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Abstract Large subvolcanic intrusions are recognized
within most Precambrian VMS camps. Of these, 80% are
quartz diorite–tonalite–trondhjemite composite intru-
sions. The VMS camps spatially associated with com-
posite intrusions account for >90% of the aggregate
sulfide tonnage of all the Precambrian, intrusion-related
VMS camps. These low-alumina, low-K, and high-Na
composite intrusions contain early phases of quartz di-
orite and tonalite, followed by more voluminous tron-
dhjemite. They have a high proportion of high silica
(>74% SiO2) trondhjemite which is compositionally
similar to the VMS-hosting rhyolites within the volcanic
host-rock successions. The quartz-diorite and possibly
tonalite phases follow tholeiitic fractionation trends
whereas the trondhjemites fall within the composition
field for primitive crustal melts. These transitional M-I-
type primitive intrusive suites are associated with exten-
sional regimes within oceanic-arc environments.
Subvolcanic composite intrusions related to the Archean
Sturgeon Lake and Noranda, and Paleoproterozoic
Snow Lake VMS camps range in volume from 300 to
1,000 km3. Three have a sill morphology with strike
lengths between 15 and 22 km and an average thickness
between 1,500 and 2,000 m. The fourth has a gross stock-
like shape. The VMS deposits are principally restricted to
the volcanic strata above the strike length of the intru-
sions, as are areally extensive, thin exhalite units. The
composite intrusions contain numerous internal phases
which are commonly clustered within certain parts of the
composite intrusion. These clusters underlie eruptive
centers surrounded by areas of hydrothermal alteration
and which contain most of the VMS deposits. Early
quartz-diorite and tonalite phases appear to have

intruded in rapid succession. Evidence includes grada-
tional contacts, magma mixing and disequilibrium tex-
tures. They appear to have been emplaced as sill-dike
swarms. These early phases are present as pendants and
xenoliths within later trondhjemite phases. The tron-
dhjemite phases contain numerous internal contacts in-
dicating emplacement as composite sills. Common
structural features of the composite intrusions include
early xenolith phases, abundant small comagmatic dikes,
fractures and veins and, in places, columnar jointing.
Internal phases may differ greatly in texture from fine- to
coarse-grained, aphyric and granophyric through seriate
to porphyritic. Mineralogical and isotopic evidence in-
dicates that early phases of each composite intrusion are
affected by pervasive to fracture-controlled high-tem-
perature (350–450 �C) alteration reflecting seawater-rock
interaction. Trondhjemite phases contain hydrothermal-
magmatic alteration assemblages within miarolitic
cavities, hydrothermal breccias and veins. This hydro-
thermal-magmatic alteration may, in part, be inherited
from previously altered wall rocks. Two of the four in-
trusions are host to Cu-Mo-rich intrusive breccias and
porphyry-type mineralization which formed as much as
14 Ma after the main subvolcanic magmatic activity. The
recognition of these Precambrian, subvolcanic composite
intrusions is important for greenfields VMS exploration,
as they define the location of thermal corridors within
extensional oceanic-arc regimes which have the greatest
potential for significant VMS mineralization. The VMS
mineralization may occur for 2,000 m above the intru-
sions. In some cases, VMS mineralization has been
truncated or enveloped by late trondhjemite phases of the
composite intrusions. Evidence that much of the tron-
dhjemitic magmatism postdates the principal VMS ac-
tivity is a critical factor when developing heat and fluid
flow models for these subseafloor magmatic-hydrother-
mal systems.
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Introduction

Synvolcanic intrusions have long been cited as the heat
engines which initiate and sustain subseafloor hydro-
thermal systems which, in turn, form volcanogenic
massive sulfide (VMS) deposits on, or near, the seafloor
(Spooner and Fyfe 1973; Goldie 1976; Cathles 1977;
Franklin et al. 1981; Campbell et al. 1981; Galley 1993,
1996). There is also speculation that these intrusions
supply metals to the convecting hydrothermal system
(Yang and Scott 1996; Sillitoe et al. 1996; Hannington
et al. 1999). Modeling the role of large subseafloor in-
trusions in relation to VMS hydrothermal systems is
based on observations from many massive sulfide dis-
tricts around the world which range in age from Arch-
ean to Cretaceous (Table 1), as well as through deep-sea
drilling and geophysical studies on the modern seafloor
(Collier and Sinha 1990; Detrick 1991; Stinton and
Detrick 1992; Calvert 1995; Alt 1995; Singh et al. 1999).
Empirical evidence for this link includes not only the
spatial association of subvolcanic intrusions with clus-
ters of VMS deposits, but also the association between
intrusion and broad-scale, semiconformable synvolcanic
alteration zones (Spooner and Fyfe 1973; Gibson and
Watkinson 1990; Stakes and Taylor 1992; Cathles 1993;
Galley 1993; Taylor and Holk 1998; Bailes and Galley
1999; Hannington et al. 2002, this volume).

A number of large synvolcanic intrusions in close
spatial association with VMS deposits are recorded in
Table 1. The majority of these are Archean or Paleo-
proterozoic in age. Of the Precambrian synvolcanic in-
trusions associated with VMS mineralization, more than
80% are dominated by tonalite–trondhjemite phases.
The VMS camps spatially associated with quartz dior-
ite–tonalite–trondhjemite (henceforth referred to as
composite) intrusions account for more than 90% of the
aggregate sulfide tonnage of all the Precambrian, intru-
sion-related VMS camps.

In order to investigate the significance of these sta-
tistics, a four-year study was instigated by the Canadian
Mining Industry Research Organization (CAMIRO
Project 94E07) to investigate the relationships between
synvolcanic composite intrusions, regional-scale altera-
tion zones and VMS deposits. Study sites included the
Archean Noranda (Quebec) and Sturgeon Lake (On-
tario) VMS camps, and the Paleoproterozoic Snow Lake
(Manitoba; Fig. 1) and Kristineberg (Sweden) VMS
camps. The results from the three Canadian camps will
be presented in this paper.

The objectives of this paper are to (1) define the
physical and geochemical nature of the Beidelman Bay
(BBIC), Flavrian-Powell (FPIC), Sneath Lake (SLIC)
and Richard Lake (RLIC) subvolcanic intrusive com-
plexes associated with the Sturgeon Lake, Noranda and
Snow Lake VMS camps (Fig. 2A–C), and (2) to
describe the role of tonalite–trondhjemite intrusions in
generating VMS-related, subseafloor hydrothermal
systems.

All four composite intrusions have a strong spatial
relationship with clusters of VMS deposits, in that they
are located within 2,000 m of the stratigraphic foot wall
to VMS-hosting strata (Fig. 2A–C). All significant VMS
mineralization and associated hydrothermal alteration
in the volcanic host-rock succession is restricted to the
strata which overlie each of the intrusions. The com-
posite intrusions are geochemically similar to the over-
lying VMS-hosting rhyolites (Davis et al. 1985; Bailes
et al. 1996; Barrett and MacLean 1999) and have U–Pb
zircon ages which indicate they are broadly coeval with
their enveloping volcanic successions (Davis et al. 1985;
Mortensen 1993; Bailes and Galley 1999; Galley et al.
2000).

The physical aspects of these four intrusive complexes
will be used to define some of the characteristics of
magmatic bodies which intrude to a sufficiently shallow
level below the seafloor to initiate and sustain a robust,
hydrothermal convection system. Their primary geo-
chemical character defines the type of tectonic environ-
ment in which they developed, and shows why these
environments are optimal for the generation of VMS
camps. The presence of distinctive alteration assem-
blages is further evidence of their interaction with sea-
water at shallow crustal levels.

Intrusion-VMS relationship: hypothesis

The premise for the relationship between subseafloor
intrusions and VMS deposits is that the high-level
(<1 kbar) emplacement of a magma chamber beneath
the seafloor heats up connate seawater within relatively
permeable, seafloor volcanic and volcaniclastic strata
(Fig. 3). The heated water forms an advection column
upwards to the seafloor which in turn draws cold sea-
water into its flanks, resulting in a fluid convection
system. As the seawater is drawn into the subseafloor, it
becomes progressively hotter in relation to the elevated
thermal gradient defined by the cooling intrusion. This
results in a series of fluid-rock reactions during which
progressively higher-temperature, secondary mineral
assemblages form in the rocks. The mineralogical vari-
ation is accompanied by changes in major- and trace-
element patterns as well as isotopic variations. These
reactions cause the seawater to change in composition
from a weakly alkaline, cold fluid to an acid, hot, re-
duced fluid capable of stripping and maintaining metals
in solution, principally as chloride complexes (von
Damm 1995). These hot (350–450 �C) fluids undergo a
density decrease which allows them to rise buoyantly
towards the seafloor. In the near-seafloor environment,
the fluids are quenched with cold seawater and then
precipitate sulfide minerals, silicates, sulfates and car-
bonates as massive sulfide lenses and associated, vein
stockwork systems.

Evidence for the involvement of the high-level sub-
volcanic intrusions in convective hydrothermal systems
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includes the presence of fracture-controlled, 350–450 �C
secondary mineral assemblages within the intrusions
(Mével and Cannat 1991; Kelley and Gillis 1993; Gillis
et al. 1993; Nehlig 1993). These altered and mineralized
fractures are believed to represent ‘‘cracking fronts’’
formed by the circulation of hydrothermal fluid during
thermal contraction of the cooling margin of the intru-
sion (Lister 1972; Cathles 1983). Subvolcanic intrusions
in modern, spreading ridge environments, ophiolites and
ancient arcs also show isotopic evidence for interaction
with hot, evolved seawater (Gregory and Taylor 1981;
Stakes and Taylor 1992; Cathles 1993).

Physical descriptions

The physical characteristics of composite synvolcanic
intrusions associated with VMS camps are important for
two reasons. Recognition of distinctive field relation-
ships allows the explorationist to quickly evaluate the
potential for an intrusion to have been involved in the
generation of a VMS-related, subseafloor hydrothermal
system. These characteristics are also important in al-
lowing more precise, thermal modeling of subvolcanic
systems and to ascertain which conditions are necessary
for initiation of convective hydrothermal activity.

Beidelman Bay Intrusion

The 18-km-long BBIC intruded the top of a pre-caul-
dron basalt succession which underlies the felsic, pyro-
clastic, rock-dominated 2,735-Ma Sturgeon Lake
cauldron, host to five Zn–Pb–Cu VMS deposits (Morton
et al. 1990; Fig. 2A). The volcanic rocks and associated
subvolcanic intrusions are part of the South Sturgeon
volcanic belt of the Superior Wabigoon subprovince
(Sanborn-Barrie et al. 2001). The F Group and MattabiT
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Fig. 1 Location of the studied Precambrian VMS camps, Canada
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VMS deposits directly overlie the BBIC whereas the
Sturgeon, Lyon and Creek Zone deposits are hosted in
overlying volcanic strata 2 km east of the composite
intrusion.

The BBIC is poorly exposed over much of its strike
length, with only a few outcrops of the early phases of
the intrusions. The earliest phase appears along the
eastern end of the BBIC and consists of sheets as thick as
150 m of xenolithic quartz diorite which intrude the
2,733+6/–3 Ma Pike Lake mafic layered intrusion
(Fig. 2A). The xenoliths are dominantly the melano-
gabbro wall rocks. The xenolithic quartz diorite likely
represents about 5–10 vol% of the BBIC. It is cut by an
aphyric tonalite which is densely xenolithic along some
of its margins. It appears to have been emplaced as a
series of sills which are as much as 300 m thick over a
2,000-m stratigraphic interval, with individual sills sep-
arated by remnants of the Pike Lake intrusion and the

earlier BBIC quartz-diorite phase. The remnant of the
tonalite sill complex represents approximately 15–
20 vol% of the BBIC. It is approximately 5 km in strike
length, cut by a swarm of quartz porphyry trondhjemite
dikes and truncated to the east by a series of comagmatic
hornblende-biotite- and biotite-bearing trondhjemites.
The trondhjemites form the bulk (70–80 vol%) of the
BBIC, as a sill complex 15 km long and as much as
2,700 m thick. They contain a number of internal con-
tacts which vary from sharp, chilled margins to more
gradational contacts marked by broader grain-size
variations. None of these contacts can be followed for
any distance, which suggests they were disrupted by se-
quential injections of trondhjemitic magma. The phases
change from a hornblende-biotite- to a biotite-bearing
variant as the sill thickens to the east.

The trondhjemite phase has a U–Pb zircon date of
2,734 Ma (Davis et al. 1985). It is similar in age and
composition to the Middle ‘‘L’’ pyroclastic flows in the
upper part of the cauldron complex (Galley et al. 2000).
At 2,715 Ma, the BBIC was transected by quartz-feld-
spar porphyritic granodiorite dikes and associated Cu-
Mo-bearing, intrusive-hydrothermal breccias temporally
associated with post-cauldron, felsic volcanic rocks
(Poulsen and Franklin 1981; Galley et al. 2000).

Subsequent deformation tilted the composite intru-
sion steeply to the north and imprinted the rocks with a

Fig. 2 Geology of the A BBIC within the Archean Sturgeon Lake
VMS camp, B the FPIC within the Archean Noranda VMS camp,
and C the SLIC and RLIC within the Paleoproterozoic Snow Lake
VMS camp. The geology of the BBIC is modified after Trowell
(1974), that of the Sturgeon Lake camp after Morton et al. (1990),
that of the FPIC after Kennedy (1985), and that of the Noranda
camp after Gibson and Watkinson (1990). The geology of the SLIC
and the Snow Lake VMS camp is extracted from Bailes and Galley
(1999)
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strong, subvertical ENE schistosity which overprints
much of the primary texture. The intrusion is bordered
to the south, and offset by a number of late kinematic
shear and fault zones. The major crosscutting fault
contains shear-zone-hosted subeconomic gold mineral-
ization (Poulsen and Franklin 1981). A biotite–chlorite
regional metamorphic isograd bisects the BBIC along its
long axis.

Flavrian-Powell Intrusion

The 15-km-long FPIC intrudes the base of the approxi-
mately 2,701–2,698 Ma bimodal basalt- and rhyolite-
infilled Noranda cauldron which is host to 17 Zn–Cu

VMS deposits, including the 54-Mt Horne deposit (Gib-
son and Watkinson 1990; Mortensen 1993; Fig. 2B). The
cauldron succession is part of the Blake River Group in
the Southern Abitibi greenstone belt, Superior subpro-
vince, and has a 35-km strike length (Peloquin et al. 1990;
Hannington et al. 2002, this volume).

The earliest phase presently comprises approximately
10 vol% of the FPIC as pendants and xenoliths of fine-
grained, aphyric quartz diorite in later tonalite and
trondhjemite phases. It appears to have formed as a
series of quartz-diorite sills and dikes which intruded
into the top of a basaltic volcano along the lower contact
of the cauldron. This early sill complex is centered about
quartz-diorite dike swarms which define two eruptive
centers within the Noranda cauldron (Gibson and

Fig. 2 (Contd.)
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Watkinson 1990). The dike swarms were the feeder
systems for much of the basaltic andesite which infilled
much of the cauldron (Gibson 1989; Gibson and
Watkinson 1990).

The tonalite phase now comprises approximately
20 vol% of the FPIC as pendants and xenoliths in suc-
cessive trondhjemite phases. It includes xenolithic, ‘‘hy-
brid’’ and massive facies (Goldie 1978). The xenolithic
facies contain as much as 60% angular to lobate xeno-
liths of basalt, quartz diorite and tonalite. The hybrid
facies contain partially absorbed, amoeboid blebs of
mafic rock and lobate blocks of trondhjemite (Fig. 4A).

The contacts between the pendants of quartz diorite and
hybrid tonalite can have gradational contacts over tens
of meters, in which the quartz diorite acquires abundant,
3–6 mm diameter, zoned quartz–amphibole–feldspar
ovoids (pseudophenocrysts) and the tonalite-abundant
dendritic amphibole (Fig. 4A). The massive, fine-grained
aphyric tonalite can contain 10–15% dendritic pyrox-
ene–amphibole which are as much as to 20 mm in
length. Miarolitic cavities, 5 to 15 mm in diameter, are
infilled with amphibole, quartz, chlorite and epidote
(Fig. 4B). These cavities are particularly abundant
within the xenolithic tonalite.

Fig. 2 (Contd.)
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The tonalite represents the product of a relatively
closed magma system. The only evidence for a volcanic
rock equivalent within the Noranda cauldron is a small
dacite flow associated with the Ansil VMS deposit in the
lower half of the cauldron (Galley 1994).

The 2,701-Ma trondhjemite phases of the FPIC
comprise 65–70 vol% of the composite intrusion em-
placed in two main stages (Kennedy 1985; Mortensen
1993). The early trondhjemite occurs as a series of
composite sills which are tens of meters thick and
interlayered with xenolithic to massive tonalite and
xenolithic trondhjemite of similar thickness. Contacts
between these three units are sharp to gradational over
centimeters. Contacts are also sharp between the quartz-
diorite phase and dikes of early trondhjemite. The
xenolithic trondhjemite contains subrounded to suban-
gular xenoliths of quartz diorite and tonalite which have
sharp to pegmatitic, recrystallized margins (Fig. 4C).
This early trondhjemite is fine to medium grained, with
textures which range from equigranular to weakly
quartz phyric and spherulitic (Fig. 4D). The massive
trondhjemite sills contain columnar joints in places. The
emplacement of the trondhjemite was accompanied by
intrusion of numerous trondhjemite–rhyolite dikes into
the overlying volcanic strata. Many of these dikes are

demonstrated to be feeders for late- to post-cauldron
rhyolite flows (Setterfield et al. 1995).

Miarolitic cavities are common in both tonalite and
trondhjemite but are most abundant within the xeno-
lithic facies of both. The cavities range from millimeters
to centimeters in diameter, the larger ones commonly
having epidotized or silicified, aplitic halos as much as
several centimeters in width (Fig. 4B). In some cases,
cavities have high aspect ratios and resemble large pipe
vesicles which can extend for several meters (Fig. 4F).
Along with fracture- and vein-controlled alteration, the
mineral assemblages which infill the cavities indicate
that these early intrusive phases are affected by hydro-
thermal-magmatic and hydrothermal alteration. This
will be discussed in a following section.

The 2,701-Ma, early trondhjemite phase is cut by
several discontinuous, irregularly shaped bodies known
as the Eldrich diorite (Goldie 1976; Mortensen 1993).
These mafic stocks have scalloped contacts with the
early trondhjemite, indicating their intrusion into a still-
plastic host (Castro et al. 1990; Fig. 4E).

The Eldrich diorite is in turn intruded by a 2,701-Ma,
late trondhjemite phase which now cores the FPIC
(Kennedy 1985; Galley and van Breemen 2002). The late
trondhjemite has sharp, brecciated contacts with the
earlier intrusive phases, and contains 15–20% rounded
xenoliths of mafic volcanic quartz diorite, tonalite and
early trondhjemite. Its contacts appear semiconformable
to discordant with the older FPIC phases, suggesting
intrusion as a sill-stock complex. The lack of fracture,
vein or miarolitic cavity-controlled alteration within the
late trondhjemite suggests that it postdates the seafloor
hydrothermal activity which affects the earlier phases
(Kennedy 1985). This is supported by oxygen isotope
evidence (Kennedy 1985; Cathles 1993; Taylor and Holk
1998). This places a very tight constraint on the duration
of the VMS hydrothermal event, as both the early and
late trondhjemite phases of the FPIC have similar ages.
There are several reasons to believe the late trondhjemite
was the focus of magmatic-related mineralization and
alteration. It has a halo of ferroactinolite–biotite–
apatite–sulfide veins suggestive of volatile exsolution
and fluid migration during crystallization. A small stock
of late trondhjemite cores a 600-m-diameter St. Jude
intrusive breccia pipe with a Mo–Cu mineralized core
and peripheral Zn–Pb–Ag veins emplaced before
2,697 Ma (Kennedy 1985; Carriere 1992; Galley and van
Breemen 2002; Fig. 2B).

The FPIC and host volcanic strata have been affected
by regional deformation and lower greenschist meta-
morphism. They underwent homoclinal folding which
tilted the rocks 20 to 45� to the east. The apparent dis-
location of the northern 75% of the FPIC from the
southern 25% (Fig. 2B) is due to north-verging thrust-
ing (Richards 1999). This was followed by truncation of
the north and south margins of the FPIC by further
faulting, including the development of several, large
shear-fault zones which are host to five orogenic gold
deposits (Kennedy 1985; Richards 1999).

Fig. 3 A conceptual model for the formation of a VMS deposit
through a hydrothermal system dominated by subseafloor seawater
convection initiated and sustained by a shallowly emplaced
subvolcanic intrusion (modified after Galley 1993). The semicon-
formable, hydrothermal alteration facies form because of interac-
tion between convecting seawater and rocks at ever-increasing
temperatures approaching the subvolcanic intrusion. Spooner and
Fyfe (1973) defined these zones using metamorphic terminology
because of the mineralogical resemblance of these subseafloor
alteration zones to regional metamorphic mineral assemblages
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Sneath Lake Intrusion

The SLIC is hosted within a bimodal, flow-dominated
basalt–rhyolite volcanic rock succession within the
lowermost Snow Lake arc assemblage of the Flin Flon
greenstone belt, which forms part of the Paleoprotero-
zoic Trans-Hudson Orogen. Two rhyolite flow com-
plexes in the volcanic succession overlying the SLIC are
comagmatic with the composite intrusion, and contain
three Cu–Zn–Au VMS deposits and five large VMS
occurrences (Fig. 2C).

The composite intrusion is 18 km long and as much
as 2,500 m thick, with an average thickness between

1,000 and 1,500 m (Fig. 2C). There is an asymmetric
distribution of internal phases which proliferate within
the two ends of the intrusion. Remnants of equigranular,
massive to xenolithic tonalite occur along the upper
contact of the SLIC. They contain angular to sub-
rounded xenoliths as much as 2 m in length, comprised
of amphibolite, gabbro and quartz diorite (Fig. 4G).
The xenoliths are the only evidence that there may have
been an early mafic phase to the composite intrusion.
The tonalite is characterized by as much as 15% ac-
tinolitic hornblende. The restriction in distribution of
the tonalite phases to either end of the SLIC suggests
their emplacement as stocks or small sills directly below

Fig. 4 A Partly absorbed blebs
of quartz diorite within a tona-
lite host of the Flavrian-Powell
composite intrusion. Note the
dendritic amphibole crystals
(circle) within the tonalite
which are a result of disequi-
librium crystallization. B FPIC
trondhjemite containing nu-
merous miarolitic cavities in-
filled with epidote and quartz
and surrounded by epidosite
halos (4-cm coin for scale).
C FPIC tonalite xenoliths
within early trondhjemite
phase. Note the pegmatitic
margins on the xenoliths.
D Coarsely spherulitic FPIC
trondhjemite with spherulites
surrounded by epidote-chlorite-
amphibole-rich areas (4-cm
coin for scale). E Scalloped
contact between the early-phase
FPIC trondhjemite and the
Eldrich diorite. Note chilled
margin on the trondhjemite,
and back-diking of the tron-
dhjemite into the younger dior-
ite. There is no alteration of the
Eldrich diorite, as opposed to
the strongly altered nature of
the early quartz diorite (4-cm
coin for scale). F Epidote-filled
miarolitic pipe vesicles infilled
with strongly silicified margins
within the FPIC early tron-
dhjemite phase (12-cm-long pen
for scale). G Xenolithic tonalite
phase to the SLIC with closely
packed fragments of basalt and
gabbro of varying texture and
grain size (35-cm-long hammer
for scale). H Well-developed
columnar joints within a phase
of SLIC trondhjemite. Note
bleached margins which denote
fracture-controlled hydrother-
mal alteration
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a volcanic eruptive center. This conclusion is supported
by the fact that the two largest rhyolite flow complexes
within the volcanic host rock lie directly above the two
ends of the composite intrusion (Fig. 2C).

A series of hornblende-biotite- to biotite-bearing
trondhjemite stocks overprints the tonalite at the two
ends of the composite intrusion. A number of quartz
phyric trondhjemite stocks are enveloped by at least two
pulses of quartz megacrystic trondhjemite. At the west-
ern end of the SLIC, the quartz phyric stocks remain as
pendants within the first phases of quartz megacrystic
trondhjemite. The western margin of this body contains
well-developed columnar joints (Fig. 4H). The second
quartz megacrystic phase occupies the core of the SLIC
as a 5-km-long by up to 2,000-m-thick sill. Sharp-sided
dikes of the quartz megacrystic trondhjemite cut the
tonalite phases formed earlier, but contacts between
the different trondhjemite phases are gradational over
centimeters to tens of meters. Convincing evidence that
the central, quartz megacrystic sill is younger than the
quartz phyric stocks is the presence of altered pendants
of the latter in the unaltered former.

At the eastern end of the SLIC, a quartz phyric
trondhjemite stock transects all previous phases and
intrudes the overlying rhyolite complex and envelops the
rhyolite-hosted Rod VMS deposit (Fig. 2C). Dikes as-
sociated with this phase intrude into the basaltic andesite
overlying the VMS-hosting rhyolite complex. There are
several small, late quartz-plagioclase porphyry stocks
within the SLIC which are comagmatic with the next
cycle of volcanism (Bailes and Galley 1999). Both ends
of the SLIC are transected by mafic dike swarms which
are comagmatic with basaltic flows in younger volcanic
rock successions.

The rocks in the Snow Lake arc assemblage are
poorly dated due to low high-field-strength element
(HFSE) concentrations (Stern et al. 1995). A discordant
U–Pb zircon date of 1,986 Ma is reported for the SLIC
(Bailes et al. 1996). The only U–Pb date from the host
volcanic rock succession comes from a quartz mega-
crystic trondhjemite clast within a felsic breccia at
1,892 Ma (David et al. 1996). The clast is texturally and
compositionally identical to the quartz megacrystic
phase of the SLIC.

At the cessation of synvolcanic magmatism, the SLIC
and enclosing strata were folded during two phases of
deformation during which a strong east to northeast
schistosity developed which has overprinted many of the
primary textural features of the composite intrusion.
The composite intrusion is affected by biotite–garnet
facies regional metamorphism.

Richard Lake Intrusion

The RLIC forms part of the second volcanic cycle of the
Snow Lake arc assemblage (Fig. 2C). The enclosing
rocks include basalt flows overlain by a fractionated
basalt–andesite–dacite–rhyolite succession with a large

component of volcaniclastic and epiclastic formations.
One Cu–Zn–Au and four Zn–Pb–Cu–Ag–Au VMS
deposits lie within rhyolite flow complexes at the top
of the volcanic cycle.

The RLIC has a morphology different from the other
three, sill-like composite intrusions. It is a composite
stock approximately 6,500 m in height, as much as
3,000 m wide, and with an average width of about
1,000 m (Fig. 2C). The earliest RLIC-related intrusive
phase consists of remnants of small stocks of hornblende
porphyritic diorite preserved along the margins of the
composite intrusion, and as xenoliths within early ton-
alite phases. They are compositionally similar to ande-
site flows within the host volcanic rock succession
(Bailes et al. 1996). The next phase occurs as a 2-km-
long, feldspar porphyritic dacite–tonalite sill-dike com-
plex which intruded along the top of the basal basalt
flow formation and at the base of a turbidite-debris flow
succession. The dacite dikes reach upsection for nearly
1,000 m as feeders for a dacite volcanic formation which
defines the immediate foot wall to the VMS-hosting,
rhyolite flow complexes. The composite sill is £ 300 m
wide and thins to the east as it bifurcates into a number
of thinner sills. It is truncated to the west by later
trondhjemitic phases of the RLIC. The presence of
tonalite as infilling between pillows in basalt flows along
the southern contact of the RLIC suggests a feeder zone
for the dacite–tonalite sill-dike swarm.

The main portion of the RLIC consists of a number
of overlapping biotite trondhjemite and aplite stocks
and dikes. Contacts are not commonly observed but
rapid textural changes and phenocryst populations
suggest many are gradational. The southern (lower) half
of the intrusion contains small bodies of medium- to
coarse-grained, equigranular trondhjemite within a
larger stock of finer-grained, quartz phyric trondhjemite.
The quartz phyric trondhjemite stock is in turn intruded
by dikes of aphyric to weakly quartz phyric, holocrys-
talline to granophyric trondhjemite. The dikes coalesce
into a composite stock in the middle of the RLIC.
The composite stock bifurcates into a series of dikes in
the upper third of the intrusive complex. The dikes of
this third trondhjemite phase are not observed cutting
the bodies of coarse-grained trondhjemite. The dikes of
the third-phase trondhjemite in the northern (upper) half
cut domains of hornblende gabbro and aphyric to xe-
nolithic hornblende tonalite. The trondhjemite phases
are characterized by abundant miarolitic cavities which
range from <10 mm in size near the margins of the
intrusive complex to ovoids £ 15 cm in diameter. Some
miarolitic cavities are elongate and form epidote-quartz-
infilled bubble ‘‘trains’’, particularly along the margins
of aplite dikes.

Sparsely-quartz-phyric aplite dikes transect the
trondhjemite and tonalite phases in the upper two thirds
of the RLIC. They can be several centimeters to tens of
meters wide and strike north along the axis of the
composite intrusion. They are commonly granophyric
and hematite-stained. The last dike phase consists of
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aphyric to plagioclase, porphyritic mafic dikes. They are
as wide as several meters, have cuspate, irregular mar-
gins, can be segmented in places and, at times, terminate
within the trondhjemite host rocks. As with the late
mafic dikes which transect the SLIC, these dikes are
compositionally similar to basalt flows in the succeeding
volcanic cycle.

A single U–Pb zircon date from a coarse-grained
trondhjemite phase gives an age of 1,889 Ma for the
RLIC (Bailes et al. 1991). There are no age determina-
tions for the host volcanic rocks but the geological and
geochemical relationships between the early dacite–ton-
alite sill-dike complex and overlying dacitic volcanic
rocks suggest that at least the early phases of the RLIC
are comagmatic and coeval with their host rocks.

After the cessation of magmatic activity, the RLIC
was affected by two phases of folding and offset by a
series of late, north-trending faults. The rocks are
overprinted by biotite–garnet facies regional metamor-
phism.

Intrusion compositions

Close to 300 samples were collected for geochemical
analysis. Each of these samples has an accompanying,
polished thin section which was used for detailed pet-
rographic examination. Of these, 130 were considered
least altered and suitable for use in identification of
primary compositions and as petrologic discriminates.
The remainder are used to reconstruct the alteration
history of each intrusive complex. Analyses were carried
out by the Analytical Laboratories at the Geological
Survey of Canada, using XRF wavelength dispersive
analysis on fused disks, and ICP-MS and ICP-ES on
powders for major-, trace-, and rare-earth elements. Iron
oxide, H2O(t), CO2(t), and S(t) were analyzed by chemical
methods, and Pb and Ag by atomic absorption spect-
rometry. Fluorine and chlorine analyses were deter-
mined using a Dionex anion chromatography analyzer.
Information on the detection limits and accuracy for all
these methods is available at http://www.132.156.95.172.

Due to the large size of the geochemical database,
only a selected number of analyses is presented in this
paper (Table 2). The complete data set is available from
the Springer server http://link.springer.de for subscrib-
ers, or from the author upon request.

An understanding of the mineralogical and geo-
chemical characteristics of Precambrian, VMS-related
composite intrusions is essential in distinguishing them
from more evolved magmatic suites not commonly re-
lated to subseafloor hydrothermal systems. Their geo-
chemical signatures are also useful as petrogenetic
indicators to determine the type of arc environments
most amenable to the development of productive VMS
camps. For the purpose of this understanding, a selected
number of samples was chosen from each intrusive
complex as examples of least-altered compositions
(Table 2).

Mineralogy

The magmatic suites represented by the four subvolcanic
intrusive complexes have a relatively primitive mineral-
ogy. The more melanocratic phases consist of actinolitic
hornblende (>20%), plagioclase (50–60%), quartz (5–
20%), magnetite, and apatite with secondary biotite,
chlorite, epidote, albite, titanite and carbonate. Rem-
nants of pyroxene crystals are observed in the FPIC
(Goldie 1976) and BBIC. The leucocratic phases consist
of plagioclase (40–60%) and quartz (20–40%), along
with lesser amounts of green amphibole (<2%), biotite
(<5%) and magnetite, and accessory apatite, zircon,
pyrite, chalcopyrite, pyrrhotite and perthite. Secondary
minerals include ferroactinolite, epidote, chlorite, seri-
cite, magnetite, titanite, albite, garnet, staurolite and
kyanite. Plagioclase ranges from andesine to albite, with
albite–oligoclase and albite prevalent in the trondhjemite
phases.

Geochemistry

Mesonormative mineral plots indicate that the majority
of phases in all of the intrusive complexes are tonalite
and trondhjemite (Fig. 5A, B), with a large number of
high-silica (>74% SiO2) trondhjemites (Fig. 5B, C).
The four suites are characterized by high sodium (4–
5%), low potassium (0.2–1%), and low aluminum
(<14.5% for >70% SiO2; Fig. 5D, E). On a normative
(Na2O+K2O)–FeO(t)–MgO ternary plot, the intrusive
suites display a dominantly tholeiitic character
(Fig. 5F). The exception is the SLIC, whose more
magnesian compositions may be a function of a perva-
sive magnesian-metasomatism which appears to have
affected much of the Snow Lake VMS-bearing volcanic
assemblage. The tholeiitic nature of the suites is again
apparent in the normative alkali feldspar–quartz–pla-
gioclase ternary plot (Fig. 5B). In this plot, tonalite and
low-silica trondhjemite samples from all four suites fol-
low a tholeiitic trend, whereas the high-silica trondhje-
mites fall within and about the crustal melt field, as
defined by Lameyre (1987).

Primitive-mantle-normalized spider plots of the rare-
earth elements (REEs) and HFSEs for the four sub-
volcanic intrusive complexes indicate both similarities
and differences (Fig. 6A–D). All of the suites have low
normalized titanium and scantium values typical of
felsic granitoid rocks in which oxides and pyroxene re-
main in the restite during the partial melting/fractiona-
tion process. The SLIC has the flattest (La/YB)N profile,
which suggests it has the most primitive composition
(Table 2). The relatively low niobium and zirconium
concentrations for the SLIC are due to the generally low
HFSE concentrations in all of the Snow Lake arc as-
semblage rocks. This is believed to reflect a strongly
depleted source region (Stern et al. 1995). The FPIC has
the next most primitive composition, with slightly ele-
vated LREE and flat (Gd/Yb)N typical of transitional
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tholeiite/calc-alkaline rocks. The exception is the quartz-
diorite profile which has lower normalized REE
concentrations as well as a steeper (Gd/Yb)N trend,
suggesting a deeper, separate source from the more felsic
phases in which amphibole, and possibly garnet, were
stable. The BBIC and RLIC both have elevated light-
rare-earth element (LREE) concentrations, and in-
creasing (TH/Nb)N and (La/Nb)N ratios typical of more
evolved, arc-related granitoids. The FPIC and BBIC
show a decoupling between niobium and zirconium
typical of relatively reduced melts, whereas the RLIC
shows a more sympathetic Nb/Zr decrease relative to
primitive mantle. This would suggest a more evolved,
oxidized source.

The origin of all four composite intrusions as arc
granitoids is supported by the Rb versus (Y+Nb) plot
of the intrusions, which places them within the volcanic
arc granitoid field (Pearce et al. 1984; Fig. 7A). All the
suites have (Gd/Yb)N ratios of approximately one, typ-
ical of magmas derived from low-pressure, amphibole-
and garnet-free source regions. This is supported by
their low Al2O3 versus SiO2 values indicating low-pres-
sure, plagioclase-rich source areas (Barker and
Arth 1976; Fig. 5E). The dominance of either plagio-
clase crystal fractionation or a plagioclase-rich restite is
further supported by the La/Nb ratios for the four
composite intrusions (Fig. 7B). If various average basalt
compositions are considered as possible sources, the
SLIC and FPIC could have been derived from primitive
mantle, NMORB or arc tholeiite sources. The BBIC and
RLIC are more likely related to a back-arc basalt pre-
cursor.

The development of all four composite intrusions in
oceanic-arc tectonic regimes is supported by previous
petrogenetic studies of their host volcanic successions.
Stern et al. (1995) conclude that the host, bimodal vol-
canic rock succession to the SLIC was developed in a
nascent oceanic-arc environment, whereas Barrie et al.
(1993) postulate the initial rifting of a tholeiitic oceanic
arc as the tectonic environment for the Noranda caul-
dron. Bailes and Galley (1996) postulate an evolved
oceanic-arc regime for the fractionated volcanic succes-
sion which hosts the RLIC, whereas Sanborne-Barrie
et al. (2001) suggest an evolved, continental marginal arc
for the South Sturgeon cauldron which hosts the BBIC.
The grouping of the SLIC and FPIC into primitive arc
regimes, and that of the RLIC and BBIC into more
evolved arc regimes is further supported by the com-
position of their associated VMS deposits. The deposits
in the lower volcanic cycle in Snow Lake and in the
Noranda cauldron are Zn-Cu-, Cu-Zn-, Cu-Zn-Au- and
Cu-Au-rich, typical of high-temperature (350–450 �C)
hydrothermal systems developed within primitive arc
and rifted-arc, mafic, rock-dominated, bimodal volcanic
successions. The VMS deposits within the middle vol-
canic cycle of Snow Lake and the Sturgeon Lake caul-
dron are Zn-Pb-Cu-Ag-rich and typical of evolved arc
and back-arc, felsic, volcaniclastic rock-dominated suc-
cessions.T
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Fig. 5 A Normative feldspar ternary plot from O’Connor (1965)
indicating that samples from all four intrusions fall within the
tonalite and trondhjemite fields. B Normative alkali feldspar–
quartz–plagioclase ternary plot from Lameyre and Bowden (1982)
with fractionation trends from Lameyre (1987), demonstrating that
some of the quartz diorite and tonalite from the four composite
intrusions lie along the tholeiitic fractionation trend, whereas the
trondhjemite samples are clustered about the field for tholeiitic
crustal melts. C SiO2 versus Zr/TiO2 plot (Winchester and Floyd
1975) showing the distribution of intrusion samples from andesite
(quartz diorite) to high-silica rhyolite (trondhjemite) fields, with the
large majority of samples being trondhjemite to high-silica
trondhjemite. D K2O versus SiO2 plot (Le Maitre 1989) showing
a clustering of least-altered intrusion samples in the low-K field,

with the RLIC showing the most-evolved compositions. E Al2O3

versus SiO2 plot indicating that samples with SiO2>70% lie within
the I-type, low-alumina trondhjemite field as defined by Barker
(1979). Some of the tonalite and quartz-diorite samples lie along
the New Britain (NB) trend for M-type oceanic-arc granitoids as
defined by Whalen (1985). This indicates there may be both mantle
and crustal melt sources for these Precambrian composite
intrusions. F Normative alkali-total iron-magnesium ternary plot
(Irvine and Baragar 1971) demonstrating that three of the four
intrusions have tholeiitic compositions whereas the SLIC displays a
more calc-alkalic character. This may be due to the extensive Mg-
metasomatism which has affected both the volcanic and subvolca-
nic rocks in the Snow Lake VMS camp
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Alteration and mineralization

Mass-balance calculations

The calculation of net mass change and element redis-
tribution during alteration of the various composite in-
trusions was carried out using the graphic isocon
method of Grant (1986), modified by Huston (1993;
Fig. 8; Table 3). This method was chosen because it
allows for a graphic estimation of volume during alter-
ation by measuring the change in the slope of a line
defined by the altered/least-altered ratios for the most-
immobile elements (Fig. 8). This is done in lieu of
calculating volume through mass and density measure-
ments. Sample density measurements were avoided due

to the density changes which both least-altered and al-
tered rocks underwent during regional metamorphism.
This is particularly true for phyllosilicate-rich altered
rocks which have undergone amphibolite-grade meta-
morphism, resulting in drastic changes to both mineral
type and grain size.

The method involves a comparison of selected ele-
ment concentrations from altered samples with a least-
altered precursor to determine the elements which
were least mobile during the alteration process
(Fig. 8). The concentration of least-mobile elements in
least-altered rock versus altered rock is then used to
determine the volume change undergone by the sample
during alteration. This correction is added to a least-
altered/altered ratio calculation to determine the de-
gree of mobility undergone by other major and trace
elements. Although the results were calculated as rel-
ative mass change in percent, they are presented here
simply as element additions or subtractions in order to
stress the importance of trends rather than quantita-
tive change.

The four subvolcanic intrusive complexes are all al-
tered to varying degrees. This is, in a large part, a result
of their emplacement into a shallow, fluid-rich, subsea-
floor environment, although there is also abundant ev-
idence for overprinting, synkinematic alteration and
mineralization. The intimate association of the early

Fig. 6 Series of ‘‘spidergram’’ plots of REE and HFSE elements
(plus Th) normalized to primitive mantle (Sun and McDonough
1989) for the A SLIC, B FPIC, C BBIC, and D RLIC. They are
placed in order from most-primitive to most-evolved compositions.
The large negative Nb anomaly for the SLIC does not indicate an
evolved suprasubduction magma source but rather a strongly
HFSE-depleted mantle typical of this Paleoproterozoic terrane.
The shaded areas on each diagram represent the range of
compositions for VMS-hosting rhyolites within the host volcanic
successions. Rhyolite data for the Noranda area are from samples
supplied by F. Santaguida, for Sturgeon Lake by J. Franklin, and
for the Richard Lake area by S. Paradis
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alteration zones with the cooling history of the subvol-
canic intrusions can be confirmed in several ways. Some
of the alteration zones have mineralogical and geo-
chemical similarities with VMS-related alteration in the
overlying volcanic strata. In many cases, altered intru-
sive phases are truncated by later unaltered, synvolcanic
phases. The synvolcanic alteration zones have under-
gone the same degree of deformation as the host in-
trusions. Lastly, the alteration zones commonly have
inherited an isotopic signature indicative of high-tem-
perature seawater-rock reactions (Cathles 1993).

Intrusion-related alteration and mineralization can be
divided into (1) hydrothermal-magmatic, (2) hydro-
thermal, (3) magmatic, and (4) synkinematic (Table 4).
The hydrothermal-magmatic alteration is most com-
monly overprinted by hydrothermal alteration.
Magmatic-related alteration usually forms a late-stage,
dike-associated phase overprinting the subseafloor
hydrothermal events. Synkinematic alteration and min-
eralization are associated with discrete fault and shear
zones.

Hydrothermal-magmatic alteration

Although there is abundant evidence for the presence of
metamorphic greenschist-grade mineral assemblages in
the host volcanic rocks, this is usually restricted to fine-
grained, disseminated replacement of the primary min-
eral assemblages (Hannington et al. 2002, this volume).
Where seafloor hydrothermal alteration may be mis-
taken for greenschist-grade metamorphic effects, the
former is readily identified by oxygen isotopic evidence
(Kennedy 1985; Cathles 1993).

All four of the subvolcanic composite intrusions de-
scribed here are affected to varying degrees by hydro-
thermal-magmatic alteration characterized by
replacement and infilling by epidote, actinolite, quartz,
albite, magnetite and subordinate sulfide minerals. Per-
vasive epidote–quartz replacement is most common
within the early xenolithic phases. The tonalite or
trondhjemite matrix to the more mafic xenoliths con-
tains patches as much as several decimeters in diameter
in which plagioclase has been replaced by epidote and

Fig. 7 A Rb versus (Y+Nb)
plot (Pearce et al. 1984) show-
ing the majority of the intrusion
samples lying within the volca-
nic arc granitoid (VAG) field.
None of the sample sets parallel
fractionation trends for arc
magmas, as defined by Chris-
tiansen and Keith (1996), sug-
gesting that individual
intrusions have more than one
magma source. The extension
of some sample groups into the
within-plate granitoid field is a
function of a high degree of
fractionation. B Nb versus La
plot (Thiéblemont et al. 1998)
showing that, although most of
the intrusion suites are domi-
nated by either plagioclase
fractionation or plagioclase-
rich source areas, they appear
to have different source com-
positions, as defined by average
basalt ratios from different
oceanic regimes. The SLIC
shows the most primitive val-
ues, followed by the FPIC and
BBIC. The scattering of RLIC
values may indicate an influence
of either spinel or amphibole in
its restite
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primary mafic minerals replaced with quartz, actinolite
and magnetite. These patches can have centimeters-wide
halos of silica-albite bleaching and/or dark actinolite-
rich rims (Fig. 9A). In some cases, these epidosite re-
placement zones are fracture or vein controlled
(Fig. 9B). In granophyre-rich intrusive phases, the
quartz-albite spherulites are surrounded by actinolite-
epidote-chlorite-rich mineral assemblages (Fig. 4D).

Alteration assemblages are also localized in miaro-
litic cavities, veins and vein breccias (Figs. 4A, B, and
9A–D). Miarolitic cavities in quartz diorite and tonalite
are most commonly infilled with ferroactinolite, quartz
and magnetite, and in trondhjemites with coarse-
grained, euhedral to subhedral epidote, quartz ±
magnetite. The pipe vesicles are infilled with epidosite
and have strongly bleached and silicified margins
(Fig. 4E). Straight-sided epidosite veins can have either
bleached margins or dark, actinolitic margins
(Fig. 9A). These can widen into epidosite-filled vein
breccias which are decimeters wide (Fig. 9C). Other

veins are infilled with ferroactinolite–quartz–magnetite
and ferroactinolite–magnetite–apatite ± pyrite ±
chalcopyrite (Kennedy 1985; Fig. 9B). These vein types
can also occur within the immediate wall rocks. Planar
ferroactinolite veinlets, which are millimeters thick, also
occur in the tonalite phases as widely spaced stock-
works to centimeters-thick veins with epidote-rich al-
tered margins (Fig. 9D). Where present in the same
outcrop, epidote veins usually cut amphibole veins,
although the presence of alteration halos of epidote
surrounding some amphibole veins and amphibole on
some epidote veins suggests that there may be a syn-
chrony between the two end members.

Mass-balance calculations, based on the low mobility
of titanium and zirconium, on the epidosite patches in-
dicate cores enriched in calcium, strontium, lead and
Fe+3/Fe+2, and depleted in copper, zinc, molybdenum,
Fe+2, magnesium, sodium, potassium and barium. The
bleached margins to epidote-infilled miarolitic cavities
are enriched in zinc, molybdenum, silica, sodium and
CO2, and depleted in silver, total iron, magnesium, cal-
cium, strontium and barium. Epidosite vein bleached
margins are depleted in total iron and magnesium
(Table 4).

Hydrothermal alteration

Hydrothermal alteration is both fracture controlled and
pervasive. The most common hydrothermal alteration is
characterized by quartz–chlorite, quartz–chlorite–seri-

Fig. 8 An example of net mass-change calculations as devised by
Grant (1986) and modified by Huston (1993) from two metamor-
phosed alteration facies affecting the east end of the SLIC below
the Anderson and Stall VMS deposits. The top two diagrams
compare least-altered trondhjemite versus altered trondhjemite for
a number of elements commonly mobile in VMS hydrothermal
systems. They are interspersed with a number of least-mobile
elements which are used to define the baseline from which mass
change is calculated, along with determining any volume change
which took place during alteration. The bottom two diagrams are
graphic representations of relative mass changes in percent
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cite or chlorite–sulfide mineral assemblages or their
metamorphic equivalents (Fig. 10A, B). In the FPIC and
BBIC, this alteration type can be confused with the re-
gional greenschist-grade metamorphic overprint. The
main differences are that what is defined as early hy-
drothermal alteration is either fracture controlled or
pervasive within a discrete part of an intrusive phase.
This contrasts with metamorphic mineral assemblages
which will either be concentrated within synkinematic
shears or homogeneously affect the entire intrusion. The
fracture pattern which controls the chlorite and sericite-
rich alteration within parts of the BBIC is clearly over-
printed by the regional schistosity. Where the fractures
are at an acute angle, the schistosity of the alteration
assemblage is sheared. Where the schistosity is at a high
angle to the fractures, there is a clear cross-cutting re-
lationship (Fig. 10A). Field evidence for the pre-kine-
matic formation of alteration along fracture sets
includes their truncation on a small scale by dikes re-
lated to overlying volcanic formations (Fee 1997) and by
larger, late-phase resurgent stocks which are geochemi-
cally similar to earlier altered intrusive phases but ap-
pear to postdate VMS hydrothermal activity (Kennedy
1985; Bailes and Galley 1999).

The hydrothermal alteration assemblages form vein
infillings and/or are part of a secondary alteration halo
surrounding thin veins and fractures. Vein and fracture
morphology can vary from columnar joints (Fig. 4H)
through rectilinear (Fig. 10A) and anastomosing
stockworks (Fig. 10B) to widely spaced, planar, par-
allel vein sets. The fracture sets are best developed and
most intense along the margins of an intrusive

complex, particularly within tonalite or trondhjemite
phases.

The presence of chalcopyrite in the altered parts of
the SLIC led Walford and Franklin (1982) to speculate
on the presence of porphyry-like mineralization being
associated with the VMS-forming process. Detailed
mapping and core logging have resulted in the tracing of
the Stall and Anderson VMS deposit foot-wall altera-
tion/vein pipes down to the contacts with the SLIC
(Bailes and Galley 1999; Fig. 10A–D). The VMS-related
alteration appears to continue down into the subvolca-
nic intrusive complex. Both the volcanic and intrusive
rocks have identical metamorphosed alteration mineral
assemblages and display similar net mass changes. At
near-constant titanium and zirconium, these changes
include increases in water, total iron, magnesium, ferric
iron, copper and zinc, with minor increases in potassium
and barium relative to least-altered trondhjemite. The
altered rocks may also be depleted in calcium, sodium
and strontium, and more rarely silica and barium (Ta-
ble 3). The reason for the identical alteration types in
both the SLIC and overlying volcanic rocks is postu-
lated to be collapse of a convective, subseafloor con-
vection system into the cooling, composite intrusion.
Further evidence that the alteration in both the volcanic
rocks and intrusion is related to seawater-derived hy-
drothermal convection is given by the shift in whole-
rock d18O to values of <6& (Cathles 1993; Fig. 11).

The BBIC associated with the Sturgeon Lake VMS
camp shows evidence of pervasive alteration associated
with the collapse of a subseafloor hydrothermal system.
In this case, much of the composite intrusion is affected

Table 3 Summary of the
elemental changes which took
place during various stages of
alteration of the four synvolca-
nic composite intrusions

Type Gains Losses

Major Minor Major Minor

Epidote veins
Bleached margins
(M=0 to –10%)

Ca, Sr, Pb, CO2 Zn, Ag,
Fe+3, Si

Fe(t), Mg Ti

(M=–10 to –25%)a

Epidote cavity margins
Bleached margins
(M=–10 to –25%)

Zn, Mo, Si, Na,
CO2

Cu, S Ag, Fe(t), Mg, Ca,
Sr, Ba

(M=–15 to –30%)
Epidosite patches

Ca, Sr, Pb,
Fe+3/Fe+2

Si Cu, Zn, Mo, Fe+2,
Mg, Na, K, Ba

Amphibole alteration
Fracture-controlled Fe(t), Fe

+2, Mg,
Ca, Cu, F

Al, Na, K, Ba

Chlorite-altered fractures
Weak (M<5%) H2O, Fe(t), Cu,

Pb, Mg, K, Ba
Ca, Na, Sr, Mo

Moderate
(M=10–25%)

Cu, H2O, Zn,
Mo, Na, Fe(t),
Fe+2, Mg, K

Sr, Ca, Si

Strong (M=30–60%) Cu, Zn, H2O, Mo,
Fe(t), Fe

+2, Mg
Ca, Na, Sr, CO2, Ba

Biotite alteration/veining
Fracture-controlled
margins (M=0–10%)

Pb, Zn, Ba K, Mg, Na Fe(t), Mo, Ca, Sr,
Ti, Si, Cu

aM, Calculated volume change
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by a pervasive, low-grade carbonate alteration similar to
much of the overlying volcaniclastic strata (Hudak
1996). More than 50% of the samples taken from the
BBIC contain >0.6% CO2 and are thus strongly al-
tered. Most of the carbonate is calcite or siderite, as
confirmed by XRD analysis (Holk et al., unpublished
data). Carbonate alteration associated with synkine-
matic fluid flow is commonly an Fe-dolomite and has an
intensity controlled by discrete faults or shears. This
does not appear to be the case for the carbonate alter-
ation affecting much of the BBIC.

Magmatic alteration and mineralization

Magmatic-related alteration includes vein types and
alteration facies most commonly cited as having been

generated by the exsolution and migration of magmatic
fluids during late-stage fractionation and crystallization
of a magma chamber. In three of the four composite
intrusions, distinctive alteration facies are spatially re-
lated to weak Cu–Mo mineralization. The presence of
intrusion-hosted sulfide mineralization led researchers to
suggest the intrusions supplied metals to the overlying,
convective VMS-related hydrothermal systems (Poulsen
and Franklin 1981; Walford and Franklin 1982; Ken-
nedy 1985). The two best examples of this relationship
occur within the FPIC and BBIC.

Along the western margin of the FPIC, a small
trondhjemitic stock and associated porphyritic dike
swarm are associated with the 600-m-diameter St. Jude
intrusive-hydrothermal breccia pipe complex (Kennedy
1985; Carriere 1992; Fig. 2B). Copper–Mo mineraliza-
tion in the pipe has a biotite alteration halo which, in
turn, is surrounded by a sericite- and biotite-rich halo
which hosts a number of polymetallic vein occurrences.
The Powell segment of the FPIC contains the 44,000-t,
Don Rouyn low-grade Cu–Mo(–Au) porphyry occur-
rence which is characterized by a bornite- and pyrite-rich
core and a chalcopyrite- and pyrite-rich margin (Goldie
et al. 1979; Jébrak et al. 1997). Associated alteration
includes a silicic core, a biotite-rich margin and a halo of
pervasively chlorite-altered tonalite and trondhjemite.
The occurrence is spatially associated with abundant
felsic and mafic dike swarms, but these show no docu-
mented temporal or genetic association with the miner-
alization.

The BBIC contains several subeconomic Cu–Mo
occurrences (Friske 1974; Trowell 1974; Poulsen and
Franklin 1981). These are associated with a series of
intrusive-hydrothermal breccia pipes and a plagioclase–
quartz porphyry dike swarm (Galley et al. 2000;
Fig. 10C). The dike swarm and breccia pipes are the
focus of several, apparently magmatic, alteration facies.
This includes a broad zone of pervasive sericite–chlorite
alteration which defines a crude halo about the porphyry
dike swarm. It is characterized by elevated copper, zinc,
molybdenum and fluorine concentrations (Galley et al.
2000). A series of magnetite veins and vein breccias with
strongly sericite-altered margins occurs within the seri-
cite and chlorite alteration zone (Fig. 10D). The zones of
chalcopyrite–pyrite–pyrrhotite disseminations and veins
have halos of secondary biotite with a red–orange bire-
fringence and as much as 600 ppm Cu (Poulsen and
Franklin 1981). The cores of these zones include strongly
silicified trondhjemite which hosts planar quartz–
molybdenum veins and veinlets.

The cogenetic relationship between porphyry type,
intrusion-hosted sulfide mineralization and VMS min-
eralization in the host volcanic rock successions is
brought into question by the U–Pb zircon dating of the
intramineral dikes in the BBIC. Galley et al. (2000)
demonstrated that these dikes are 14 Ma younger than
the host tonalite–trondhjemite phases. This age differ-
ence is supported by the strongly calc-alkalic geochem-
ical signatures of the dikes in comparison to the more

Fig. 9 A Epidosite veins with strongly silicified margins within the
early trondhjemite phase of the FPIC (10-cm card for scale).
B Ferroactinolite vein with strongly epidotized margins crossing
the early trondhjemite phase of the FPIC. Note abundant
amphibole-filled miarolitic cavities (4-cm coin for scale). C
Epidosite-filled hydrothermal breccia hosted by a late trondhjemite
phase within the core of the RLIC (6-cm camera lens cap for scale).
D Thin (<1 cm) amphibolite stockwork veins crossing the tonalite
phase of the FPIC (12-cm pencil magnet for scale)
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primitive geochemistry of the older phases of the com-
posite intrusion.

Synkinematic alteration and mineralization

It is not unusual for synvolcanic intrusions to host
synkinematic, shear-zone-hosted gold deposits, as there
is commonly a large competency contrast between the
intrusive-volcanic rock contacts. All four composite in-
trusions have been affected by at least two phases of
deformation and accompanying metamorphism. Shear
and fault zones commonly transect the intrusions, and
these typically contain several generations of quartz- and
carbonate-rich veins, some of which are auriferous. The
BBIC contains extensive quartz–carbonate–chlorite ±
tourmaline–sulfide veins, some of which were mined for

gold at the Darkwater Au deposit (Poulsen and Franklin
1981; Fig. 2A). Five gold deposits are hosted by the
FPIC (Fig. 2B). These are controlled mainly by shear
zones developed along Late Archean mafic dikes which
strike NNW across the composite intrusion. There is no
significant gold mineralization associated with either the
SLIC or RLIC.

Synkinematic alteration commonly consists of iron
carbonate–sericite–chlorite ± tourmaline-rich mineral
assemblages along discrete shear zones. This is particu-
larly the case with synvolcanic intrusions where the
dominantly quartz- and plagioclase-rich primary min-
eral assemblages create very competent rocks in which
the brittle-ductile shear zones commonly have sharp
borders and restricted alteration halos.

Discussion

The importance of size, morphology and texture

Size, morphology and texture of igneous rocks are all
useful field indicators for identifying shallowly em-
placed, synvolcanic composite intrusions. The intrusions
examined during this study have a limited area, as
measured empirically by their strike length · dip-cor-
rected thickness (Fig. 12). Calculation of volume is more
difficult due to the variation in three-dimensional mor-
phology displayed by high-level intrusions (Johnson and
Pollard 1973; Roman-Berdiel et al. 1995). This has been
attempted by treating the BBIC, FPIC and SLIC as
circular sills, and the RLIC as a combination of circular
sill and column (Fig. 12).

The calculated areas for all known VMS-related
composite intrusions range from 10 up to 200 km2

(Table 1; Fig. 12). Within this range, the majority,

Fig. 10 A Chlorite-sericite-altered fracture system near the upper
contact of the BBIC south of Beidelman Bay. The fracture system
clearly predates the regional foliation which crosses at a high angle.
Fractures subparallel to the foliation are strongly sheared (4-cm
coin for scale). B Similar fracture system to that in A but
metamorphosed to lower amphibolite grade to generate a distinc-
tive quartz–biotite–chlorite–staurolite–kyanite assemblage. This
latter fracture set transects the western margin of an early
trondhjemite phase of the RLIC and is a product of Mg–Fe
metasomatism (6-cm camera lens cap for scale). C Polished slab
from an intrusive-hydrothermal breccia pipe associated with a
2,714-Ma porphyry dike swarm within the 2,734-Ma BBIC. The
breccia pipe and dikes are the focus of Cu-Mo-rich quartz
stockworks and sulfide disseminations. The fragment-supported
breccia contains a variety of quartz-feldspar porphyry along with
carbonate-altered mafic xenoliths. D An example of the magnetite
veins and vein stockworks along the periphery of the quartz-
feldspar porphyry dike swarm which host the Cu–Mo mineraliza-
tion within the BBIC. Their strongly sericite-altered margins
suggests their formation from a potassic fluid which released iron
through biotite alteration of primary amphibole (end of pencil
magnet for scale)
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including the four intrusions studied here, define a much
smaller size range of 20 to 60 km2. These calculated
areas may, in some cases, be overestimated due to
structural duplication, shallow dips and the presence of
later magmatic phases. This includes the FPIC, whose
shallow dips give a circular shape to what is actually a
wedge-shaped sill (Bellefleur 1992).

When intrusion size is compared to the aggregate
massive sulfide tonnage of the associated massive sulfide
camp, there is a positive relationship with intrusions be-
low 60 km2 (Fig. 12). There is then a gap, with a group of
larger synvolcanic intrusions whose size appears to be
independent of the tonnage of the related massive sulfide
camp. The exception may be the Murchinson-Darwin
batholith which is associated with the massive sulfide-rich
volcanic rocks of the CambrianMount Read (Large et al.
1996; Fig. 12). Intuitively, it is difficult to imagine how a
batholith could be emplaced within a shallow subseafloor
environment. Indeed, the restricted size range of most of
the VMS-related subvolcanic intrusions, which includes
the four described here, suggests that there are physical
limitations on how large a subvolcanic intrusion may be.
This problem has been studied by several authors in both
the field and laboratory (Johnson andPollard 1973;Corry
1988;Roman-Berdiel et al. 1995;Hogan et al. 1998), and is
beyond the scope of the present paper. The complex in-
ternal stratigraphy of the studies’ composite intrusions
suggests variations in emplacement parameters during
intrusion history. This includes variations in external
stress fields, magma driving force, lithostatic pressure,
and host-rock anisotropy as differences in both layer

competency and cross-stratal faults. The presence of post-
VMS intrusive phases must also be taken into account
when attempting to define what volume of magma was
emplaced at what depth below the seafloor. It suffices to
point out at this time that the empirical observation with
respect to maximum size of VMS-related composite in-
trusions is one useful guideline for field identification of
intrusions potentially involved in generating a subseafloor
hydrothermal system.

The distribution of the internal phases is typically
asymmetric for all four intrusions. Tonalite–trondhje-
mite stocks and dike swarms tend to occur below vol-
canic eruptive centers which occur along the intrusion
strike length. In the cases of the SLIC and the RLIC, the
greatest concentrations of stocks and dikes occur below
felsic eruptive centers which host VMS deposits and
occurrences (Bailes and Galley 1999; Fig. 2C). In the
FPIC, dike concentrations and overall sill thickening are
noted below both mafic and felsic rock, VMS-hosting
eruptive centers (Gibson and Watkinson 1990; Richards
1999). These parts of each intrusive complex remain
centers for magmatic activity during post-VMS volcan-

Fig. 11 Distribution of whole-rock d18O values from Kennedy
(1985) and Cathles (1993) for the FPIC. Note that the late
trondhjemite in the core of the composite intrusion shows little sign
of high-temperature, seawater-derived hydrothermal alteration,
whereas the early quartz-diorite and tonalite phases show the
highest degree of alteration. The early-phase trondhjemite displays
very erratic isotopic shifts, with the lowest d18O values in
trondhjemite-hosting wall-rock pendants or xenoliths (geology
from Kennedy 1985)

Fig. 12 The top diagram illustrates the relationship between the
dip-corrected, calculated area for a number of VMS-related
composite intrusions and the known aggregate tonnage for the
associated VMS camps. Shallow dips for the FPIC, and both
shallow dips and apparent thrust duplication for the Mule
Mountain composite intrusion had to be taken into account.
References for the physical dimensions of the intrusions defined by
open diamonds are given in Table 1. The bottom diagram shows the
calculated volume for each of the four intrusions described here
versus total aggregate tonnage. The RLIC volume was crudely
calculated as a combination of a column and a smaller disk,
whereas an overall disk shape was assumed for the BBIC, FPIC
and SLIC
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ism. In the case of the BBIC, this spans a time period of
14 Ma (Galley et al. 2000).

Finer-scale internal morphologies and textures are
indicators of shallow (500–1,000 bar) emplacement of
VMS-related intrusions. The ubiquitous presence of
xenolith-rich phases is commonly evidence for the
stoped emplacement of magmas initially as inclined
dikes, which then evolve into sills within brittle crust
(Johnson and Pollard 1973; Clemens and Mawer 1992;
Leaman 1995). The formation of xenolithic phases is
usually restricted to early stages of emplacement of the
composite intrusions, which are commonly eclipsed by
more massive trondhjemitic phases. The xenoliths rarely
show signs of extensive assimilation, as the magmas are
unable to transfer heat due to rapid cooling in a high-
level subseafloor environment (Russell et al. 1995).
Nevertheless, the presence of xenolithic phases appears
to have a large impact on the volatile history of the
composite intrusions. Isotopic and mineralogical evi-
dence (Kennedy 1985) suggests that the included frag-
ments of wall rock and early-stage, quartz-diorite and
tonalite phases underwent extensive hydrothermal al-
teration prior to emplacement of late-stage trondhjemite
phases. The presence of quartz–feldspar–amphibole
pseudophenocrysts within xenoliths and pegmatitic
overgrowths indicates that dehydration of the xenoliths
has taken place (Castro et al. 1990). The abundance of
miarolitic cavities infilled with hydrothermal minerals in
the surrounding trondhjemitic host rocks is further evi-
dence for excessive fluid accumulation in what are gen-
erally considered quite dry melts. This process can play
an important role in volatile addition to the cooling
magma (Russell et al. 1995; McLeod et al. 1998).

The presence of columnar jointing along the margins
of both the FPIC and SLIC is further evidence for rapid
cooling in a shallow crustal environment (Spry 1962).
The alteration along the margins of these joint sets in-
dicates that they played an important role in focusing
hydrothermal fluid flow within the margins of these
composite intrusions.

All four composite intrusions are characterized by
large textural variations indicative of complex fraction-
ation and cooling histories. Early quartz diorite and
tonalite are fine-grained and commonly aphanitic to
granophyric which suggests relatively rapid cooling, as
would be expected in a shallow, fluid-rich, subseafloor
environment. Trondhjemite phases vary from fine- to
coarse-grained, and aphyric through seriate to quartz
porphyritic. The coarse texture of the late-stage tron-
dhjemite phases may be an indication of deeper em-
placement depths. This would result not only in longer
crystallization histories but also in changes in the ability
of the magma to maintain volatiles during cooling
(Hogan et al. 2000). The association of aplite and fine-
grained porphyry dikes with the coarser-grained phases
is also evidence that these late trondhjemites reached
vapor saturation during late-stage crystallization. These
textural changes from early to late stages of composite
intrusion could reflect a thickening of the volcanic pile

during intrusion emplacement. This has implications
with respect to the span of time over which the intru-
sions were emplaced relative to VMS hydrothermal
activity.

Tectonic environment

The association of composite quartz diorite–tonalite–
trondhjemite intrusions with clusters of VMS deposits is
not an unexpected phenomenon in light of tectonic en-
vironments of these intrusions. The four intrusions
studied all share the same, relatively primitive chemistry
typical of granitoids emplaced within oceanic-arc re-
gimes. This includes high Na/K, Fe+2/Fe+3 and Zr/Ti
ratios. Calcium and aluminum contents are low relative
to the calc-alkalic tonalite–trondhjemite–granodiorite
(TTG/TTD) suites typical of continental arc environ-
ments (Barker and Arth 1976; Drummond and Defant
1990). Low (Gd/Yb)MN and Al/Si ratios for the VMS-
related intrusions are evidence for low-pressure source
rocks lacking garnet and poor in subcalcic hornblende.
Relatively low (La/Sm)NM, (La/Yb)NM and Sr/Ti indi-
cate very little input from an underlying, dehydrating
subducting oceanic plate, as is typical for TTG mag-
matic suites, including adakites (Barnes et al. 1996;
Beard 1998). These characteristics indicate that the four
VMS-related composite intrusions were sourced from
relatively low-pressure, immature suprasubduction
environments.

These low-alumina synvolcanic composite intrusions
are a product of low-pressure partial melting/fractiona-
tion processes within areas of oceanic-arc extension. The
dominance of high-silica trondhjemites, with their high
Zr/Ti ratios in each of these suites, suggests they formed
as high-temperature (900–1,000 �C) partial crustal melts
where temperatures were high enough to melt refractory
minerals in which Zr commonly resides (Barrie et al.
1993; Barrie 1995). These felsic melts represent only a
small volume (<10%) of the melt generated within
dominantly basaltic regimes. The formation of the felsic
melts is due to ponding of high-temperature
(>1,400 �C) basaltic magma below a thinning mantle-
crust interface, and the resultant low-pressure partial
melting of small aliquots of the relatively anhydrous
basalt–gabbro (Barker and Arth 1976; Huppert and
Sparks 1988; Barnes et al. 1996). The difference in
primitive-mantle-normalized REE profiles between the
mafic and felsic components of the FPIC (Fig. 6B) is
evidence for the involvement of two different magma
sources, i.e., mantle and crust, in the formation of these
composite intrusions. If this is the case, then these
composite intrusions represent a transition between I-
and M-type granitoids. This would further differentiate
them from I-type TTG granitoids.

The generation of the felsic partial melts within a
region of abnormally high heat flow would be ideal for
the generation of a robust, subseafloor hydrothermal
system (Barrie et al. 1999). These high-temperature,

465



low-viscosity melts would have the advantage of rising
quickly up to a subseafloor environment where they
could initiate and sustain large-scale, seawater convec-
tion systems. The abundance of dikes and stocks within
and above the intrusions suggests a high degree of
structural control during their emplacement history
through synvolcanic faulting. These structures would
focus both magma as feeder dikes and hydrothermal
fluid upflow. This accounts for the strong spatial asso-
ciation between VMS deposits and rhyolites which are
broadly comagmatic and coeval with the intrusions
(Fig. 6A–D).

The differences between the primitive FPIC and SLIC
composite intrusions and the relatively more evolved
BBIC and RLIC intrusions are due to the types of
extensional environments in which they formed. Stern
et al. (1995) and Bailes and Galley (1996) define the
lower volcanic cycle of the Snow Lake arc assemblage
which hosts the SLIC as a nascent, arc extensional re-
gime characterized by calcium-boninite and high-titani-
um basalt. The FPIC intruded the base of a cauldron
formed by rifting of the Blake River tholeiitic arc (Pe-
loquin et al. 1990; Barrie et al. 1993). In both cases, the
host bimodal volcanic rocks are host to Cu–Au, Cu–Zn
and Zn–Cu VMS deposits which are typical products of
hot (350 �C) subseafloor hydrothermal systems (Gibson
and Watkinson 1990; Bailes and Galley 1999). The
RLIC and BBIC composite intrusions are associated
with fractionated, volcaniclastic-dominated, VMS-host-
ing successions more typical of rift environments asso-
ciated with more mature oceanic or continental margin
arcs (Barrie and Hannington 1999). The VMS deposits
above both of these intrusions are Zn-Pb-Cu-rich, and
formed from lower-temperature (250–300 �C), more
diffuse, hydrothermal fluid upflow (Morton et al. 1990;
Bailes and Galley 1999). This association between VMS
deposit type and composition of associated felsic rocks,
which in turn is controlled in large part by the type of
arc environment, has been explored by several re-
searchers, including Lesher et al. (1985) and Barrie et al.
(1993). Lesher et al. (1985) developed a system for
classifying Archean VMS-related rhyolites by their
chondrite-normalized La/Yb versus Yb ratios. This
method can be used not only to identify low-alumina
tonalite–trondhjemite suites which have the potential for
being associated with VMS hydrothermal systems, but
also to discern the type of VMS deposits which one
would expect to be associated with them. The advantage
of identifying a potentially composite intrusion, as op-
posed to a coeval rhyolite, is its possible relationship to a
much larger, greenfields exploration target.

Emplacement timing relative to VMS formation

Observations on the evolution of each of the four
studied composite intrusions with respect to their mag-
matic and hydrothermal history can be combined with
known spatial relationships with the VMS host strata to

determine their emplacement history relative to the
VMS-forming hydrothermal events.

Beidelman Bay Intrusion

A large component of the BBIC of the Sturgeon Lake
VMS camp appears to postdate the main VMS-forming
hydrothermal events. Most of the biotite trondhjemite
which comprises more than 75% of the composite intru-
sion shows little if any sign of pre-kinematic hydrothermal
alteration. The exception is the western end of the tron-
dhjemite, which is cut by pre-kinematic chlorite- and
sericite-filled polygonal fractures which may be a product
of VMS-related hydrothermal alteration. The upper
contact of the unaltered biotite trondhjemite is in sharp
contact with strongly silicified and garnet- and chlorite-
altered basalts, suggesting intrusion into already hydro-
thermally altered strata. This is supported by the regional
oxygen isotope survey completed by Holk et al. (unpub-
lished data). The biotite trondhjemite has a similar com-
position and age to theMiddle ‘‘L’’ rhyodacite pyroclastic
flows which form the hanging wall to the F Group-
Mattabi VMS deposits (Galley et al. 2000). This cumu-
lative evidence indicates that a large part of the present
BBIC was intruded after the F Group-Mattabi VMS
event, with the biotite–trondhjemite perhaps representing
a resurgent phase of late cauldron magmatism.

The presence of Co–Mo mineralization within the
BBIC was in the past taken as evidence for a magmati-
cally derived metal component added to the overlying
VMS hydrothermal system. Galley et al. (2000) have
demonstrated that the sulfide-mineralized porphyry dike
swarm and intrusive-hydrothermal breccias are 14 Ma
younger than the 2,734-Ma BBIC. The much more calc-
alkalic nature of the mineralized porphyry dikes was an
indication of the much more evolved compositions
usually necessary for the development of magmatic
Cu–Mo mineralization (Kelser et al. 1975; Lang and
Titley 1998).

Flavrian-Powell Intrusion

There are several forms of evidence indicating the
presence of intrusive phases within the FPIC which
postdate the VMS-forming hydrothermal events of the
Noranda cauldron (Fig. 13). A geological map of the
Noranda area clearly demonstrates that the early tron-
dhjemite phase of the FPIC intrudes the upper contact
of the Amulet andesite, which is the immediate foot wall
to the main VMS horizon. Although these contact re-
lationships indicate that the early-stage trondhjemite
represents a resurgent phase of late cauldron magma-
tism, it is overprinted by varying intensities of epidote
alteration. Much of this epidote-rich alteration sur-
rounds zones of xenolithic tonalite and early-stage
trondhjemite in the form of epidote-quartz-filled mi-
arolitic cavities, pipe vesicles and veins (Fig. 4B, C, F).
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The pendants and xenoliths of quartz diorite and basalt
can have d18O values as low as 1.5&, indicating intense,
high-temperature (>350 �C) interaction with a fluid
derived from seawater (Kennedy 1985; Cathles 1993).
Early-stage trondhjemite in contact with, or proximal to,
wall-rock xenoliths and pendants has d18O values from 5

to 6&. Away from the pendants of tonalite and xeno-
lithic trondhjemite, the early-stage trondhjemite has a
range of normal magmatic d18O values typical for a
felsic granitoid (6 to 9&; Fig. 11). The evidence for
volatile exsolution in the early-stage trondhjemite, and
the accompanying isotopic shift may be evidence that
the hydrothermal alteration signature of the early tron-
dhjemite was inherited through volatile release from
previously altered, wall-rock xenoliths.

The xenoliths rarely show signs of assimilation,
which indicates the inability of the magma to transfer
heat, due to its rapid cooling in a high-level subseafloor
environment (Russell et al. 1995). The host intrusion
may form thin, centimeters-wide, pegmatitic rims sur-
rounding the xenoliths, indicating volatile concentration
during crystallization (Fig. 4C). Quartz diorite and
mafic volcanic rock xenoliths commonly contain milli-
meter-sized ovoids of quartz, with feldspar and amphi-
bole rims, which are postulated to be a product of
metasomatism due to partial digestion (Castro et al.
1990). Both of these features may be textural evidence
for ‘‘assimilation dehydration’’ during which fluids are
extracted from previously altered, wall-rock xenoliths
and added to the host magma. The abundance of mi-
arolitic cavities in the xenolith zones indicates localized
volatile oversaturation of the host, early-stage tron-
dhjemite. This process can play an important role in
volatile addition to the cooling magma (Russell et al.
1995; McLeod et al. 1998).

Fig. 13A–D The section A–A¢ is shown on Fig. 2B bisecting the
FPIC north to south. The FPIC emplacement history is as follows.
A Hydrothermal activity related to the formation of the Noranda
VMS deposits was instigated by high-level emplacement of the
FLIC quartz-diorite sill-dike complex which fed andesitic flows
within the overlying cauldron. The rhyolites within the cauldron
were most likely fed from a hypothetical, deeper, felsic magma
chamber. B During, or shortly after, the quartz diorite-related
hydrothermal activity, a series of tonalite sills was emplaced at the
same level as the quartz-diorite phase formed earlier. The forceful
emplacement of the tonalite sills resulted in the brecciation and
incorporation of the quartz-diorite phase and associated wall rocks.
C Magmatism associated with late-stage cauldron formation
resulted in the high-level emplacement of a number of trondhjemite
bodies as sill complexes. The trondhjemite incorporated both the
hydrothermally altered quartz-diorite and tonalite phases. The
trondhjemite magmatism postdated the formation of the cauldron-
hosted VMS deposits. D The partial assimilation of the hydro-
thermally altered quartz-diorite and tonalite phases caused the
increased volatile content of the cooling trondhjemite which
resulted in epidote-rich magmatic-hydrothermal alteration. The
cessation of cauldron formation was followed by emplacement of a
late trondhjemite phase and quartz-feldspar porphyry dike swarms.
Associated with late-stage magmatism was the formation of Cu-
Mo-rich intrusive-hydrothermal breccia pipes and a small porphyry
system
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Sneath Lake Intrusion

The SLIC also shows evidence that at least part of its
emplacement history took place after formation of the
cycle-1 Cu–Zn VMS deposits (Fig. 14). Only the ton-
alite and trondhjemite stocks, clustered at either end of
the composite intrusion, are hydrothermally altered to
any extent. These stocks lie directly beneath and, in
some cases, intrude the VMS-mineralized rhyolites
which have been demonstrated to be comagmatic with
the SLIC (Bailes and Galley 1999; Fig. 6A). The
quartz megacrystic trondhjemite sill which forms the
center of the SLIC is not only unaltered but contains
chlorite-staurolite-garnet-rich xenoliths and pendants
of previously altered trondhejmite. The quartz phyric
trondhjemite stock at the eastern end of the SLIC
clearly represents a post-VMS intrusive phase because
it has enveloped the Rod VMS deposit. It appears then
that only the quartz diorite(?)–tonalite–trondhjemite
stocks directly below the VMS-hosting rhyolites were
present at the time of VMS-related hydrothermal al-
teration.

Much of the SLIC may have been involved in hy-
drothermal activity which postdated VMS mineraliza-
tion and took place at the end of cycle-1 volcanism. The
top of cycle 1 is defined by the so-called Foot-Mud
horizon, a meters-thick unit of sulfidic mudstone-chert
and felsic epiclastic rocks (Bailes and Galley 1999). The
strike length of this sulfidic unit is almost identical to
that of the underlying SLIC. Furthermore, it is under-
lain along its entire strike length by several hundred
meters of variably silicified basaltic andesite (Skirrow
and Franklin 1994). The high d18O values for the silici-
fed mafic volcanic rocks (Taylor and Holk 1998) suggest
the alteration was a product of relatively low-tempera-
ture, subseafloor seawater-rock interaction. The entire
SLIC may have, therefore, acted as a heat source to
generate a shallow, diffuse but areally extensive, hy-
drothermal event which resulted in the hydrothermal
component of the Foot-Mud horizon.

Richard Lake Intrusion

The spatial and cross-cutting relationships of the bulk of
the RLIC with respect to hydrothermally altered wall
rocks suggest that most of the composite intrusion was
emplaced after VMS-related hydrothermal activity
(Fig 15). There is almost a direct correlation between
the location of the early emplaced dacite–tonalite sill-
dike swarm and the intensity of hydrothermal alteration
in the overlying volcanic strata (Skirrow and Franklin
1994; Bailes et al. 1996; Bailes and Galley 1999). The
first phase of quartz phyric trondjemite which occupies
much of the lower half of the RLIC is affected by
fracture-controlled Fe–Mg metasomatism similar to
that affecting the early dacite–tonalite sill-dike swarm
(Fig. 10B). The remainder of the trondhjemite and
aplite phases are unaffected by the chlorite- and

aluminosilicate-rich alteration. This suggests that the
early quartz phyric trondhjemite intruded into, and
perhaps terminated, the VMS hydrothermal system de-
veloped earlier, and that the later trondhjemite–aplite
phases postdated it. The origin of the epidote-rich cav-
ities, veins and hydrothermal breccias is unknown. The
fact that this alteration overprints the core of the com-
posite intrusion and that it increases in intensity towards
the core suggests it is a late-stage crystallization phe-
nomenon.

Fig. 14 A The formation of the SLIC in the Snow Lake primitive
arc assemblage began with emplacement of tonalite and trondhje-
mite stocks below comagmatic rhyolite extrusive centers. Their
emplacement initiated convective hydrothermal activity centered
on the overlying rhyolite and resulted in the formation of VMS
deposits. B Middle-stage felsic magmatism resulted in the further
emplacement of stocks, possibly within the active hydrothermal
system. Post-VMS intrusion of a large trondhjemite sill joined the
separate intrusion complexes into one large sill complex. This sill
appears to be responsible for renewed hydrothermal activity at the
end of primitive arc volcanism, and the formation of an extensive
exhalite horizon. C Late-stage stock and sill intrusion resulted in
overprinting of the comagmatic rhyolite and envelopment of one of
the VMS deposits. Mafic dike swarms associated with flows within
the overlying, mature arc assemblage are focused on the earlier,
primitive arc felsic magmatic centers, suggesting long-term control
on magmatism by major synvolcanic structures
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Conclusions

The study of four Precambrian synvolcanic composite
intrusions has demonstrated that they have characteristics
which make them high profile targets for VMS explora-
tion. The fact that >80% of known, VMS-related
subvolcanic intrusions are low-alumina quartz diorite–
tonalite–trondhjemite in composition indicates that they
form in unique tectonic environments, which is common
to a large majority of Precambrian VMS deposits. These
are extensional regimes within oceanic island arc envi-

ronments which may form as either nascent arc or prim-
itive arc rifts. In both cases, crustal thinning and
subsequent mantle decompression results in basalt mag-
ma underplating and subsequent high-temperature par-
tial crustalmelting. The result is the generation of bimodal
volcanic environments in which persistent thermal corri-
dors are maintained by the presence of a succession of
high-level composite intrusions. Their high initial tem-
peratures and anhydrous compositions allow them to rise
rapidly to shallow crustal levels. This results in an efficient
heat transfer from the magmas to the surrounding, fluid-
rich volcanic pile and the initiation of convective hydro-
thermal fluid flow. Differences in crustal thickness, where
rifting is initiated, most likely controls magma composi-
tion and the ratio of mafic (mantle) to felsic (crustal)
volcanism which, in turn, has an impact on the type of
VMS deposits to form. In more primitive, mafic volcanic
rock-dominated extensional regimes, the composite in-
trusions have a tholeiitic composition and associated
VMS deposits are Cu(-Au)-rich. The rifting of thicker arc
crust, where partial crustal melting takes place at higher
pressures, results in a more felsic-dominated, calc-alkalic
character for the volcanic succession and the associated
composite intrusions. The VMS deposits in these envi-
ronments tend to be more Zn-Pb-Ag-rich.

The similarity in composition between VMS-related
composite intrusions and VMS-hosting rhyolites makes
the former optimumexploration targets due to their larger
size. The apparent restriction in the size of most VMS-
related composite intrusions to between 10 and 60 km2

may well be a function of their shallow emplacement
depths. The four intrusions studied are all within 2,000 m
of VMS mineralization in the overlying volcanic strata,
with some late-stage phases transecting the VMS-hosting
strata. In the cases of the FPIC, SLIC and RLIC, signif-
icant VMS mineralization is restricted to above the strike
length of the composite intrusions, as are related extensive
exhalite formations. The asymmetric distribution of in-
ternal phases within the composite intrusions further re-
stricts the most likely locations for VMS deposits in the
host volcanic rock succession. Abundant stocks and dike
swarms commonly underlie eruptive centers in which
VMS deposits most typically form.

Subvolcanic composite intrusions are typified by wide
variations in contact relationships, textures and grain
size. In general, early quartz-diorite and tonalite phases
occur as xenoliths in later trondhjemite phases or are cut
by sharp-sided trondhjemite and aplite dikes. The
trondhjemite phases are the most voluminous and con-
tain variably sharp to gradational contacts indicating
closely spaced pulses of compositionally similar magma.
The early phases are commonly fine-grained and aphyric
to granophyric, whereas the trondhjemite phases are
fine- to coarse-grained equigranular, seriate to grano-
phyric, with associated aplite and porphyry dikes. This
temporal variation in grain size indicates a thickening of
the volcanic rock pile during intrusion emplacement,
implying that late-stage trondhjemite phases may post-
date principal VMS activity in the camps.

Fig. 15 A The RLIC evolved from an early sill-dike complex into a
series of overprinting stocks and late dikes. The early tonalite–
dacite sill-dike complex formed at the contact between underlying,
pillowed basalt flows and overlying, mafic volcaniclastic units. The
sill-dike complex acted as a shallow reservoir for a dacite volcanic
formation approximately 2,000 m upsection. The sill-dike swarm
was also the center for VMS-related hydrothermal activity which
resulted in the formation of a series of Zn-Pb-Cu-rich massive
sulfide deposits. B The next stage of intrusive activity involved
emplacement of a tonalite stock. Hydrothermal alteration along the
stock’s margins indicates intrusion during the VMS-related
hydrothermal event. C Early-stage magmatism was followed by
post-hydrothermal emplacement of a number of trondhjemite
stocks, and finally an aplite dike swarm. Associated with formation
of the late-stage aplite dikes was epidote-quartz-rich magmatic-
hydrothermal alteration centered on hydrothermal breccias, veins
and miarolitic cavities
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The presence of both pre- and post-VMS phases to the
composite intrusions is apparent in all four cases. Early
quartz-diorite and tonalite phases are strongly affected by
hydrothermal alteration zones spatially associated with
VMS-related alteration within the host volcanic rock
successions. Trondhjemite phases commonly transect the
volcanic rock-hosted alteration zones and, in some cases,
they intrude up through the principal VMS horizons.
Trondhjemite and associated aplite and porphyry dikes
are affected by mostly epidote-quartz-albite-rich altera-
tionwhich is associatedwith late-stage volatile exsolution.
In some cases, volatiles appear to have been added to the
trondhjemite melts through dehydration of previously
altered, wall-rock xenoliths. Dating and composition of
the trondhjemite phases indicate that they are still broadly
coeval with rhyolites within the volcanic host-rock suc-
cessions, and can be considered part of resurgent mag-
matic activity slightly postdating the time of VMS
mineralization. In the case of the Sturgeon Lake and
Noranda VMS camps, these resurgent phases may be re-
sponsible for VMS mineralization higher in the volcanic
rock pile. The bracketing of the age of VMS mineraliza-
tion in the three Precambrian VMS camps by associated
composite intrusions does not affect their usefulness as
greenfields exploration targets, as they still assist in de-
termining the presence of a thermal corridor within which
there is the greatest potential for locating significant VMS
mineralization. The presence of both pre- and post-VMS
phases does raise a note of caution for researchers mod-
eling these intrusions for heat-flow studies which are used
to understand the formation of subseafloor hydrothermal
systems.
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