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ABSTRACT

Disseminated sulfides and palladium minerals are spatially associated with albite pods in the Geordie Lake (GL) gabbro,
located in the north-central part of the Port Coldwell alkaline complex, northwestern Ontario. The pods range from less than
a centimeter to meters across and consist predominantly of albite (Abgs_ge) and minor amounts of hornblende, biotite and
actinolite, The hornblende contains up to 2.5 wt.% F and crystallized prior to biotite and actinolite. The pods are typically
surrounded by a zone, Jess than about 20 cm thick, of very coarse-grained GL gabbro. In these zones, olivine is strongly zoned,
plagioclase is rimmed by albite—oligoclase, and the relative proportion of the minerals varies significantly. The abundances of
Zr, Hf, Nb, Th, U and REE in the albite pods are high relative to GL gabbro, and interelement ratios for the two rock types
are equivalent. The data indicate that albite pods represent pockets of fluid-enriched residual magma. The albite probably
formed by a two-stage process. In step one, hornblende and plagioclase crystallized from the residual magma. In step two,
a hydrous fluid separated from the residual magma and interacted with the plagioclase to form albite. This model is consistent
with textural evidence, the high F content of hornblende, and the fractionation trends exhibited by the alkalis in the albite pods.
Comparison with experimental data indicates that the albite formed at a temperature below about 600°C. The sulfides
consist of chalcopyrite and bornite, and minor amounts of sphalerite, pyrite and galena. They are invariably intergrown with
biotite + actinolite and were deposited after the formation of albite. The close spatial association of biotite, actinolite, sulfides,
palladium minerals and albite implies that they formed from a single fluid, but at different times as the temperature decreased
and the composition of the fluid evolved. The fluid probably was derived from the highly evolved magma that formed the
albite pods.

Keywords: platinum-group elements, albite, zoned olivine, autointrusion, late-stage hydrothermal sulfide, Geordie Lake
gabbro, Port Coldwell alkaline complex, Ontario.

SOMMAIRE

Les sulfures et les minéraux de palladium disséminés dans le gabbro du lac Geordie, situé dans le secteur nord-central du
complexe alcalin de Port Coldwell, dans le nord-ouest de 1’Ontario, montrent une association étroite avec des amas d’albite.
Ceux-ci vont de moins d’un centimetre jusqu’a une échelle métrique, et contiennent surtout de ’albite (Abgs go) €t une pro-
portion moins importante de hornblende, biotite et actinote. La hornblende contient jusqu’a 2.5% de fluor (en poids), et a
cristallisé avant la biotite et actinote. Les amas d’albite sont typiquement entourés d’une zone de moins de 20 cm de gabbro
a grains trés grossiers. Dans ces zones, I’olivine est trés fortement zonée, le plagioclase montre un liseré d’albite ou
d’oligoclase, et la proportion des minéraux varie de fagon marquée. La concentration de Zr, Hf, Nb, Th, U, et des terres rares
dans les amas d’albite est élevée par rapport au gabbro; par contre, les rapports entre éléments sont les mémes dans les deux
types de roches. Nos données montrent que les amas d’albite représenteraient des poches de magma résiduel enrichi en phase
fluide. Nous croyons que [’albite s’est formée en deux stades. D’abord, hornblende et plagioclase ont cristallisé 2 partir du
magma résiducl. Ensuite, la phase fluide, séparée du magma résiduel, a transformé le plagioclase en albite. Ce modele con-
corde avec 1’évidence texturale, la teneur élevée en fluor de la hornblende, et le tracé de fractionnement dont font preuve les
alcalins dans les amas d’albite. Une comparaison avec les données expérimentales montre que 1’albite se serait formée 2 une
température inférieure & 600°C. Les sulfures, chalcopyrite et bornite, avec sphalérite, pyrite et galéne accessoires, sont intime-
ment associés 2 biotite + actinote, et sont apparus une fois 1’albite formée. La relation étroite parmi biotite, actinote, sulfures,
minéraux de palladium et albite fait penser qu’ils se sont formés 2 partir de la méme phase fluide, mais a divers stades de son
évolution et de son refroidissement. Cette phase fluide serait issue du magma responsable des amas d’albite.

(Traduit par la Rédaction)

Mots-clés: éiéments du groupe du platine, albite, olivine zonée, sulfures hydrothermaux tardifs, gabbro de Geordie Lake,
complexe alcalin de Port Coldwell, Ontario.



682 THE CANADIAN

INTRODUCTION

The association of chalcopyrite and platinum-group
minerals (PGM) with secondary silicate minerals such
as albite, biotite and actinolite in orthomagmatic
settings is seen to be evidence for the transport and
concentration of platinum-group elements by fluids
(Rowell & Edgar 1986, Nyman et al. 1990, Mogessie
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er al. 1991, Farrow & Watkinson 1992, Watkinson &
Melling 1992, Watkinson & Ohnenstetter 1992). In
each case, the fluids are presumed to be derived from
either residual magma or country rock, and the PGE
are remobilized from pre-existing magmatic sulfides at
low to intermediate temperatures. In the Geordie Lake
(GL) gabbro, located well within the Port Coldwell
alkaline complex near Marathon, Ontario (Fig. 1),
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FIG. 1. Location of the MacRae occurrence and Marathon deposit in the Port Coldwell alkaline complex (modified after
Walker et al. 1992). Previous detailed mapping of the syenitic rocks, including various nepheline-, quartz- and amphibole-
bearing syenites, is omitted to highlight the location of gabbroic rocks.
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Fi6. 2. Geological map of a portion of the Geordie Lake gabbro (after St. Joe Canada Inc., now
Bond Gold, 1987) indicating sample locations. All samples are referred to with a G prefix
in the text. The geology of syenitic rocks is poorly defined.

palladium minerals are associated with chalcopyrite
that is intergrown with biotite, actinolite and albite. In
mineralized samples, abundances of Cu and Pd are as
high as 1.1 wt.% and 800 ppb, respectively, but Ir is
not concentrated above background values (Good
1993). Although these features imply a fluid control
for the formation of sulfides and PGM, several charac-
teristics of the host gabbro imply that this deposit
formed by a process that is different than those
relating to other deposits of hydrothermal origin. For
instance, a prominent feature of this deposit is the
close spatial association of PGM and sulfides with
albite pods that are surrounded by a zone, less than

about 20 cm thick, of very coarse-grained gabbro.
Previously, the pods were interpreted to be zones
of intense hydrothermal alteration where primary
gabbroic minerals were replaced by albite and acti-
nolite (Mulja 1989, Mulja & Mitchell 1990), but Good
& Crocket (1990) proposed that they represent accu-
mulations of residual GL magma. Geochemical data
gathered in this study support the latter hypothesis. By
determining the origin of the albite pods and describ-
ing their relationships to the sulfides, it will be shown
that highly evolved residual GL magma was a
probable source for the mineralizing fluids, Cu and
PGE.
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GEOLOGY OF THE GEORDIE LAKE GABBRO

The Geordie Lake (GL) gabbro is located in the
north-central part of the Port Coldwell alkaline
complex (PCAC). The geological map of the PCAC
(Fig. 1) is modified after Walker et al. (1992) to high-
light the location of gabbroic rocks and the Marathon
deposit (Watkinson & Ohnenstetter 1992, Good &
Crocket 1994). The PCAC is a large composite intru-
sive body (Puskas 1967, Currie 1980, Mitchell & Platt
1982, Sage 1991, Walker et al. 1991, 1992, 1993) that
was emplaced at 1108 + 1 Ma (Heaman & Machado
1992) into Archean rocks of the Schreiber — White
River granite—greenstone belt. It is associated with
the Midcontinent Rift System, active between 1109
(Davis & Sutcliffe 1985) and 1086 Ma (Palmer &
Davis 1987). The PCAC is situated off the axis of the
rift system and considered to be related to other intru-
sive complexes of the Midcontinent Rift, such as the
Duluth Complex and the Logan Sills (Mitchell & Platt
1978, Sutcliffe 1991, Heaman & Machado 1992).

The GL gabbro, a north—south-trending body
approximately 500 by 4000 m in size, is bounded by
poorly defined syenitic intrusions (Fig. 2). At the
contact, the gabbro is medium grained, and the syenite
is fine grained (<0.5 mm). Two meters from the
contact, the syenite is medium to coarse grained. The
chilled margin relationship implies that syenitic
magma cut the gabbro. This order of emplacement is
contrary to the previous interpretation of Mulja &
Mitchell (1990). They proposed that GL gabbro cut
the syenitic rocks, on the basis of recrystallization-
induced textures in the syenite, and the distribution of
sulfides. However, we interpret the granular nature
of individual alkali feldspar grains in syenite near the
contact to be braided perthite and not recrystallization-
induced. Further, the distribution of sulfides cannot be
considered as evidence to support the order of intru-
sion, as the migration of sulfides out of the gabbro and
into the syenite could occur in either case.

Layering in the GL gabbro has not, as yet, been
recognized in the field or by petrographic or geo-
chemical methods; thus strike and dip of the intrusive
body are not positively determined. Nevertheless, the
main zone of disseminated sulfides and the contact
between eastern gabbro and syenitic rocks trend nearly
north and dip moderately west; consequently, samples
were selected from east—west traverses (Fig. 2). In
their examination of several suites of samples collected
along east—west traverses, Mulja (1989) and Good
(1993) found no evidence that would suggest
east—west layering; consequently, our set of samples
should be representative of the GL gabbro.

The GL gabbro is subdivided into homogeneous
and heterogeneous types. This distinction is warranted
because only the latter contains abundant sulfide and
Pd mineralization. At the south end of the main unit of
GL gabbro, heterogeneous gabbro occurs in a zone
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less than 100 m thick, located along the eastern con-
tact with syenitic rocks. The two boreholes sampled in
this study consist predominantly of heterogeneous
gabbro. West of each borehole is abundant outcrop
that forms a nearly complete section of homogeneous
gabbro. At the north end of the main unit, outcrop is
less abundant, and as a result, the spatial relationship
between the gabbro types is poorly understood.

PETROLOGY AND MINERAL CHEMISTRY
Analytical methods

Compositions of clinopyroxene, plagioclase, and
olivine were determined for samples from homo-
geneous and heterogeneous gabbro (Tables 1, 2 and 3,
respectively). Compositions of biotite and amphibole
were determined for mineralized samples only
(Table 4). These were determined with the JEOL
JXA-8600 Superprobe electron microprobe at the
University of Western Ontario. Minerals were ana-
lyzed by comparison with several mineral standards.

TABLE 1. COMPOSITION OF
CLINOPYROXENE IN THE GEORDIE
LAKE GABBRO AND ALBITE POD

Sampleno. G2  G49 G50

Notes 1 2 3
$i0, wt% 5107 5046 5081
TiO, 073 077 087
ALO, 18 191 233
FeO 1203 1210 1193
MO 036 027 029
Mg0 1216 1224 1239
ca0 2131 2159 2149
Na,0 037 041 039
Total 99.89 99.76 100.5

Calcalated on the basis of 6 atoms of oxygen

si 1941 1926 1920
WAl 0059 0074 0025
ViA 0024 0012 0080
i 0021 002 0024
Fe 0382 0386 0377
Mn 0012 0009  0.009
Mg 0689 0697 0698
Ca 0868 0883 0870
Na 0027 0030 0029
Fs 19.7 197 194
Wo 4.7 49 447
En 35.6 354 359

Location of samples: 1) in homogeneous gabbro
(Fig. 3), 2) within albite pod, and 3) at m.—g.
gabbro — pod contact (Fig. 8).
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The electron beam was operated at 10.3 nA
and 5 kV. The spot size was approximately 1 pm.
Peak counting times were between 20 and 100 sec-
onds, depending on the element. Levels of Ni in
olivine were determined using 100-second counts and
natural olivine as a standard (P140, see Fleet &
MacRae 1983). Control of quality of the data was
maintained by periodic analysis of standards during
each session.

Homogeneous Geordie Lake gabbro

Homogeneous GL gabbro is medium to coarse
grained and consists of subhedral to euhedral pla-
gioclase, euhedral apatite, subhedral or skeletal
magnetite, and anhedral to subhedral clinopyroxene.
Homogeneity of the gabbro is exhibited by the

Mg No.
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relatively constant abundance of CIPW normative
minerals in a section from the south-central part of the
unit (Fig. 3). The abundance of normative minerals is
used because a) secondary minerals have partly
obscured original minerals, and b) they approximately
match the estimated mode. Approximately 20 to 50%
of each clinopyroxene crystal was altered to actinolite,
but this may vary from about 5 to 90%. The edges of
plagioclase crystals were modified to a cloudy albite
to oligoclase. The modified plagioclase occurs within
a ghost outline of the initial plagioctase. The modified
plagioclase is cut by abundant microfractures that con-
tain very fine-grained biotite and actinolite, and trace
amounts of chalcopyrite and sphalerite. Biotite and
actinolite also occur together in small interstitial
patches. Magnetite is commonly rimmed by a thin
zone of biotite.
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FiG. 3. CIPW normative abundances of minerals and compositions of plagioclase and clinopyroxene in a section of homoge-

neous Geordie Lake gabbro.
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Plagioclase crystals are 5 to 10 mm in length and
have high aspect-ratios (5-10). They are commonly
oriented to form an east-west-trending lineation that
plunges moderately west. Imbrication of plagioclase
occurs locally (Fig. 4). Apatite is ubiquitous and
occurs in two distinct textural habits consistent with
two periods of growth. The most abundant and pre-
sumably earliest crystals are euhedral, 0.1 to 0.5 mm
in cross section, and are typically included in mag-
netite and clinopyroxene. The second type of apatite is
approximately one-tenth the size of the first and
is enclosed within the albite to oligoclase rim.

There is no apparent variation in mineral composi-
tions across the homogeneous gabbro (Fig. 3). The
average compositions of plagioclase, excluding modi-
fied rims, and Mg/(Mg+Fe) values of clinopyroxene
for five samples are Any; to Ans, and 0.65 to 0.66,
respectively (Fig. 3). Subhedral plagioclase is normally
zoned, with core-to-rim variations of about 5% An.
Discontinuous zonation, excluding modified rims, is
rare.

Heterogeneous Geordie Lake gabbro

Heterogeneous GL gabbro exhibits compositional
and textural variations on the centimeter scale (Fig. 5).
In general, the variations are associated with albite
pods. Heterogeneous gabbro consists of various pro-
portions of plagioclase, clinopyroxene, olivine and
magnetite. The average grain-size varies from about
1 mm to 2 cm. Olivine gabbro, gabbro, mela-olivine
gabbro and troctolite are representative rock types. In
general, the sequence of crystallization of primary
minerals in all rock types is plagioclase, followed by
magnetite, apatite and olivine, then clinopyroxene.
This order is similar to that for homogeneous gabbro.
Plagioclase is subhedral, and clinopyroxene is inter-
stitial and anhedral. Olivine is typically subhedral to
anhedral, but locally forms a harrisitic texture. Inter-

7

W @5
FiG. 4. Drawing of imbrication texture for plagioclase crys-

tals in homogeneous gabbro. The width of the field of
view is 3 cm.

iz

THE CANADIAN MINERALOGIST

stitial, subhedral or skeletal magnetite and euhedral
apatite are ubiquitous. Compositional heterogeneity
across borehole 7 is shown by the variation of
abundances of normative minerals (Fig. 6). These
abundances do not agree, on the whole, with approxi-
mate modes because several samples contain very
small pods of albite, and heterogeneity may occur on
the centimeter scale, so that whole-rock compositions
represent averages.

The compositions of plagioclase and clinopyroxene
in the heterogeneous gabbro are very similar to
those in the homogeneous gabbro. For heterogeneous
gabbro, the composition of subhedral plagioclase
varies between Ang and Any,, and the Mg/(Mg+Fe)
value of clinopyroxene, between 0.40 and 0.67 (Mulja
1989). Also, like the section of homogeneous gabbro,
there is an absence of significant or systematic varia-
tions in the composition of plagioclase and clinopy-
roxene (Mulja 1989).

Albite rims and pods

Abundant albite occurs throughout the heteroge-
neous gabbro as a rim on initial plagioclase and in
irregular discontinuous pods (Fig. 5). The rims consist
of albite to oligoclase (An, to An,,), hereafter referred
to as “albite”, and are visibly distinguished from sub-
hedral plagioclase in thin section by their cloudiness;
in hand sample, the rim is pink, and subhedral plagio-
clase is white. The albite pods are easily distinguished
from gabbro by the light pink color and saccharoidal
form of the albite grains. They range from less than a
centimeter to a meter across. In general, the abundance
of the rims increases approaching a pod, and the abun-
dance of very small pods increases approaching a
large pod.

The rims are typically 25 to 50% as thick as the
subhedral plagioclase. They contain abundant micro-
metric inclusions of apatite, actinolite and K-feldspar

—

FIG. 5. Characteristics of albite pods and heterogeneous GL
gabbro. A. Irregular, discontinuous albite pod (light grey).
B. Close-up view of the tip of the albite pod, located left
of center at the top of photo A, showing the granular
albite and interstitial biotite and actinolite in the pod and
the gradational coarse-grained contact with gabbro. C and
D. Photographs of oversized thin sections indicate coarse-
grained plagioclase, clinopyroxene and magnetite around
very small albite pods (C) (see also Fig. 9) and at the
contact of larger albite pods (D), respectively. The
opaque phases consist predominantly of magnetite and
minor chalcopyrite intergrown with actinolite and biotite.
The cloudy rims on plagioclase are albite—oligoclase.
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FiG. 6. CIPW normative abundances of minerals across a section of heterogeneous GL gabbro.

(Fig. 7) and minor amounts of Ba—-K-feldspar
(Table 2). The contact between a rim and the initial
plagioclase is gradational from straight and abrupt to
diffuse and irregular. The abrupt change in composi-
tions across a straight contact is illustrated by two
microprobe analyses separated by a distance of ap-
proximately 15 um, located near point A in Figure 7.
Here, the composition of the primary plagioclase is
An0ry 46; the rim is An;sOr ;. Also, at sharp con-
tacts, neighboring clinopyroxene is partly replaced
(Fig. 7). At diffuse, irregular contacts, a ghost outline
of the initial subhedral plagioclase is observable in the
albite rim. The variation of compositions across a
diffuse contact is shown by decreasing An and Or con-
tents over approximately 100 pm near point B in
Figure 8B. These features imply that two processes
acted to produce the rims: replacement and modifica-
tion of initial minerals. The straight sharp contacts
imply that a rim formed around the initial crystals of

plagioclase, and that the mineral(s) that originally sur-
rounded the plagioclase were replaced. The diffuse
irregular contacts imply that the initial plagioclase was
partly modified to a more sodic composition. In general,
where replacement is predominant, the nearby
clinopyroxene and olivine are only slightly altered to
actinolite; where plagioclase modification is predomi-
nant, such as in homogeneous gabbro, they are more
intensely altered.

Albite pods consist of albite, hornblende, biotite,
sulfides and actinolite, and trace amounts of K-
feldspar, quartz, zircon, allanite, apatite, and calcite.
The albite is granular or lath-like, fine- to medium-
grained, and cloudy. Hornblende makes up approxi-
mately 1% of albite pods, and is pale brown, fine-
grained and subhedral to anhedral. Biotite and
actinolite are very fine grained and occur together
cither in small patches interstitial to albite and horn-
blende, or in microfractures that cut albite. Allanite
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Fic. 7. Back-scattered electron image of albite—oligoclase rim
on plagioclase (black) and replacement of clinopyroxene.
Near point A, the contact between rim (An,5) and plagio-
clase (An,g) is sharp (see text). The rims are separated by
the partly replaced clinopyroxene in the center of the
photo. Each rim is optically continuous and is distin-
guished from early plagioclase by the inclusions of
apatite (white) and intergrowths of biotite and actinolite
(light grey). The clinopyroxene crystals [Mg/(Mg+Fe)
value of 0.64] have a very thin margin of actinolite and
arc optically continuous with an ophitic crystal to the
right of the photo. Scale bar: 100 pm.

crystals are included within biotite, calcite and chal-
copyrite. Calcite occurs as a late mineral that replaces
actinolite, or in patches approximately 100 um in size,
that contain many euhedral crystals of zircon 1 to
5 um across.

The large pods commonly include minerals from
the GL gabbro. The compositions and habits of in-
cluded clinopyroxene and plagioclase are identical to
those in the surrounding gabbro. The included plagio-
clase is partly modified to a more sodic composition;
clinopyroxene crystals are irregular and have a very
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TABLE 2. FELDSPAR COMPOSITIONS REPRESENTATIVE OF DISTINCT
TEXTURAL AND PETROGRAPHIC SETTINGS IN GEORDIE LAKE GABBRO

Sample G47  G47 G58 G58 G52 G52 G50 G49
Notes 1 2 3 4 5 6 7 8

§iop 5520 56.63 6526 65.97 5655 6578 6922 69.50
ALO3 2755 2660 2354 18.82 2144 21.56 1940 1931

FeO 0.59 0.52 0.05 0.00 0.08 0.27 0.02 0.04
Naz0 5.07 5.58 7.97 1.29 0.19 9.69 9.65 9.89
K20 0.31 0.59 0.14 1424 11.86 0.04 0.03 0.03
Ca0 10.53 9.23 4.49 0.10 0.36 2.62 0.49 0.33
Ba0 0.01 0.08 0.00 048 1124 0.54 0.00 0.00

Total 99.26 99.23 10145 10080 10172 100.50 98.81 99.10

structural formulae calculated on the basis of 32 atoms of oxygen

St 10.036 10271 11300 12.005 11.060 11.543 12,127 12,144
Al 5905 5688 4.803 4.036 4941 4450 4006 3.978
Fe 009 0079 0007 0000 0013 0039 0002 0.006
Na 1787 1962 2676 = 0455 0072 3296 3279 3.35%
K 0072 0.137 0.031 3305 2959 0.009 0.007 0.007
Ca 2,051 1794 0833 0019 0075 0493 0.092 0.062
Ba 0.001 0006 0.000 0.034 081 0037 0.000 0.000
Ab 4570 5040 7559 12.04 1.80 8679 97.07 9798
Or 1.84 3.52 087 8744 7459 0.23 0.21 0.20
An 5246 46.08 2353 0.52 1.90 1298 2.72 181
Celsian 21.70

Notes: 1 and 2, core and rim of subb lath, modified plagioclase
hmdmﬁg9i4wmmmmﬁeldm(xsp)lmmdmmdiﬂsdmodwﬂmhm
9d; 5, barien potassium feldspar located in modified rim; rim ca
plagiodasemPlg?ﬂmoﬂmymﬁnmSmhmmaﬂaﬂﬁmpodm;s),
average of 9 analyses from 6 grains in albite pod.
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FiG. 8. Relationships at a sharp contact, between gabbro and a small albite pod (microdikelet), from sample G50. A. Drawing
of a thin section of gabbro that includes a small albite pod (shaded). Sulfides (X) consist of chalcopyrite * shalerite, are
intergrown with biotite % actinolite, and are located within the albite pod. Olivine is completely altered to actinolite plus
magnetite. B. Close-up drawing of minerals at the contact (location outlined in A) showing optically continuous grains of
albite and the Mg/(Mg-+Fe) value of clinopyroxene (white). Clinopyroxene has a very thin rim of actinolite where it is in
contact with albite. C. Compositional cross-section of plagioclase from points A to B in Fig. 8B.

thin fringe of actinolite; olivine is altered to an actino-
lite plus magnetite pseudomorph, and magnetite grains
are embayed and rimmed by biotite and actinolite.
Apatite in small pods exhibits a well-defined bimodal
distribution of grain size. The large grains are approxi-
mately 0.5 mm in cross section, and the small grains
are less than 0.1 mm (compare apatite in Fig. 9C to

that in Figs. 7, 9D).

The texture and composition of the GL gabbro adja-
cent to the albite pods were examined; there are two
possible relationships. In the first type, the texture,
grain size and compositions of clinopyroxene and pla-
gioclase are identical to that of gabbro elsewhere (e.g.,
Fig. 8). In the second type, the microdikelets and pods
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are surrounded by a very coarse-grained zone of gab-
bro with variable proportions of the major minerals
(Figs. 5, 9). Here, plagioclase laths are up to 2 cm
long; clinopyroxene grains are up to 1 cm, and olivine
and magnetite are up to 0.5 cm. Three olivine grains in
a coarse-grained zone were analyzed (grains 1, 2 and 3
in Fig. 9A, B, Table 3); they are all zoned. Core and
rim compositions on grains 2 and 3 are Fo,y and Fog,
respectively, and Foss and Foyg on grain 1. The Ni
contents vary from less than detection limit (300 ppm)
to 500 ppm. These zoned crystals of olivine are very
unusual, as the mineral is known to re-equilibrate
easily during crystallization, and consequently is
rarely zoned. Indeed, Mulja (1989) found that olivine
in GL gabbro is unzoned. Two subhedral grains of
plagioclase from this zone were analyzed (grain 4 in
Figs. 9B, D); they are identical in composition to pla-
gioclase in the medium-grained gabbro.

Sulfides and platinum-group minerals

Sulfides consist predominantly of chalcopyrite and
bornite, with minor amounts of sphalerite, pyrite
and galena. The sulfide grains are typically less than
0.1 mm across and occur as isolated grains, or in
clusters less than one cm across. At the scale of a thin
section, sulfides occur only in the presence of albite
(e.g., Fig. 8). In general, the abundance of sulfides
increases with the abundance of albite; however, in
albite pods, the distribution of sulfides is irregular.
The sulfides are invariably intergrown with biotite or
actinolite. The sulfide + biotite + actinolite assem-
blages are located, in decreasing order of occurrence,
in a) microfractures that cut albite grains or the rim of
albite to oligoclase on plagioclase, b) interstitially to
partly altered minerals of the gabbro or albite grains,
¢) intergrown with actinolite after clinopyroxene, and
d) along cleavage planes of magnetite or clino-
pyroxene. Locally, calcite replaces actinolite and
surrounds chalcopyrite grains.

A complex association of ten palladium minerals,
sperrylite, various tellurides, chalcopyrite and bornite
are described in detail by Mulja & Mitchell (1990,
1991). They stated that most of the palladium minerals
and tellurides are contained within the disseminated
chalcopyrite (described above). The Pd minerals
include kotulskite, merenskyite, michenerite, sop-
cheite, paolovite, guanglinite, palladium bismuthol-
telluride, arsenide and antimonide, and unnamed
Pd, ¢NiAs, s; the tellurides include hessite, unnamed
Ag;Te,, melonite and altaite (Mulja & Mitchell 1991).

Abundance of fluorine and chlorine
in hydrous minerals

The relative abundances of fluorine and chlorine in
hornblende, biotite and actinolite (Table 4) are shown
in Figure 10. In general, hornblende contains 0.3 to
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TABLE 3. COMPOSITIONS OF ZONED
OLIVINE LOCATED IN COARSE-GRAINED
GABBRO ADJACENT TO ALBITE POD

Grainmo, 2 2 2 1 1
location core imterm rim core im

§$i0, 34.79 34.45 3358 32.82 32.09
TiO, 0.05 004 007 010 006
ALO, 003 007 001 003 0.03
FeO 4230 4390 47.67 5125 54.72
MnO 089 079 107 1.08 130
MgO 2293 2063 18.60 1571 12.69
Ca0 005 087 006 033 033
Ni 400 500 300 d 300
Total 101,12 100,87 101,16 100.50 101.28
Structural formulae calcolated on the basis of 4
atoms of oxygen

Si 0993 0989 0988 0984 0.984
Al 0.001 0.002 0.000 0.001 0.001
Ti 0.001 0,002 0.002 0.002 0.000
Fe 1010 1,055 1173 1285 1.403
Mn 0022 0021 0.027 0.027 0.034
Mg 0976 0.898 0.816 0.702 0.580
Ca 0.002 0.028 0.027 0011 0.011
Ni 0.001 0.001 0.001 0.000 0.001
Fa 509 544 590 647 708
Fo 49.1 456 41.0 353 292

Note: dl represents value less than detection limit
of 200 ppm Ni. Grains 1 and 2 are Jocated less
than 1 cm from a small pod of albite (G58, Fig.
9). Microprobe analyses were carried out at core,
intermediate and rim locations. Results in wt.%
except for Ni, in ppm.

2.5 wt.% F and less than 0.1% Cl; biotite contains
approximately 0.5% F and Cl, and actinolite contains
0.1 to 0.3% F and less than 0.2% Cl. The very high
F/C1 ratio in hornblende relative to biotite and actino-
lite is consistent with petrographic evidence that horn-
blende crystallized from an evolved magma, and
biotite and actinolite crystallized from a hydrous fluid.

GEOCHEMISTRY
Analytical methods

All whole-rock geochemical analyses were carried
out at McMaster University. The major elements and
Ba, V, Nb, Rb, Sr, Y and Zr were determined by X-ray
fluorescence (XRF). The concentrations of the REE,
Cl, Ta, Th, Hf, Cs and Sc were determined by instru-
mental neutron-activation analysis (INAA) on approx-
imately 0.5 g of rock powder, except for Gd, which
was determined by prompt gamma activation analysis.
Uranium concentrations were determined by delayed
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neutron counting. The effects of primary interference
reactions produced by U fission on the abundances of
Sm, La, Nd and Ce, as reported by Landsberger (1986)
and Landsberger & Simsons (1987), were evaluated
and found to be negligible. The accuracy of XRF data
is within 4% for all elements. The precision (standard
error of the mean of four determinations) of INAA
data is better than 6% for all elements, except Ho
(12%), Th (10%) and Cs (18%).

Results

Major- and trace-element concentrations for a suite
of samples representative of the GL gabbro and albite
pods are presented in Table 5. The principal goal of
the geochemical study is to constrain a possible gene-
sis for the albite pods. The problem is approached by
first evaluating the variations in trace-element concen-
trations across a section of homogeneous gabbro in
order to- distinguish possible trends due to processes
such as crystal fractionation or metasomatism. Once
the trends are established, they are compared to trace-
element concentrations in the heterogeneous gabbro
and albite pod.

A modified cross-section of homogeneous gabbro is
presented in Figure 11. Data for a representative suite
of samples are presented in Table 6. In order to
smooth out the curves and make the trends more
prominent, data are modified in three steps. Firstly,
each value is divided by the respective concentration
in sample G47 in order to simplify the horizontal
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TABLE 4. COMPOSITIONS OF
HORNBLENDE, ACTINOLITE, BIOTITE
ASSOCIATED WITH ALBITE PODS

Mineral Bt Hbl Hbl Act Act

Sample  GSO G49 G50 GSO G50
Notes 1 2 3 4 5
Si0, W% 3662 4331 4273 5053 53.71
TiO, 226 226 233 027 0.2
ALO, 1338 783 847 414 19%
MnO 013 028 031 051 052
FeO 23.10 1751 1732 1794 1672
MgO 1098 1025 1047 1177 1275
Ca0 022 1095 1109 1167 12.14
Ba0 028 - - - -
K,0 805 143 151 026 009
Na,0 009 269 217 085 041
F 059 253 052 024 019
cl 048 004 005 011 003
Total 96.19 99.09 9697 98.29 9859
—O=FCl 036 107 023 013 009
Total 95.83 98.02 96.74 98.16 98.50
Structural formulae calculated on the basis
of 24 O,0HF.Cl
si 5633 6497 6547 7.463 7.809
Al 2367 1384 1453 0537 0.191
Al 0059 0.000 0.077 0183 0136
Ti 0261 0255 0268 0.030 0.013
Mn 0.017 0,036 0.040 0.064 0064
Fe 2972 2197 2219 2216 2.033
Mg 2518 2292 2391 2591 2.763
Ca 0036 1760 1821 1847 1891
Ba 0017
K 1579 0274 0295 0.049 0.017
Na 0.027 0782 0645 0243 0116
F 0287 1200 0252 0.112 0.087
a 0125 0010 0013 0028 0.007
Mg/(Mg+Fe) 046 051 052 054 058

Notes: 1, biotite intergrown with chalcopyrite
within microvein that cuts albite in pod; 2,
homblende in albite pod; 3, hornblende in contact
with clinopyroxene within albite pod; 4, thin
actinolite rim on homblende of previous column
(4); 5, thin actinolite rim on clinopyroxene,

scale. Sample G47 was selected to normalize the
values because it has a minimum of secondary miner-
als, such as an albite rim on plagioclase and actinolite
alteration of clinopyroxene, and because plagioclase
and clinopyroxene compositions are equivalent to
those in the sample set. In the second step, the data are
converted into three-point moving-average values, i.e.,
each point is the average of itself plus two neighboring
values. Finally, step two is repeated to further smooth
out the trends.

The modified elemental trends in Figure 11 are
grouped according to slope, as follows: 1) U, Nb, Zr,
Rb, K, and Cu: concentrations increase significantly



694

up-section from sample G18 to G2, 2) Ba and Y: con-
centrations increase slightly up-section, 3) Sr: the
concentration is approximately constant through much
of the section, but decreases near the top, and 4) Ni
and V: concentrations decrease up-section.

The trend for Cu is erratic, but the increase up-
section implies classification into group one. The
increase in chlorine concentrations is much larger than
for group 1, but is not assigned its own class for
reasons discussed below. These data, except those
for Cl, resemble those of a fractionating silicate
magma whereby clinopyroxene, plagioclase, mag-
netite and possibly apatite are the dominant crystalliz-
ing phases. Thus, elements in group 1 are highly
incompatible; group-2 elements are moderately
incompatible, group-3 elements are weakly compati-
ble, and group-4 elements are compatible.

The trace-clement concentrations for homogeneous
gabbro are compared to those of heterogeneous gabbro
on element versus Zr variation diagrams (Fig. 12).
Samples of heterogeneous gabbro are subdivided into

TABLE 5. GEOCHEMISTRY OF SAMPLES REPRESENTATIVE OF GEORDIE
LAKE GABBRO AND ALBITE POD

Sample Gl G2 G47 G48 G499 G4%a  GSO
Rock type 1 1 2 3 4 3 3
Si02 wi% 4846 48.17 4057 4223 5205 4585 4536
Al203 1311 1340 1121 1295 1542 1322 13.12
Fe203 1895 17.04 2462 21.60 1232 1952 1897
MgO 243 318 735 612 292 418 462
Ca0 739 884 914 895 763 888 942
Na20 310 308 175 201 535 301 281

K20 268 208 1.42 197 085 093 1.26
TiO2 206 206 245 201 1.91 2.05 2.13
P205 0.95 1.11 094 090 073 1.27 1.50
MnO 0.31 026 030 026 021 024 025
Total 9943 9938 9775 9900 9939 9914 9944
Rb ppm 140 94 37 62 13 35 44
Sr 394 555 462 611 433 673 659
Ba 1439 1330 | 697 1108 337 881 970
Y 52 50 20 28 60 43 36
Zr 312 285 86 104 564 198 153
v 242 343 792 615 259 515 476
Nb 84 70 19 28 117 59 34
Ta 627 541 207 236 846 414 322
U 445 400 0.98 154 689 273 233
Cl 5138 2927 1588 1422 644 676 995
Sc 23 26 29 25 17 22 25
Th 144 127  3.53 5.03 27 839 770
Hf 689 6.13 194 271 11 410 382
Cs 484 433 217 269 069 213 2.99
La 115 136 60 66 188 95 94
Ce 243 255 117 132 354 78 182
Nd 94 99 52 57 107 69 79
Sm 16.7 174 952 990 20 14 134
Eu 430 395 247 266 353 3.18 3.36
Gd 11.7 nd 639 742 14.1 9.67 10.2
Th 1.47 1.53 064 0.89 1.58 1.16 099
Ho 1.84 175 079 092 210 1.65 1.25
Yb 408 389 1.76 1.91 504 316 229
Lu 069 066 030 032 069 053 043
Note: nd indi not ined. GA47 to G50 were collected from 2 1-m

section of drill core in the order listed, Rock types as follows: 1, homogeneous gabbro;
2, olivine gabbro with no visible small pods of albite; 3, olivine gabbro with minor
small pods of albite; 4, albite pod that includes fragments of GL. gabbro.
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TABLE 6. ABUNDANCES OF TRACE AND MINOR
ELEMENTS ACROSS THE HOMOGENEOUS GABBRO

GI8 Gl6 Gl12 G7 G2 %*

KO wi% 138 127 152 179 208 51
P,0; 096 106 157 127 L1116
Ni pm 46 33 2 17 16 65
v 673 547 53 382 343 49
Y 43 34 48 42 50 16
Rb 2 41 %6 6 9% 8l
Nb 3 3 46 S0 70 94
Zs M 16 210 21 285 67
U 246 260 291 313 400 63
a 2027 460

522 829 1501 1202

%% Percent change corresponds to change from samples G18
to G2. Refer to sample locations on Figure 2 and modified
geochemical trends in Figure 11,

three groups: gabbro with rare to minor albite rims on
plagioclase, gabbro with small albite pods, and albite
pod. In general, the diagrams, except for Rb and Cl,
indicate that data for the heterogeneous gabbro are
colinear and partly overlap those for homogeneous
gabbro. The highly incompatible elements, Hf, Nb, U,
Th and Zr, are enriched in the albite pod relative to
homogeneous gabbro; compatible elements Sc and V
are depleted.

Concentrations of the rare-earth elements in various
types of gabbro and albite pods are compared on a
chondrite-normalized diagram (Fig. 13). The nearly
parallel trends and the ascending order of sample con-
centrations are consistent with trends exhibited in
Figures 12C to H. The approximate 2- to 3-fold
increase in the abundance of REE from sample G47 to
albite pod (G49) is about one half of the 6- to 7-fold
increase shown by the highly incompatible elements,
implying that the REE behaved as moderately incom-
patible elements during formation of the albite pods.
This relationship is consistent with the moderately
incompatible behavior of Y in homogeneous gabbro
(Fig. 11). The moderately incompatible behavior of Y
and REE, and the nearly parallel trends for Y and P in
Figure 11, indicate control by crystallization of small
amounts of apatite. Partition coefficients between
apatite and melt are on the order of 10 to 50 (Fujimaki
1986), depending on the element; consequently, crys-
tallization of 1% apatite corresponds to a bulk parti-
tion-coefficient of 0.1 to 0.5.

The coincident behavior exhibited by trace ele-
ments in the homogeneous and heterogeneous gabbros
does not apply to the alkalis and chlorine. For Rb and
K,O versus Zr (Figs. 12A, B), the data for hetero-
geneous gabbro are scattered relative to the nearly
linear trend exhibited by homogeneous gabbro.
Relative to gabbro, the albite pod has the highest con-
centration of Zr, but very low concentrations of Rb
and CI (Table 5). The behavior of alkalis (K, Rb, and
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(calculated twice) in order to make trends more prominent,

Cs) is further examined in Figure 14. The data for all
GL gabbro samples, excluding the albite pods, fall
within the main-trend envelope for igneous rocks as
defined by Shaw (1968), and the K/Rb ratio varies
between about 150 and 300. A smaller set of samples
shown in Figures 14B and C indicates that Rb/Cs and
K/Cs in GL gabbro, excluding the albite pod, are close
to 20 and 5000, respectively. Therefore, it appears that
K, Rb and Cs in the GL gabbro, excluding the albite
pods, are behaving coherently. Three samples of albite
pod are shown in Figure 14A. The solid star is from
this study, and the two hollow stars are from Mulja
(1989). The levels of K, Rb and Cs are depleted in the
albite pods relative to the gabbro. The K/Rb and K/Cs
ratios for the albite pods are greater than those for gab-
bro, and the Rb/Cs value in gabbro is equivalent to
that in the albite pods. These relationships imply that
Rb and Cs are fractionated from K. The whole-rock
data are consistent with observed compositions of pla-
gioclase from various settings within the homoge-
neous and heterogeneous gabbros, plotted in terms of
Ab-Or-An (Fig. 15). These compositions form a con-
tinuum from labradorite to albite. This trend implies
loss of K relative to Na. Thus during formation of the
albite pods, the alkalis exhibit fractionation in the
order Na— K —~Rb=Cs.

DiIscUsSION
Genesis of the homogeneous GL gabbro

The textures, field relations and mineral composi-
tions observed in the homogeneous gabbro imply that
it was emplaced as a plagioclase-crystal mush,
Evidence for this process includes the imbrication of
plagioclase (Fig. 4) and the uniform abundances and
chemistry of major minerals (Fig. 3). Imbrication can
only be interpreted to indicate flow of the magma and
crystals. After intrusion, it seems unlikely that the
crystal mush solidified in situ, as this process cannot
explain the decoupling of trace-element from major-
element data (Figs. 3, 11). Three possible mechanisms
to account for the trends in Figure 11 are: 1) variable
amounts of interstitial magma, 2) subsolidus metaso-
matism, and 3) migration of interstitial melt through
the crystal pile. The first option is unlikely because it
cannot account for the divergent trends of the REE
relative to other incompatible trace elements. Also,
higher proportions of interstitial melt should coincide
with more evolved compositions of clinopyroxene, but
this is not the case. Metasomatism might account for
some observations, such as the ubiquitous partial alter-
ation of clinopyroxene and plagioclase and the very
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F1G. 12. Log—log plots of concentration of Zr versus that of various trace elements for GL
gabbro. Symbols: homogeneous gabbro (dots), heterogeneous gabbro (+), heteroge-
neous gabbro with small albite pods (circles), albite pods (stars).

large increase in Cl concentrations, but trends for
large-ion lithophile elements (K and Rb), which are
typically mobile in hydrothermal fluids, closely match
those for the relatively immobile, high-ionic-potential
elements (U, Nb and Zr). Consequently, metasomatism
alone cannot explain the data. The third possibility, the
migration of interstitial melt through the pile of crys-
tals, is the favored explanation. This process can
account for the decoupling of major-element from
trace-element data, and the subdivision of trace-
element data into groups that are consistent with frac-
tional crystallization of plagioclase, clinopyroxene,

magnetite and apatite. Possible mechanisms to explain
migration of interstitial melt in the GL gabbro are
compaction or composition convection, as described by
Sparks er al. (1985). After intrusion, the GL crystal
mush began crystallizing magnetite and clino-
pyroxene. Depending on the proportions of minerals
crystallizing, the interstitial melt could become less
dense than the pile of crystals and begin to move up
through the pile. It is likely that migration occurred
quite late in the crystallization history and involved a
small fraction of the magma. This would account for
the uniformity of clinopyroxene compositions.
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FiG. 13. Chondrite-normalized REE data for various rock types of GL gabbro. Symbols as
in Fig. 12, Data are normalized using values in column 1 of Table 1.5 in Henderson

(1984).

Eventually, as porosity became too low, migration of
interstitial melt ended. In the later stages of crystal-
lization, perhaps coincident with melt migration, a
vapor exsolved from the highly evolved magma.
Interaction of the vapor with gabbro resulted in the
modification of labradorite to albite or oligoclase, for-
mation of biotite, and the alteration of clinopyroxene
to actinolite. Except for the excessive enrichment of
Cl relative to the other trace clements, the deuteric

alteration was essentially isochemical.
Origin of the albite pods by autointrusion

Geochemical characteristics of albite pods, such as
very high concentrations of incompatible trace ele-
ments relative to GL gabbro and interelement ratios
equivalent to those in GL gabbro, imply that they
represent accumulations of highly evolved residual GL
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FiG. 14. Alkali variation diagrams for various rock types of GL gabbro. Symbols as in
Fig. 12, except hollow stars from Mulja (1989).
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FIG. 15. Summary of plagioclase compositions from various
textural settings in GL gabbro. Symbols: cumulus plagio-
clase, dots; modified plagioclase, triangles; albite rim,
cross; and albite pod, circle.

magma. Thus the albite pods could represent segre-
gations of locally derived interstitial magma or bodies
of residual magma that intruded the pile of crystals.
Petrographic features such as a) the uniformity of pla-
gioclase and clinopyroxene compositions in medium-
grained gabbro approaching the contacts with the
albite pods, b) the development of a harrisitic texture,
¢) the presence of zoned olivine, and d) the occurrence
of zones of very coarse-grained gabbro adjacent to the
albite pods are consistent with either local segregation
or autointrusion. However, given the geochemical evi-
dence from the homogeneous gabbro that implies
large-scale migration of interstitial melt through the
pile of crystals, it is conceivable that albite pods
formed by autointrusion.

The albite could not have been a primary mineral in
equilibrium with the residual magma. The continuous
trend of plagioclase compositions from labradorite to
albite (Fig. 15) cannot be explained in terms of mag-
matic processes. For this reason, a sodic plagioclase is
proposed to have crystallized along with hornblende in
the early stages of formation of the albite pods.

The residual magma was volatile-rich. Evidence of
a high content of volatiles includes the high F content
of hornblende in albite pods (up to 2.5 wt.%, Table 4).
Consequently, during cooling and crystallization of

THE CANADIAN MINERALOGIST

the residual magma, it is likely that a fluid evolved
and interacted with nearby minerals. This fluid is pro-
posed to have modified the initial plagioclase to form
albite. Hornblende was unaffected. This process is
consistent with the high K/Rb and K/Cs ratios of pods
relative to GL gabbro. The observed order of alkali
fractionation from plagioclase into the vapor is, in
ascending order, Na<<K<Cs=Rb. That is, Na favors
the feldspar, and Cs and Rb, the vapor. This order of
partitioning is predicted by comparison of the size
of the cation to the site it occupies in albite (see
Lagache 1983, p. 251). For Ca, the distribution coeffi-
cient between albite and an aqueous chloride solution
is strongly affected by temperature and pressure
(Lagache 1983). A compilation of experimental data
presented by Lagache (1983) indicates that at high
temperature, Ca favors albite over vapor, and it is not
until temperatures are less than about 600°C (at less
than 2 kbar) that Ca begins to favor the vapor. Thus
according to this model, modification of plagioclase to
albite could not have occurred at temperatures above
about 600°C. The release of K, Ca, and Ba from pri-
mary plagioclase into the fluid presumably promoted
the formation of K-feldspar, Ba—K-feldspar, biotite
and actinolite.

Origin of the heterogeneous GL gabbro

It is conceivable that compositional and textural
heterogeneity in the GL gabbro formed during auto-
intrusion. This model requires that the precursor to
heterogeneous gabbro was homogeneous plagioclase-
crystal mush. This condition is satisfied by geo-
chemical and mineral chemistry data that imply that
homogeneous and heterogeneous gabbros are cogenetic
and were intruded at similar stages in their magmatic
evolution. The model is as follows. At some point in
the solidification history of the crystal mush, crystal-
lization was interrupted by the intrusion of the highly
evolved, volatile-rich residual magma that eventually
formed the albite pods. Interaction between the two
melts had numerous consequences. For instance, the
forms and compositions of minerals growing in
the crystal mush were modified by temperature differ-
ences between the two magmas and by migration of
volatiles from the residual magma into the GL crystal
mush. Undercooling resulted in the formation of the
harrisitic texture and zoned olivine. The addition of
volatiles facilitated the formation of very coarse-
grained crystals. Also, the addition of volatiles
changed the phase relations and resulted in variations
in the relative proportions of minerals crystallizing in
the mush.

The proposed genesis of the heterogeneous GL
gabbro differs from that put forward by Mulja (1989)
and Mulja & Mitchell (1991). They proposed that the
GL gabbro formed by multiple intrusions of like
magma, based on the alternating layers of troctolite
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and ophitic gabbro, and the occurrence of the harrisitic
texture. However, we were unable to distinguish any
layers of troctolite. Indeed, in numerous samples iden-
tified as troctolite by Mulja (1989), the abundance of
normative minerals is consistent with that of gabbro.
This discrepancy cannot be due to alteration, but is
possibly due to an overestimation of the modal abun-
dance of the harrisitic texture in the heterogeneous
gabbro. Also, we believe that the presence of the
harrisitic texture is evidence for the migration of inter-
stitial melt (see Donaldson 1982), and is not a quench
product formed when successive pulses of basaltic
magma intruded the gabbro, as previously proposed.

Proposed mechanism for concentrating Cu and Pd

The genetic model for the formation of the albite
pods can also be applied to the concentration of Cu
and Pd. A three-stage model is required. In step one,
interstitial magma that eventually formed the albite
pods became progressively enriched in Cu and Pd as it
migrated through the pile of crystals. In step two, the
residual magma intruded and interacted with the GL
crystal mush to form heterogeneous gabbro. In step
three, a hydrous fluid separated from the residual
magma and extracted the ore-forming elements (Cu,
Pd, S, As, Bi, Te, Sb). The vapor then reacted with
plagioclase to form albite (T < 600°C) and migrated
along grain boundaries into the surrounding gabbro.
Precipitation of the sulfides and platinum-group
minerals could occur in response to decreasing tem-
perature, alteration of primary minerals or deposition
of biotite and actinolite. This model differs from the
magmatic sulfide origin proposed by Mulja &
Mitchell (1990, 1991). The absence of pentlandite and
pyrrhotite in the assemblage of sulfides, the scattered
distribution of Ni, Cu and platinum-group elements
(Good 1993), the temperature of mineralization
(<600°C, this study; <550°C, Mulja & Mitchell 1991)
and the association of chalcopyrite and Pd minerals
with albite, biotite and actinolite are consistent with
deposition from a hydrous fluid and cannot be
explained by a magmatic sulfide model.

The concentration of PGE by postcumulus fluid-
dominated processes was proposed by Watkinson &
Ohnenstetter (1992) to have played an important role
in the formation of the Marathon deposit, located
18 km east of the GL gabbro at the eastern margin of
the complex (Fig. 1). However, a comparison
of numerous petrographic and geochemical features of
mineralization of the two deposits suggests that they
formed by very different processes. Observations from
the GL gabbro imply that metals and fluid were
derived from highly evolved magma, and the sulfides
and PGM were precipitated in association with biotite
and actinolite. There is no evidence for pre-existing
magmatic sulfides in the GL gabbro. At the Marathon
deposit, geochemical observations described by Good
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& Crocket (1994) imply that the petrographic and
mineral chemistry data described by Watkinson &
Ohnenstetter (1992) are best interpreted to represent a
deuteric overprinting of primary magmatic sulfides. It
is evident that the bulk sulfides were not enriched in
Cu and the PGE by this process, as previously pro-
posed, and that the migration of Cu and PGE in fluids
occurred over very short distances.

CONCLUSIONS

The occurrence of chalcopyrite and palladium
minerals in association with albite, biotite and actino-
lite in the Geordie Lake gabbro presumably represents
the late-stage hydrothermal products of the solidifica-
tion of the GL magma. The petrographic, mineral
chemistry and geochemical data may be interpreted as
follows.

The GL gabbro intruded as a plagioclase-crystal
mush. At some point during in situ crystallization, the
interstitial magma began to migrate through the pile of
crystals. Small accumulations of residual melt intruded,
and interacted with, partly crystallized GL gabbro,
resulting in the formation of heterogeneous gabbro.
Crystallization of the volatile-rich residual melt
resulted in the formation of sodic plagioclase and
hornblende. Eventually, a fluid separated from the
residual melt, extracting Cl and the ore-forming ele-
ments. The fluid also reacted with the plagioclase to
form albite. The release of K, Ca and Ba during modi-
fication of plagioclase resulted in the deposition of K-
feldspar and Ba—K-feldspar from the fluid. After the
albite had formed, biotite, actinolite, allanite, chal-
copyrite, galena, sphalerite and palladium minerals
were deposited from the fluid as it migrated along
crystal boundaries and through small fractures that cut
albite, magnetite and clinopyroxene.
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