05 21.99 068 3558 0.61
FeO 20.08 3.08 216 020 16.89 3.01 18.84 044 1.71 0.40 285 1.3 1.46 0.28 3553 059 2.24 1.1
MgO 19.33 4.81 288 0.09 17.14 3.58 1688 0.35 227 038 10.11 0.24 1.05 0.08 675 0.13 070 0.28
MnO 0.14 0.01 0.02 0.05 0.13 0.04 0.39 0.06 0.04 004 0.41 0.05 0.02 0.02 075 0.10 0.03 0.04
CaO 0.04 0.02 0.05 0.04 0.02 0.04 0.03 001 0.02 0.01 0.04 002 0.03 0.01 0.03 0.02 003 002
8rO 0.00 0.08 0.03 0.03 0.00 0.02 0.00 001 0.03 0.04 000 0.00 0.06 0.04 0.01 0.02 0.01 0.01
BaO 0.00 0.33 0.04 0.08 0.00 0.27 0.00 0.0t 0.28 029 012 o0.08 0.14 0.18 0.13 0.17 034 0.21
Na,O 0.00 0.09 0.35 0.42 0.01 0.23 0.05 0.03 0.22 0.05 0.04 0.03 0.35 0.02 0.08 0.06 039 0.09
K,O 0.08 10.18 10.88 0.52 0.01 10.75 0.09 0.09 9.09 1.59 0.08 0.085 9.80 0.46 0.12 0.1 9.40 0.58
H,O 11.61 4.28 4.34 11.93 4.13 11.64 4.41 11.12 4.32 10.76 4.33

F 0.32 0.30 0.27 0.17 0.03 0.53 0.24 0.13 025 0.17 0.21 0.27 0.42 0.17 0.17  0.18 035 0.2
ci 0.02 0.03 0.02 0.02 0.02 0.12 0.02 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.03 0.01 003 0.02
O=F 0.13 0.13 0.11 0.01 0.22 0.10 0.11 0.09 0.18 0.07 0.15

O=Cl 0.00 0.01 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.01 0.01

Total 98.3 26.5 96.9 925 96.5 96.7 88.1 95.9 99.7 98.4 98.6
Fe/{Fe+Mg) 0.37 0.26 0.30 0.36 0.32 0.40 0.30 0.61 0.44 0.78 0.64

Si 2.79 6.43 6.63 2.82 6.52 2.71 6.48 2.60 6.25 2.61 6.15

VAl 1.21 1.57 1.37 1.18 1.48 1.29 1.52 1.40 1.75 © 1.39 1.85

VAl 1.23 294 3.17 1.47 3.03 1.45 3.4¢ 1.52 3.71 1.52 3.74

Tl 0.01 0.03 0.04 0.01 0.03 0.00 0.03 0.00 0.03 0.01 0.02

Fe2+ 1.74 0.36 0.25 1.55 0.35 1.76 .18 2.66 0.16 3.34 0.25 .

Mn 0.01 0.00 0.00 0.01 0.00 0.03 0.00 0.04 0.00 0.07 0.00

Mg 2.99 1.00 0.58 2.80 0.75 2.66 0.45 1.69 0.21 0.96 0.14

Ba 0.00 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.02

Ca 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.00 0.02 0.09 0.00 0.06 0.0t 0.06 0.01 0.09 0.02 0.10

K 0.01 1.82 1.92 0.00 1.93 0.01 1.54 0.01 1.66 0.02 1.60

OH 7.89 3.86 3.88 7.99 3.74 7.92 3.89 7.92 3.82 7.93 3.84

F 0.10 0.13 0.12 0.01 0.23 0.08 0.11 0.07 0.18 0.06 0.15

Cl 0.00 0.01 0.00 0.00 0.03 0.00 0.01 0.00 0.00 0.0t 0.01
Oxygens 14 20 20 14 20 14 20 14 20 14 20

* Notes: The least-altered sample 012 is located 350 m from footwall metasediments (FW), 009 (50 m from FW), 008 (30 m from FW), 007 (15 m from FW), and 006 (1 m from FW). QFAS
= quartzfeldspar- augen schist (least-altered crystal-rich tuff); QAS = quartz-augen schist {altered crystal-rich tuff); FW = footwall sedimentary rocks. Chl (chlorite} and Ser (sericite). No.
= number of analyses used to calculate average composition; 1s = 1 standard deviation about the mean. Chemical analyses of very fine-grained intergrown chlorite and sericite was
problematic, particularly in the QFAS; therefore, only selected results are reported. Chemical analyses were obtained at the Geological Survey of Canada using a Cameca electron
microprobe (WDS) at 15 kV and 9.5 amps operating current and calibrated with mica and amphibole standards. Some low totals are probably due to the very fine-grained nature of the
micas in the least-altered samples. Mineral formula and H,0 were calculated with MINFILE a program created by A. Affifi and E. Essene at the University of Michigan, Ann Arbor, Michigan,
U.S.A. - .



QUARTZ~-AUGEN SCHIST, BRUNSWICK DEPOSITS

19835, Kranidiotis & MacLean 1987) is not applicable
to rocks that have undergone metamorphism at the
middle to upper greenschist grade at higher pressures
because the celadonite content of sericite increases
with increasing pressure (Massonne & Schreyer
1987). A minimum P(H,0) estimate of 600 to
650 MPa (6.0 —6.5 kbar) is indicated by Fe-Mg-bear-
ing phengite compositions in samples with the critical
quartz — chlorite — K-feldspar (+ phlogopite) assem-
blage, which is supported by sphalerite geobarometry
(van Staal 1985, Lentz & Goodfellow 1993b). The
close correlation between the compositions of chlorite
and phengitic sericite indicates that they represent an
equilibrium assemblage because major-element distri-
butions between coexisting minerals are a function of
temperature, pressure, and variations in other major
elements. The coexisting chlorite and white mica,
therefore, have the potential of testing for equilibrium
between mineral phases (Kretz 1959).

[Fe] K§MMs = [XEH(1-XM5)

[(A-XEHXHET [1]
where [Fe] = Fe/(Fe+Mg) for Ky, and X, =
Fe/(Fe+Mg).

The distribution coefficients (K,) of Fe/(Fe+Mg)
have been calculated for averaged chlorite and phen-
gite data from each sample set. The [Fe] K§MMs is
1.68 (r = 5). The slightly irregular distribution of [Fe]
between chlorite and phengite is probably due to the
effect of Al variation in sericite and chlorite. This is
similar to the Kj, calculated for a chlorite—sericite pair
from the Kidd Creek VMS deposit (K§"YMs between
2.0 and 2.5, Cameron et al. 1993). In an examination
of the altered rocks around the Prince Lyell massive
sulfide deposit, Hendry (1981) noted that the distribu-
tion of Fe/(Fe+Mg) between chlorite and phengite,
[Fe] K5H™s, is approximately equal to 1, although he
attributed the distribution to diagenetic-hydrothermal
features and not to re-equilibration during greenschist-
grade metamorphism. In a study of structurally
deformed low-grade, greenschist-grade pyroclastic
rocks, Ramamohana Rao (1977) found that chlorite
and phengite had re-equilibrated during metamor-
phism (recalculated [Fe] K§Ms = 0,65 + 0.19) indi-
cating that, in this case, the phengite has a higher X,
than the coexisting chlorite. With all else being equal
with increasing metamorphic grade, the Fe/(Fe+Mg)
distribution between chlorite and phengite increases
with metamorphic grade. Nonetheless, the mica com-
positions in low-grade metamorphic rocks should still
reflect the bulk composition of the altered parent rock
(¢f. Ramamohana Rao 1977, Hendry 1981, McLeod &
Stanton 1984, Kranidiotis & MacLean 1987). In this
study, for example, the Pearson product correlation
coefficient of Fe/(Fe+Mg) in chlorite and phengite
versus the bulk-rock composition (» = 0.85 and 0.92,
respectively, Le Maitre 1982) is high (>95% confi-
dence level) and may be used as a mineralogical index
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of alteration.

It is well known that high fugacities of reduced S,
and CO, can affect the composition of silicates co-
existing with carbonate or sulfides or both. Within the
zone of footwall alteration, the ubiquitous presence of
pyrite and lesser proportions of pyrrhotite, sphalerite,
chalcopyrite and, more rarely, siderite with chlorite
and phengite indicate that S,) and {CO,) should be
considered as important variables. Despite the moder-
ate to high f{S,) and {CQ,), the chlorite and phengite
in the proximal altered rocks still have a high Fe/
(Fe+Mg) value compared to those in the more distal
alteration [Q(F)AS and QFAS] facies. Two additional
factors also must be considered; 1) there may be a
compositional limit to the Fe/(Fe+Mg) ratio at a given
Al content, and 2) a decrease in divalent metals at the
expense of Al may coincide with an increase in the
Fe/(Fe+Mg) ratio regardless of high fS,) and £CO,).
Until crystal-chemical controls are fully understood,
caution must be used in interpreting chemical
variations in chlorite and phengite as a function of
variations in activities of hydrothermal components.

Mass-BALANCE CONSTRAINTS

The chemical composition of the QFAS, QAS, and
several FW rocks was determined along two sample
profiles (Figs. 2A, B, Table 3). Mass-balance calcula-
tions were carried out to identify the chemical changes
resulting from alteration of the least-altered QFAS to
the moderately altered QAS (Table 4). The major- and
trace-element composition of the least-altered QFAS
(sample 012) used in these mass-balance calculations
is very similar to the other QFAS units in the Bathurst
Camp (¢f. Lentz & Goodfellow 1992b). The variable
MgO content (1-3 wt.%) and variable Na,O and K,0
contents are consistent with keratophyric alteration of
the subaqueous felsic pyroclastic sequence (cf. Hughes
1973).

Enrichment—depletion ratios for the elements are
calculated by correcting for the changes in volume by
comparing with a least-altered parent (cf. Gresens
1967). The difference between this recalculated value
of the altered rock and least-altered parent was deter-
mined and divided by the value of the least-altered
parent to yield a relative variation that can then be
converted to a percentage.

The natural variation in the crystal-matrix ratio in
these pyroclastic and reworked pyroclastic rocks
makes it essential to rely on Al as the immobile
element because it occurs in both the crystals and the
matrix. The variation in the proportion of the matrix
(60 to 80%) is reflected by highly variable trace-
element contents compared to that for pristine igneous
rocks. Aluminum is also considered relatively immo-
bile under these hydrothermal and greenschist-grade
metamorphic conditions. In an albite — paragonite —
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TABLE 3. MAJOR- AND TRACE-ELEMENT COMPOSITIONAL DATA FROM TWO SECTIONS THROUGH THE CRYSTAL-
RICH TUFF ON THE 850 m AND 750 m LEVELS OF THE BRUNSWICK NO. 12 MINE, NEW BRUNSWICK
Sample 012 180 151 152 153 154 155 156 009 008 007 006 O05A 00SB
Type QFAS QFAS QFAS QFAS Q(F)AS Q(F)IAS QAS FW QFAS Q(FIAS QAS QAS FW W
Level (m) 850 850 850 850 850 850 850 850 750 750 750 750 750 750
SIO, wt.% 698.5 711 69.0 69.9 60.3 67.5 70.0 653 €69.4 71.1 65.8 60.3 70.0 a4.7
TiO, 0.55 0.60 0.58 0.59 0.45 0.53 0.62 0.45 0.56 0.56 057 0.66 0.40 054
Al,Os 14.3 13.9 14.1 14.1 11.6 12.7 14.6 12.1 14.1 13.5 14.1 16.0 8.30 949
Fe,04 3.60 3.40 3.80 380 124 7.00 390 143 4.00 4.80 6.60 115 119 25.8
Fe,04 07 1.7 <02 0.9 - - 0.7 - - - 0.6 1.3 - -
FeQ 26 1.5 3.6 2.4 - - 2.9 - - - 5.4 9.2 - -
MgO 3.28 1.65 1.79 2.10 1.98 2.40 2.87 1.37 1.91 2.08 4.41 3.32 1.67 1.1
MnO 0.03 0.04 007 0.07 0.08 0.04 0.04 0.21 0.04 0.05 0.09 0.15 0.23 0.14
CaQ 0.33 0.31 0.36 0.32 0.33 0.21 0.20 0.17 0.20 0.22 0.30 0.20 0.21 042
Na,O 1.10 1.30 1.90 1.60 1.02 0.80 0.80 0.10 0.0 0.80 0.70 0.10 0.20 0.156
K0 4.69 5.01 4.03 4.83 3.70 3.93 370 233 4.94 4.35 2.91 3.20 1.18 189
P00 0.18 0.18 0.19 o.18 0.15 0.17 0.18 0.16 0.17 0.18 0.19 0.18 0.18 026
H,0 27 1.7 1.7 20 - - 2.9 - - - 3.6 4.2 . -
CO, 0.0 0.2 0.19 0.1 25 0.4 02 <01 0.0 0.2 0.0 0.0 08 0.0
§ 0.02 0.69 0.33 0.18 6.58 2.98 040 264 1.31 1.60 0.1¢ 0.73 206 11.8
F ppm 822 1160 526 808 780 858 1116 720 726 1014 1379 1445 573 812
Clppm 296 146 437 151 253 <100 116 134 105 <100 220 366 <100 1180
Total 100.2  100.1 98.7 %96 1014 98.9 100.2 990.8 97.8 99.6 99.8 100.0 89.0 1004
Fe/(Fe+Mg) 0.56 0.71 0.72 066 088 0.77 0.61 0.92 0.71 0.73 0.63 0.80 0.89 096
Ba ppm 730 690 460 630 350 450 260 270 690 460 220 240 130 230
Rb 130 150 140 160 - 120 130 38 150 130 110 140 <5 -
Sr M 49 &5 52 <20 23 25 21 23 18 26 25 18 12
Zt 270 250 270 260 200 250 270 130 270 250 280 300 91 200
Y 31 36 37 36 29 32 35 29 35 38 37 37 17 29
Nb 19 <10 18 <10 - 18 21 13 22 17 23 25 8 -
Be 2.1 1.6 1.8 17 1.6 1.7 2.4 1.2 19 1.8 2.2 27 0.5 1.0
Cu & 19 17 " 120 27 12 200 12 22 9 22 890 2600
Pb 16 <20 38 <20 210 89 47 3900 18 63 €4 76 3400 8600
Zn 69 65 120 120 460 230 180 1200 73 200 320 2300 13000 32000
As 11.7 0.4 3.4 8.0 6.6 17.0 7.4 94.7 12.4 247 28.1 6.7 453 2717
Bi <0.2 0.5 0.2 <02 1.5 0.6 0.2 0.7 <02 0.2 1.8 1.0 [oR] 1.8
Sb 0.9 0.3 4.3 0.7 16.2 3.0 2.0 26.9 2.3 27 2.0 17.8 108 51.7
Cr 17 22 20 21 22 21 21 <10 18 19 21 25 21 21
Ni [ <10 10 <10 30 <10 11 12 4 8 10 11 11 83
Co 10 10 10 9 33 11 10 19 10 11 1 10 38 3560
v 38 37 39 38 33 37 44 20 37 38 39 46 34 35
So 9.4 9.0 9.1 8.0 8.1 8.8 10.0 12.0 2.0 9.0 9.3 11.0 8.0 9.1
La ppm 48 49 51 45 41 48 80 36 44 49 45 85 29 57
Ce 86 100 110 94 87 100 100 74 94 100 95 120 68 120
Pr 15 13 12 11 10 12 12 8.5 1 12 11 13 6.7 12
Nd 41 49 48 43 40 47 48 34 43 46 44 54 28 49
Sm 11.0 10.0 9.9 8.9 8.3 9.4 0.8 6.9 8.4 9.0 8.8 11 5.6 9.4
Eu 2.1 1.3 1.3 1.2 1.4 1.3 1.4 5.1 1.3 1.6 1.5 1.7 29 4.9
Gd 7.8 10.0 10.0 9.4 7.6 8.2 8.7 6.3 8.3 87 8.6 11.0 57 10.0
™ 1.3 1.4 13 1.2 1.2 1.3 1.8 1.0 1.3 1.3 1.3 1.5 0.67 1.2
Dy 6.8 8.1 8.1 7.7 6.9 7.4 7.9 6.2 8.0 8.1 8.2 8.4 3.9 6.6
Ho 1.3 1.6 1.5 1.4 1.4 1.4 1.5 1.3 1.6 1.6 1.6 1.6 0.72 1.2
Er 3.6 4.1 4.1 4.0 3.5 37 4.0 3.6 4.4 4.3 4.4 4.3 241 3.2
Tm 0.66 0.65 0.60 0.58 0.55 057 0.64 0.57 0.71 0.70 0.71 0.67 0.33 049
Yb 3.5 4.0 3.7 3.7 3.5 3.7 3.9 3.6 4.1 3.9 4.1 3.9 2.1 28
Lu 0.64 0.58 0.63 054 052 0.52 0.58 0.85 0.59 0.56 0.8 0.62 0.33 043
P 2.74 2.75 275 275 290 2.82 275 2.83 2,78 279 276 285 - -

* Notes: OFAS: quartz-feldspar augen schist (least-altered crystal-rich tuff), QAS: quariz-augen schist (altered crystal-rich
tuff), FW: footwall tuffaceous metasedimentary rocks. - denotes no analysis. All chemical analyses were carried out by the
geochemistry staff of the Geological Survey of Canada. The concentration of major elements and selected trace elements
(Ba, Rb, Sr, Nb, Y and Zr) was determined by X-ray fluorescence spectroscopy (XRF). Proportions of FeQ, H,0, CO,, F, Cl,
and S were determined by wet-chemical methods. Concentrations of the rare-earth elements were determined by induc-
tively coupled plasma emission spectrometry (ICP-ES), whereas concentrations of the remaining trace elements were
determined by inductively coupled plasma ~ mass spectrometry (ICP-MS). Analytical errors illustrated in the graphs were
determined on duplicate analyses. The population variance for the QFAS was estimated from the average and standard
deviation of six QFAS analyses from McCutcheon (1990).
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TABLE 4. MASS-CHANGE DATA EXPRESSED AS A PERCENTAGE CHANGE ASSUMING Al-IMMOBILITY,
FROM TWO SECTIONS THROUGH THE CRYSTAL-RICH TUFF ON THE 850 m AND 750 m LEVELS
OF THE BRUNSWICK NO. 12 MASSIVE SULFIDE DEPOSIT, BATHURST, NEW BRUNSWICK

Sample 150 151 152 153 154 156 156 009 008 007 006  0QOSA
Type QFAS QFAS QFAS Q(F)AS Q(F)AS QAS FW QFAS Q(F)AS QAS QAS Fw
Level (m) 850 850 850 850 850 850 850 750 750 750 750 750
SiO, 6.2 0.7 2.0 7.0 9.4 -1.4 11.0 1.3 8.3 -4.0 -225 73.5
TIO, 12.2 7.0 8.8 0.9 8.5 10.4 -3.3 3.3 7.9 5.1 7.3 25.3
Al,Oq 0 0 0 0 0 0 0 0 0 0 o] 0
Fe, O -2.8 2.9 14 325 119 6 369 13 41 86 186 470
MgO -48 -44 -35 -26 -18 -14 -51 -40 -32 36 -95 -123
MnO 37 137 137 229 50 30 727 35 77 204 346 1220
CaO -3.4 10.6 -1.7 23 -28 -41 -39 -39 -29 78 -46 9.7
Na,O 22 75 48 14 -18 -29 -89 -17 -22 -35 -02 -69
K,0O 89 -13 4.4 -27 56 -23 -41 6.8 -1.8 .37 -39 -57
P,Og 29 7.1 1.4 27 6.3 -2.1 5.1 -4.2 5.9 71 -106 72
co, 312 285 103 6064 801 292 18 -100 324 -100 -100 2657

] 3449 1573 661 40458 16508 1859 15500 6542 8374 863 3162 17646

F 45 -35 -0.3 125 17.7 a3 35 10 31 70 57 20
c -49 80 -48 8 -81 -62 -46 -64 -82 -24 108 71
Ba -28 -36 -12 -41 -31 -65 -56 -4 -33 -69 -71 -69
Rb 19 9.2 25 3.9 2.1 -85 17 5 -14 -3.8 97
Sr 23 36 28 -70 -37 -40 -39 -43 -53 -36 -46 -24
Zr 47 1.4 -2.3 -8.7 4.3 2.1 -43 1.4 -1.@ 8.2 07 -42
Y 18.5 21 18 15 16 10.6 10.6 14 30 21 6.7 -5.5
Nb -73 -39 .73 6.7 83 19 17 -5.2 22,8 176 27
Be -21 -82 -17.9 -6.1 -8.8 11.9 32 -8.2 -8.2 6.2 18 -59
Cu 291 244 123 2859 508 135 4627 143 366 83 293 30567
Pb -36 141 -37 1518 386 188 28706 14 317 3058 325 36511
Zn -3.1 76 76 722 275 170 1955 7.3 207 370 2879 32360
As -96 -70 -57 -30 64 -38 857 74 124 144 -49 567
Bi 414 103 1.4 1749 462 95 727 1.4 112 1726 793 761
Sb -66 384 -21 2119 275 118 3432 189 218 125 1668 1967
Cr 33 19 25 60 3¢ 21 -65 74 18 25 31 113
Ni -14 €9 -15 516 -6.2 80 136 -32 41 69 64 216
Co 2.9 1.4 -8.7 307 24 2.1 125 1.4 16.6 11.6 -106 555
v -2.4 1.4 -1.2 4.3 6.8 105 -39 -3.8 3.2 1.4 5.4 80.2
Sc ~1.5 -1.8 -2.9 6.2 1.8 4.2 51 -2.9 1.4 0.3 4.6 a7
La 5.0 7.8 -4.9 53 12,6 20 -114 -7.0 8.1 -4.8 2.4 4.1
Ce 19.6 29.7 109 25 31 13 1.7 10.9 23 12 25 36
Pr -10.8 -19 -26 -18 -10 -21 -33 -26 -15 -26 -23 -23
Nd 23 19 6 20 29 15 -2.0 6.0 19 8.8 18 18
Sm -6.5 -87 -18 -7.0 -3.8 -13 -26 -23 -13 -19 -t0.6  -12
Eu -36 -37 -42 -18 -30 -35 187 -37 -19 -28 -28 138
Gd 35 33 25 23 21 12 -2 10.8 21 15 29 29
Tb 10.8 1.4 -6.3 14 13 -2.0 -9.1 1.4 5.9 1.4 3.1 112
Dy 225 21 15 25 23 14 7.8 19 26 22 10.4 -1.2
Ho 26.6 17 9.2 33 21 13 18 25 30 25 10 -4
Er 17 16 13 20 16 8.8 18 24 27 24 8.7 0.5
Tm 1.3 -7.8 -10.9 27 -2.8 -5.0 2.1 9.1 12 9.1 9.3 .14
Yb 18 7.2 7.2 23 19 9 21 19 18 19 0.4 3.4
Lu 68 -16 -14 0.2 -85 11 1.6 -6.5 7.3 -8.1 13 -1
CF 1.03 1.0t 1.01 1.23 1.13 0.98 1.18 1.01 1.06 1.01 1.72

* Notes: A correction factor (CF = C°,300/C a0} Was applied to the data displayed in Table 3 to compensate
for mass changes resulting from alteration. The difference between mass-corrected data and least-altered sample
was then ratioed to the least-altered sample and expressed as a percentage gain or loss of components. Sample
012 was used as the least-altered sample,
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quartz assemblage, Woodland & Walther (1987)
determined that Al solubility is prograde with temper-
ature and pressure, but at 450°C and 1 kbar (100 MPa),
the Al solubility is about 12 ppm (10734 molal). Its
solubility relative to its abundance in the host rocks is
critical. For example, a ratio of approximately 9 X
1075 (Al,g/Alog) in comparison to 3 X 1073
(Sigq/Si;oe) can be calculated using the data of
Woodland & Walther (1987). In a detailed study of the
surface samples around the Brunswick No. 6 deposit,
Pearce (1963) normalized elements to Al,Os, as he
considered Al to be immobile. The population vari-
ance of Al,O, was compared with other high-field-
strength elements (HFSE) traditionally considered
immobile (Winchester & Floyd 1977, Davies et al.
1979, Pearce et al. 1984, MacLean 1990). The HFSE
contents of these rocks is considerably more coherent
than inferred by Finlow-Bates & Stumpfl (1981) in a
regional study that included felsic volcanic and vol-
caniclastic rocks of the Bathurst Mining Camp.
Nonetheless, the sample variances of the HFSE are
greater than for Al,O,, consistent with variations in
crystal/matrix ratio (Fig. 7).

The Al,0,; content of the least-altered rock
(CO41003) is compared to that in the altered equivalent
(C*ap03) and corrected for the change in specific
gravities between the altered rock (p*) and least-

1.3(

1.2}

o I

SAMPLE/"LEAST-ALTERED" QFAS

0.9}
REARARE
0.7p

0.6+

o5~ Al Zr Y T Yb Sc

F16. 7. Calculation of inverse volume factor (1/f,) for sample
012 (least altered) and sample 153 using Al as the immo-
bile element because of crystal-matrix heterogeneity in
these felsic pyroclastic rocks and comparison with several
other elements that are considered immobile. Error bars
represent a 95% confidence interval based on the sample
variance for QFAS [calculated from the data of
McCutcheon (1990) and Lentz & Goodfellow (1992b)].
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altered rock (p®) to calculate the volume factor (f,)
(eq. 2). The volume factor (f) is:

£, = COh0a/CA ap0s * (%p™) 2]

In order to calculate real mass-change ratio (AC,/C%)
for the rock (Grant 1986; eq. 3),

(AC/CO) = [(£)(p*pO)NCH/C) ~ 1] [3]
substituting equation 2 into 3,

(ACI/ Coi) =

(CO5103/CA A0 (CH/CO) ~ 1 [4]

The isocon slope is used as a correction factor to
adjust for the apparent change in concentration
(expressed as a percent) between the altered rock (CA)
and parent rock (C%).

Major- and trace-element systematics

After metamorphic dehydration of the altered pro-
tolith, the alteration of the QFAS to QAS is, for the
most part, an isovolumetric process (i.e. f, = 1) except
for sample 006 (f, = 0.85), which has an apparent
reduction of 15% in volume. SiO, is relatively homo-
geneous, and MgO is quite variable across the sample
profiles (Figs. 8A, B, Tables 3, 4). Na,O increases
noticeably within the transition zone [Q(F)AS] on one
profile between the QFAS and QAS, reflecting albiti-
zation of the alkali feldspar. The partial hydrolysis of
feldspar in the QFAS to form an assemblage of albite,
sericite, and quartz [Q(F)AS] and further hydrolysis to
chlorite and sericite (QAS) are coincident with a
decrease in Na,O, K,0, CaO, and Ba (Figs. 8A, B).
This is also probably responsible for a decrease in Sr
and Rb (Figs. 8C, D). There is a pronounced enrich-
ment of FeO and MnO (Figs. 84, B), as well as H,0
in QAS relative to QFAS, reflecting the increased
abundance of sericite and chlorite in the QAS.
Although there is petrographic evidence of silicifica-
tion of feldspar, the SiO, content is relatively
unchanged, suggesting that either there is only local
redistribution of silica as a result of hydrolysis reac-
tions affecting the feldspar, or the degree of silicifica-
tion near the outer margins of the feeder pipe is minor.
Alternatively, the superimposed effects of silica leach-
ing and enrichment obscure the path of alteration of
the rock. The base metals increase in concentration in
the more altered rocks as the ore zone is approached
(Figs. 8C, D). This coincides with marked increases in
CO, and S, which occur in sulfide and carbonate dis-
seminations and veins, respectively. The F and Cl con-
tents are irregular, directly reflecting variations in the
content of sericite in the rock. The similarity of ele-
mental variations between the two sample profiles
indicates a common process and is consistent with pre-
vious interpretation of alteration effects around the
Brunswick No. 12 deposit (Goodfellow 1975a, b, Luff
et al. 1992).
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Fic. 8. Major- and trace-element mass-balance profiles from the least-altered crystal-rich tuff (QFAS) to the altered crystal-rich
tuff (QAS) and footwall sedimentary rock (FW). These samples are normalized to the composition in the least-altered
QFAS (LPA-012) after a correction factor (CF) is applied (see text for discussion). Cross-hatched bars /// represent a 95%
confidence interval for sample variance of QFAS [calculated from the data of McCutcheon (1990) and Lentz &
Goodfellow (1992b)]. The cross-hatched bars \\ represent analytical error for the element. A) Major- and minor-element
compositional profile from 50 m west of No. 3 shaft (LPA-150) to the footwall sedimentary rocks (LPA-156) on the
850-m level. B) Major- and minor-clement compositional profile from 50 m east of QAS — footwall sedimentary rock
contact to the footwall sedimentary rock on the 750-m level. C) Minor- and trace-element compositional profile from 50 m
west of No. 3 shaft (LPA-150) to the footwall sedimentary rocks (LPA—156) on the 850-m level. D) Minor and trace-
element compositional profile from 50 m east of QAS ~ footwall sedimentary rock contact to the footwall sedimentary rock
on the 750-m level.

Lentz & Goodfellow (1992b) calculated average been used to qualitatively assess the overall effects of
compositions of QFAS and QAS from the Brunswick alteration. At the Brunswick No. 6 deposit, however,
No. 6 deposit (¢f. McCutcheon 1990), which have the QFAS and QAS do not represent a simple transi-
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FiG. 9. Graphical mass-balance (isocon) diagram (Grant 1986) comparing the average
composition of QAS with the average QFAS at the Brunswick No. 6 deposit using
data from McCutcheon (1990), with the calculated 95% confidence intervals for those
data. If AL,O; is considered immobile, the volume factor (f,) is 1.03, indicating no
significant volume change. Note again that the Al,O, variance is considerably smaller
than for some of the other immobile species (Zr and TiO,), possibly because of natur-

al variation in the crystal/matrix ratio.

tion from one to the other, and the QAS unit is
intensely strained. The large variation in the crystal-
matrix ratio and intercalations of QAS with very fine-
grained sediment suggest sedimentary reworking of
the original crystal-rich pyroclastic unit (McCutcheon
1990). The high proportion of matrix to crystals in
portions of the QAS compared to the QFAS may
account for the apparently higher trace-element con-
tents, locally. Also, there are several shear-zones in
the footwall stratigraphy, as well as between the
QFAS and QAS (Pearce 1963), such that only general
conclusions can be made. The QAS unit, situated
stratigraphically beneath the ore, is significantly
enriched in FeO, Fe,04, and H,0, and depleted in
Na,O, Ca0, K,0, and Ba, compared to the QFAS
(Fig. 9). SiO, content remains relatively unchanged,
although silica has definitely been redistributed during
hydrolysis of feldspar. Levels of MgO are highly vari-
able. These features reflect the intensity of sericitic
and chloritic alteration of the QFAS, as previously
noted by Pearce (1963). Within the Bathurst Camp,
similar geochemical features have been noted in the
altered footwall volcaniclastic rocks at the Key

Anacon massive sulfide deposit (Wahl 1978).
Rare-earth-element systematics

The chondrite-normalized REE contents of the
least-altered QFAS (Fig. 10) are similar and slightly
higher than the REE contents of other QFAS samples
from the Bathurst Camp (¢f. Lentz & Goodfellow
1992b). The least-altered QFAS has a less pronounced
negative Eu anomaly than more altered samples, even
though concentrations of the trivalent REE are higher
in abundance. This attests to the minimal alteration of
this sample of QFAS (Fig. 10). The least-altered
QFAS was used to normalize the REFE contents for the
remaining sample profiles, in order to observe the
REE variation with respect to the protolith (Figs. 114,
B). As with the major- and trace-element data, the
REE have been corrected for mass change, in order to
identify slight varjations in the REE abundances due to
alteration. The two horizontal lines represent the aver-
age variance (10%) of the sample population from
McCutcheon (1990) that may be due to variation in
the crystal/matrix ratio in the QFAS (Figs. 11, 12A,



QUARTZ-AUGEN SCHIST, BRUNSWICK DEPOSITS

895

T T T T T T

100

SAMPLE /CHONDRITE

g
o

lllllll

1 1 ] 1 ] 1

1

T T T T T T T

BN12 QFAS
BN6 QFAS
BN6 QAS

IIJIIII

1

Illllll

1. L 1 L I I I3

La Ce

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

FiG. 10. Chondrite-normalized rare-carth element plot (Anders & Ebihara 1982) of least-
altered crystal-rich tuff (QFAS, 012, this study) and Brunswick No. 6 least-altered
crystal-rich tuff (QFAS) and altered crystal-rich tuff (QAS) McCutcheon 1990).

B). Element variation within these limits is considered
statistically insignificant. In general, the trivalent REE
have remained relatively immobile, even in the
moderately altered QAS. The light-rare-earth elements
(LREE), in particular La, Ce, and Nd, have increased
slightly in the altered rocks, with the possible excep-
tion of sample 156. The concentration of divalent Eu
is lower in the two sample profiles relative to the
“least-altered” QFAS, presumably owing to alteration
of primary feldspar. Interestingly, however, the most
altered QAS samples have the highest Eu contents in
the two altered suites, reflecting the fixation of some
of the mobilized Eu in the altered rocks, probably in
carbonates. This may also account for the strong
enrichment of Eu in the footwall sedimentary rocks.
As previously described, the heavy-rare-earth ele-
ments (HREE) are relatively immobile within the
altered rocks (Figs. 7, 11A, B). Although not
described in detail in this study, the HREE systematics
are potentially useful in chemostratigraphic analysis
along the Brunswick Belt (cf. Lentz & Goodfellow
19920b). The average REE and trace-element contents
were calculated for the QFAS and QAS (¢f. Lentz &
Goodfellow 1992b) from the footwall rocks of the
Brunswick No. 6 deposit (McCutcheon 1990). On
average, the QAS is enriched 20% in LREE (Al-
normalized), which is slightly greater than the 10%
variance described for the least-altered QFAS
(95% confidence interval, Fig. 10). However, caution
must be used, as Zr also is enriched by this order and
was probably not enriched in the hydrothermal fluid.
Europium is only slightly enriched in the altered QAS

compared to the parent QFAS. The HREE seem to be
depleted by approximately 10% (not statistically
significant) in the QAS (Fig. 11). Al-normalized data
indicate that there is an average 20 ppm La enrichment
in the silica—sulfide stringer mineralization, which has
significant addition in volume (i.e., >100%), whereas
Yb seems to have been immobile (Lentz &
Goodfellow 1993b).

The enrichment of LREE and Eu in the massive sul-
fides (Graf 1977) and associated Algoma-type iron
formation (Graf 1978) along the Brunswick Belt indi-
cates selective leaching of these components, probably
as chloride complexes, from the underlying zone of
hydrothermal reaction and their subsequent deposition
within the upper parts of the hydrothermal vent com-
plex and on the seafloor. This is consistent with major,
trace, and REFE mobility identified by mass-balance
calculations of hydrothermally altered, footwall felsic
volcanic rocks in other sulfide deposits (e.g.,
Campbell et al. 1984, Bence & Taylor 1985, MacLean
& Kranidiotis 1987, MacLean 1988, Barrett et al.
1991, de Groot & Baker 1992). Theoretical REE-lig-
and speciation (Wood 1990) and calculations of mon-
azite solubility (Wood & Williams-Jones, in press)
suggest that LREE elements are very low but more
soluble than HREE as chloride complexes, although
these preliminary calculations were based on salinities
near those of seawater. Sverjensky (1984) and Wood
(1990) showed that Eu would be divalent under the P,
T, and oxygen fugacity conditions occurring in this
vent complex. The inflection in the REE diagram at
Yb may be analytical or possibly an indication of the
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Fic. 12. Oxygen isotope compositions of paramorph after B
quartz, feldspar phenocrysts, and matrix from the 850-m
level section. The narrow distribution of 8804w value
of the quartz reflects the homogeneity of the magma and
a crustal source, whereas the matrix composition reflects
most closely the fluid/rock' (F/R) reactions associated
with the alteration. The sample separates were analyzed
using an Optima mass spectrometer at the University of
Western Ontario, London, Ontario. Sample precision and
accuracy are approximately 0.2%o.

divalent behavior of YD at conditions of high tempera-
tures and low oxygen fugacity, as predicted by Wood
(1990).

OXYGEN ISOTOPE SYSTEMATICS

The overall distribution of the oxygen isotope val-
ues in matrix, quartz, and feldspar separates in sam-
ples from the 850-m level are illustrated in Figure 12.
The quartz compositions are very uniform (8"80gy0w
between 11.92 and 12.11%o; Fig. 12) and indicative of
primary igneous values. The microcline in samples
012 and 150 exhibits very minor alteration to mica,
but the oxygen isotopic value remains relatively
unchanged. However, the partially albitized and serici-
tized feldspar (sample 153) is enriched by about 1%e
over the pristine feldspar. The matrix of the least-
altered rock (sample 012) has a low 5180 value
compared to the matrix composition of the adjacent
sample (150). This probably reflects the primary glass
composition, which is reasonable if compared to 180
mineral — whole-rock distributions in felsic volcanic
rocks, as reviewed by Taylor (1974), but requires fur-
ther verification.

It is possible that the oxygen isotope composition of
the matrix of a few of the least-altered QFAS samples
increased slightly owing to weak albitization, as evi-
dent from the 22%, 75%, and 48% increase in Na in
samples 150, 151, and 152, respectively. The fraction-
ation factor for feldspar and water (A,,,) is on the
order of +6%o at 300°C and +10%o at 200°C (O’Neil &
Taylor 1967), consistent with this trend. Munh4 ez al.
(1980) indicated that K-feldspar alteration in felsic
spilites occurs below 140°C, whereas albitization
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occurs between 140° and 230°C. Therefore, feld-
spathization can occur over a considerable range in
temperatures and water/rock ratios, thus producing
overall increases in 8180 of +4 to +6%. over unaltered
precursors, although an increase of 2.5%0 from the
matrix of samples 012 to 150 suggests that albitization
either occurred at higher temperatures or lower
fluid/rock ratio. The decreasing’ 8'80 value of matrix
samples 151 to 156 is coincident with an increase in
the proportion of chlorite. The fractionation factor
between micds and water is considerably lower than
between feldspar and water (A .. o0 = +3%o at
300°C and Ay o = 0 at 300°C: O’Neil & Taylor
1969, Wenner & Taylor 1971). Because these values
are superimposed onto '8Q0-enriched felsic volcanic
rocks (QFAS), the differences in whole-rock oxygen
isotopes may be mainly a function of the secondary
mineral assemblage, i.e., albitization versus sericitiza-
tion and chloritization (¢f. Munhi4 et al. 1980, Bence &
Taylor 1985, Taylor & South 1985).

HYDROTHERMAL REACTIONS

The least-altered QFAS exhibits variable degrees of
alteration by seawater owing to devitrification of glass
(variable MgO * Na,O). The presence of secondary
(authigenic?) alkali feldspar (cf. Nelson 1983), as well
as albite, indicates the aNa*/aK* of seawater was
modified as a result of hydrothermal exchange-reac-
tions in the felsic pyroclastic sequence. The fixation of
Mg(OH), ,, in clays is probably responsible for Mg
enrichment and has been attributed to a pronounced
decrease of pH of the fluid in felsic volcanic (Dickson
1977) and immature sedimentary rocks (Bischoff et al.
1981). The transition between QFAS and QAS is char-
acterized by albite = muscovite, Mg-rich' chlorite, and
sulfides pseudomorphically replacing K-feldspar. The
partial alteration of alkali feldspar in the transition
zone along the margin of the venting hydrothermal
fluids is indicative of low fluid-rock ratios or fluid
compositions that approached equilibrium with the
rock. Commonly, these two factors are closely related.
These assemblages are characteristic of weakly acidic
to neutral pH conditions at aNa*/aK* = 2 (but less than
seawater, Fig. 13). The slight enrichment of Na, Fe,
Mn, S, CO,, base metals (= Mg, Ca) remote from the
sulfide deposit is characteristic of the distal zone of
alteration. Mass-balance calculations indicate that this
is approximately an isovolumetric process, consistent
with the pervasive nature of the alteration at or near
lithostatic pressure. This zone of alteration may have
formed by the interaction of the upwelling and lateral-
ly migrating hydrothermal fluid with the weakly
altered crystal-rich tuffs and with cooler shallowly cir-
culating seawater.

The reaction of the venting hydrothermal fluid with
weakly altered felsic volcanic rocks is probably
responsible for hydrolysis of primary and secondary
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Fic. 13. Stability fields of mineals in the system HCI - H,O —
K,0 - Na,0O - 8i0, — Al,0; at 350°C and 500 bars
(50 MPa) at quartz saturation (cf. Bowers et al. 1984).
The albite-muscovite boundary occurs at a pH of 3.9 if
NaCl = 3 M and KCI = 0.5 M. This diagram illustrates
the relative stabilities of the alteration assemblages. The
stability of albite is principally a function of aNa*/aK*.
QFAS: least-altered crystal-rich tuff, Q(F)AS: weakly
altered crystal-rich tuff, QAS: moderately altered crystal-
rich tuff. Mineral abbreviations after Kretz (1983).

'

feldspars to phengite, Mg~Fe-bearing chlorite, and
quartz (eq. S, Fig. 13). Equation 5 represents the
hydrolysis of albite to sericite at conditions of moder-
ately acidic pH conditions (pH approximately 3.9), at
salinities (NaCl = 3 m and KCl = 0.5 m) and tempera-
tures typical of venting hydrothermal fluids (350°C,
¢f. Bowers et al. 1984). r

. 3 NaAlSi;Og + Kj + 2 Hy, —
albite —
KALSi;0,,(OH), + 6 SiO, + 3 Na, 5]
sericite quartz

300.8 cm®/mole — 140.8 cm3/mole + 136.1 cm3/mole.

The SiO, portion.of equation 5 is probably quartz,
although some silica was probably transported as a
Si(OH), complex. If the reaction (eq. 5) involves the
complete hydrolysis of feldspar (proceeds to the right),
the hydrothermal fluid is moderately acidic (pH < 3.9)
and is no longer buffered by the presence of feldspar
provided that the aNa*/aK* remains unchanged. The
increase in Fe/(Fe+Mg) of chlorite and phengitic
sericite toward the main hydrothermal conduit
(Fig. 13) is indicative of higher aFe**/aMg?* at a
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moderately acidic pH. The mineralogical enrichment
in Fe relative to Mg also coincides with a modal
increase in the content of chlorite that involves a pro-
tolysis reaction.

K,Fe?*Al;S8i;,A10,,(0H), + 9 FeCl, .o + 16 H,0 —
phengite

Fe AL, SigAL Oy (OH); 6 + HSiOyq + [6]
Fe-rich chlorite

2 KCl,, + 16 HCI

The end-member reaction (eq. 6) has been formulated
assuming Al immobility (i.e., it conserves aluminumy),
which illustrates the relative behaviors of mobile com-
ponents. This reaction shifts to the right owing to high
activities of FeCl, in the discharging fluid. This reac-
tion also may be responsible for the liberation and
redistribution of silica in the altered products. Silica
leaching is evident in the most intensely altered por-
tions of the deposit, but less so with the alteration of
the QFAS to QAS. An increase in Fe/(Fe+Mg) coin-
cides with the increased Al content of mica that
formed at the expense of silica, and these chemical
changes should reflect the decrease in silica. The dis-
solution of silica should increase with temperature
owing to the prograde solubility of quartz (cf. Fournier
1983). Intense silicification is evident in the upper
parts of the hydrothermal feeder system and within the
basal massive sulfide zone (Lentz & Goodfellow
1993a, b).

DiscussioNn

The quartz augen have previously been interpreted
as relict phenocrysts in deformed and metamorphosed
felsic pyroclastic rocks (Vernon & Flood 1977,
Vernon 1986) or as porphyroblasts that formed during
the greenschist-grade regional metamorphism asso-
ciated with regional deformation (Hopwood 1976,
1977). The absence of feldspar in these rocks (QAS)
also has been attributed to feldspar weathering and
resedimentation (McCutcheon 1990, 1992). Within the
vicinity of the Brunswick No. 6 and 12 deposits, the
similar textures in the QAS and QFAS, and the prox-
imity of the QAS to hydrothermal feeder zones related
to exhalative massive sulfide deposits, led Goodfellow
(19754, b), Juras (1981), Nelson (1983), and Luff et
al. (1992) to interpret the QAS as a product of
hydrothermal alteration. The chlorite- and sericite-
bearing QAS, which forms part of the footwall
sequence at the Brunswick No. 12 deposit, has been
interpreted as a product of hydrothermal alteration of
QFAS related to the formation of the massive sulfide
deposits or to seafloor alteration (Goodfellow 1975a,
b, Juras 1981, Nelson 1983, Lentz & Goodfellow
1992a, Luff et al. 1992). The similarity of textures,
presence of mica—quartz pseudomorphs after alkali
feldspar, and homogeneously distributed, matrix-
supported, cataclastic to euhedral quartz, the grada-
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tional transition from QFAS to QAS over tens to
hundreds of meters, and the absence of grading or bed-
ding features do not favor an epiclastic origin for the
bulk of the QAS at the mine. Therefore, it is likely that
the QAS is an in situ altered medium- to coarse-
grained variety of the coarse-grained quartz—feldspar
crystal tuff (QFAS). Furthermore, the presence of
mica—quartz pseudomorphs after feldspar does not
represent porphyroblastic growth of quartz during
regional metamorphism or deformed volcanic quartz,
although “vitreous” volcanic quartz is present.

In both sections sampled at the Brunswick No. 12
deposit, the footwall sedimentary rocks exhibit the
effects of alteration more than the adjacent QAS,
although there is a continuum across the contact. The
alteration in the footwall sedimentary rocks is hetero-
geneous. Sample 005A of footwall sedimentary rock
contains abundant fine-grained “vitreous” quartz and
is moderately chloritized and weakly mineralized
(Table 3). Sample 005B, on the other hand, is intense-
ly chloritized and mineralized, although moderately
altered sericite—chlorite footwall sedimentary rocks
are the most prevalent just above the QAS. The tuffa-
ceous footwall sediments seem to be more susceptible
to hydrothermal alteration, possibly because of the
differences in porosity and permeability across the
contact if they remained semiconsolidated at the time
of mineralization. Alternatively, a high proportion of
devitrified glass may have enhanced the reactivity of
the unit, in an analogous way to the case of altered
sediments in sedimented hydrothermally active rifts
(Goodfellow & Blaise 1988). This could also explain
the extensive lateral distribution of chloritic alteration
within the footwall sedimentary rocks directly beneath
the massive sulfide, as described by Goodfellow
(19754, b) and Luff et al. (1992).

Although the mineralizing hydrothermal fluid
responsible for the alteration was permeability-con-
trolled, the slight decrease in volume (f, =< 1) in the
weakly to moderately altered QAS is consistent with
geostatic pressures approaching lithostatic (i.e.,
P(H,0) = Py,) compared to the sulfide-stringer zone
(Lentz & Goodfellow 1993b). These conditions pro-
mote a more pervasive style of alteration and tend to
produce a greater proportion of disseminated mineral-
ization than is observed in the footwall sequence. The
disseminated style of mineralization and the small
changes in volume indicate that the profiles sampled
in this study probably represent the margin of the
fluid—discharge conduit. Chlorite, quartz, and sulfide
veins, and coarse network breccias (stringer-sulfide
veins) are more common in the core of the hydro-
thermal discharge system (Lentz & Goodfellow
1993a). The feeder pipe itself may be interpreted as
evidence for the existence of a synvolcanic fault that
focussed fluid flow to the seafloor (Luff er al. 1992,
Lentz & Goodfellow 1993a).

The alteration of alkali feldspar phenocrysts in
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crystal-rich felsic pyroclastic rocks is a characteristic
feature of alteration zones associated with the
Brunswick No. 12 massive sulfide deposit. The
hydrothermal alteration of the crystal-rich pyroclastic
rock enables its use as an exploration guide for the
identification of paleohydrothermal zones of fluid
upflow that may have formed sulfide deposits. The
occurrence of augen-shaped seriate aggregates of
quartz and mica with coarse-grained, subrounded to
angular “vitreous” quartz is interpreted to have formed
by seafloor hydrothermal alteration of alkali feldspar.
In a similar study, Frater (1983) described petro-
graphically three “generations” of quartz-eye schists at
the Golden Grove massive sulfide Cu-Zn deposit, in
Australia: 1) volcanic quartz, 2) metasomatic replace-
ment of feldspar, and 3) diagenetic or metamorphic
overgrowths and infillings. The metasomatic replace-
ment of feldspar is related to the hydrothermal alter-
ation by mineralizing fluids, as was found in this
study. Feldspar alteration in volcanic rocks underlying
massive sulfide deposits has long been recognized
(Roberts & Reardon 1978, Riverin & Hodgson 1980,
Wynne & Strong 1984, Kranidiotis & MacLean 1987).
The intensity of penetrative deformation is consider-
ably greater in the Bathurst Camp, which complicates
the identification and characterization of alteration
with respect to premetamorphic assemblages of hydro-
thermal minerals. For instance, the occurrence of
albite, phengite, and chlorite is also typical of green-
schist-grade assemblages. However, the examination
of relict textures in low-strain domains and the parage-
nesis of these minerals have helped to differentiate
between products of hydrothermal alteration and
products of metamorphism.

CONCLUSIONS

1) The QAS unit transgresses the stratigraphy and pri-
mary S; and S, fabrics in the upper portions of the
mine, indicating that it is a not a sedimentary unit or
related to deformation.

2) The pseudomorphic replacement of coarse-grained
alkali feldspar phenocrysts by granoblastic quartz,
albite, and mica has resulted from the hydrothermal
alteration of the coarse-grained crystal-rich tuff
(QFAS). Secondary albite, phengitic sericite, and Mg-
rich chlorite have formed in the transition zone
[Q(F)AS] between the least-altered (QFAS) and
altered (QAS) crystal-rich tuff. Within the QAS, the
quartz-rich (* phengite, albite, chlorite) pseudo-
morphs (augen) withr disseminated sulfides is charac-
teristic of the alteration associated with the massive
sulfide deposits hosted within volcanic sequences.

3) Phenocrysts of “vitreous™ volcanic quartz occur
with the mica-bearing milky quartz augen in the
Q(F)AS and QAS.

4) The greater proportion of mica in the QAS may
explain why there is a well-developed S;S, composite
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fabric and numerous strain-related features in this unit.
The volcanic quartz deforms cataclastically, whereas
the quartz—mica pseudomorphs behave in a more duc-
tile fashion.

5 The mineral compositions reflect, quite closely, the
major-element changes within the rocks.

6) On the basis of mass-balance calculations, the
hydrothermal alteration on the margins of the feeder
zone is responsible for the formation of the Q(F)AS,
which is characterized by slight enrichments of Na,
Fe, Mn, S, CO, and base metals, and erratic Mg and
Ca contents. The moderately altered QAS is enriched,
with respect to the QFAS (parent), in Fe, Mn, S, CO,,
and base metals, and depleted in Na, K, Ca, Ba, Rb
and Sr. 8iO, does not vary significantly. These effects
of alteration are more pronounced in the footwall sedi-
mentary rocks just above the QAS contact.

7) Alteration features described above for the
Brunswick No. 12 deposit also are recognized in the
rocks underlying the Brunswick No. 6 deposit and
along the Brunswick belt.

8) The hydrolysis of feldspar and the replacement of
sericite by Fe-rich chlorite toward the more altered
QAS and footwall sedimentary rocks indicate moder-
ately acidic and high aFe?*/aMg?* conditions in the
reacting hydrothermal fluids.

9) Although some of the evidence is equivocal, the
QAS that usually overlies the QFAS was probably
formed by hydrothermal alteration of QFAS near the
zone of hydrothermal discharge.
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