
A
A

V
a

b

a

A
R
R
A

K
C
V
G
A
B
A

1

s
b
s
(
t
I
a
s
s
s
m
F

0
d

Precambrian Research 168 (2009) 66–82

Contents lists available at ScienceDirect

Precambrian Research

journa l homepage: www.e lsev ier .com/ locate /precamres

n Archean megacaldera complex: The Blake River Group,
bitibi greenstone belt

. Pearsona, R. Daigneaultb,∗

CONSOREM – Consortium de recherche en exploration minérale, 555 Boul. de l’Université, Chicoutimi, Canada G7H 2B1
Centre d’études sur les Ressources minérales (CERM) – Université du Québec à Chicoutimi, 555 Boul. de l’Université, Chicoutimi, Canada G7H 2B1

r t i c l e i n f o

rticle history:
eceived 3 July 2007
eceived in revised form 31 March 2008
ccepted 31 March 2008

eywords:
aldera
MS deposits
reenstone belt
rchean
lake River Group
bitibi greenstone belt

a b s t r a c t

The Archean Blake River Group of the southern Abitibi greenstone belt is defined as a subaqueous mega-
caldera. Compelling evidence include: (1) a radial and concentric organization of synvolcanic mafic to
intermediate dykes, (2) an overall dome geometry defined by the volcanic strata, (3) a peripheral dis-
tribution of subaqueous volcaniclastic units, (4) a zonal distribution of carbonate alteration, and (5) a
distinct annular synvolcanic inner and outer ring fault pattern. Three caldera-forming events have been
identified: (1) the early Misema caldera, (2) the New Senator caldera, and (3) the well-known Noranda
caldera. The multi-vent BRG mafic volcanic complex, developed on a monotonous sequence of tholeiitic
basalts, forming a submarine plain, and experienced a first major collapse that created the giant Misema
Caldera (80 km in diameter). An endogenic dyke swarm intruded the synvolcanic fractures and an under-
lying magma chamber developed. Major volcaniclastic units were generated by local volcanic centers and
summit calderas formed along the outer and inner ring faults. This fault system was used as a conduit for
CO2-rich hydrothermal activity. Renewed volcanic activity was associated with a resurgent central dome
inside the Misema Caldera. This second collapse event created the 35 km by 14 km NW-trending New Sen-

ator Caldera. This caldera was produced by multi-step sagging after the underlying magmatic chamber
migrated to the SE and formed the Flavrian-Powel Plutons. The final collapse resulted in the formation
of the Noranda Caldera that generated a well-developed 070◦-trending fracture pattern associated with
several VMS deposits. The multiple-caldera setting provides an effective model to explain the presence
of VMS mineralization along the synvolcanic fractures associated with the three collapse episodes. How-
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. Introduction

Calderas are subcircular collapse structures related to overpres-
ure or underpressure conditions of the underlying magma cham-
er (Lipman, 1997; Gudmundsson, 1998a). Recognition in modern
ubaerial settings, such as the Toba (Chesner et al., 1991), Taupo
Charlier et al., 2005) and Valles calderas (Self et al., 1996), is facili-
ated by their 3D geomorphology and preserved volcanic deposits.
n contrast, submarine calderas are problematic because of limited
ccess. Topographic and geophysical surveys are used in subaerial
ettings, whereas bathymetric maps reveal the geometry of their

ubaqueous counterparts (Fiske et al., 1998, 2001). Subaqueous
ilicic calderas are recognized as first order sites for volcanogenic
assive sulphides (VMS; Ohmoto, 1978, 1996; Stix et al., 2003;

ranklin et al., 2005), and hence their importance for exploration.
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Senator Caldera fracture pattern is emphasized because of its role in the
ine deposit.
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Archean greenstone belts are dominated by submarine
equences and numerous subaqueous calderas have been identified
ased on lithofacies distribution and regional mapping (Morton et
l., 1991; Gibson et al., 1999; Mueller et al., 2004, 2008). Although
egional ductile deformation events manifested by folds, faults and
hear zones make it difficult to reconstruct the geometry of the
olcanic architecture, steeply dipping units in plan view can be
nterpreted as a section across a caldera (Mueller and Mortensen,
002; Hudak et al., 2003; Lafrance et al., 2003).

The initial model for the Blake River Group (BRG) in the Archean
bitibi greenstone belt was of a mafic, basalt-dominated base

Goodwin, 1977) upon which a felsic complex developed (de Rosen-
pence, 1976; Dimroth and Lichtblau, 1979). This study presents
fundamental re-interpretation of the Blake River Group based
n the pattern of mafic to intermediate dykes and sills, the syn-
olcanic fracture systems, and the distribution of volcaniclastic
eposits. The Blake River megacaldera complex (BRMCC) with
diameter of 80–90 km is equivalent to the dimension of the

lympus Mons summit caldera on Mars. Despite some deforma-

http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:rdaignea@uqac.ca
dx.doi.org/10.1016/j.precamres.2008.03.009
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ion, the BRMCC has preserved a geometry and features typical
f both overlapping (Las Cañadas Caldera, Tenerife; Carracedo
t al., 2007) and nested calderas (Campi Flegrei field, Naples;
ueller et al., 2008). This new interpretation has significant impli-

ations for understanding Archean tectonic evolution and defining
ew exploration targets for volcanogenic massive sulphides in the
RG.

. Geological setting

The 3000-km2 BRG is characterized by a 2706(?)–2696 Ma vol-
anic sequence (Corfu, 1993; Mortensen, 1993a,b; Mueller et al.,
007) belonging to the southern volcanic zone of the Abitibi Sub-
rovince (SVZ; Chown et al., 1992; Fig. 1). The 4–7 km-thick BRG
uccession is composed of mafic volcanic rocks with several felsic
olcanic centers (Baragar, 1968; Jolly, 1980; Dimroth et al., 1982;
ensen, 1981; Hannington et al., 2003). This well-preserved, low-
rade metamorphic, volcanic succession (Jolly, 1978; Gélinas et
l., 1984) hosts 33 volcanogenic massive sulphide (VMS) deposits
otalling 125 Mt with the 54 Mt (150 total) giant Horne Mine deposit
s the major producer (Fig. 2).

The BRG was subdivided into Misema and Noranda subgroups
Goodwin, 1977; Péloquin, 2000, Fig. 2). The basal Misema Sub-
roup is dominated by tholeiitic and calc-alkaline mafic volcanic
ocks with local mafic and felsic centers (Fig. 2) such as Clifford and
en Nevis (Gélinas et al., 1977; Jensen, 1981; Ayer et al., 2005). A
afic variolitic volcanic unit along the margin of the BRG is a marker

nit at the base of the group (Dimroth et al., 1982). The tholeiitic
o calc-alkaline overlying Noranda Subgroup is distinctly bimodal,
ith felsic volcanic rocks accounting for up to 40% of the subgroup

y volume (Gélinas et al., 1977, 1984).
The Misema Subgroup is interpreted to be derived from the

artial melting of a mantle-source, fractionating garnet and amphi-
ole (Baragar, 1968; Goodwin and Smith, 1980). The source of the
oranda Subgroup is recognized to be a garnet-free high level
agma with different degrees of assimilation and fractional crys-

allization, implying ensialic to ensimatic components (Ludden et
l., 1982; Capdevilla et al., 1982; Hart et al., 2004).

.1. The Noranda Caldera

The Noranda Caldera (NC) was recognized by de Rosen-Spence
1976) and Lichtblau and Dimroth (1980) and studied in detail by
ibson (1989), who referred to it as the Noranda cauldron. The NC

s oval-shaped, measures 15 km by 20 km, and lies between synvol-
anic faults: the Hunter Creek Fault (HuCF) to the north, the Horne
reek Fault (HoCF) to the south and the Dufresnoy Fault (DF) to
he east (Fig. 2). Subsidence reached a maximum of 1200 m along
he southern margin (Gibson, 1989), which suggests an asymmetric
rapdoor structure (e.g. Lipman, 1997). Numerous felsic units of the
oranda Subgroup are associated with the caldera (unit 3 in Fig. 2,
e Rosen-Spence, 1976; Gibson, 1989), whereas other units are

nterpreted to be pre- or post-caldera (Gibson, 1989). Spatially asso-
iated with these collapse structures is the 2700 ± 2 Ma composite
onalitic to trondhjemitic synvolcanic Flavrian Pluton (Mortensen,
993a,b; Galley and van Breemen, 2002). Within the caldera,
umerous ENE-trending synvolcanic faults served as hydrothermal
uid conduits to generate VMS deposits (Gibson, 1989). The vol-
anic architecture of the substratum around and underneath the
oranda Caldera remains unknown.
.2. Geochronology

Available geochronological data indicate that the BRG felsic
olcanic activity is bracketed between 2694 ± 2 and 2701 ± 1 Ma

o
n
e
a

n Research 168 (2009) 66–82 67

Fig. 2). The climax around 2698 Ma corresponds to the median age
or the synvolcanic felsic intrusive rocks. Felsic volcanism of Mis-
ma and Noranda subgroups is considered coeval as radiometric
eterminations do not show a spatial distribution pattern.

.3. Deformation

Archean terranes are generally affected by several deformational
vents so that folding and faulting need to be carefully addressed to
ake paleogeographic reconstructions (see Daigneault et al., 2004).

he present surface geometry of the BRG defines a lens-shaped unit
xtending 125 km by 40 km with a relatively low-strain domain
n the central part, in which subhorizontal units are recognized.
he strain level increases progressively towards the margins of the
RG, as expressed by a subvertical dip of the volcanic units and
he appearance of ductile planar fabrics. The ductile deformation
ecomes more developed near the two major fault zones limiting
he BRG, the Destor-Porcupine-Manneville Fault Zone (DPMFZ) to
he north and the Cadillac-Larder Lake Fault Zone (CLLFZ) to the
outh (Fig. 2). The SE-trending Parfouru Fault Zone (PFZ) is also
ecognized at the eastern margin of the BRG. Although the effects
f ductile deformation can be discerned within the BRG, inter-
al primary characteristics within the overall architecture were
onetheless preserved.

. The Blake River Megacaldera Complex and Misema
aldera

The Blake River Megacaldera Complex (BRMCC) is defined as a
ulti-stage collapse structure that occupies most of the present

RG surface. Several arguments support a megacaldera com-
lex and include: (1) the mafic-intermediate dyke swarm pattern
Figs. 3 and 4), (2) the overall domal geometry (Fig. 5), (3) the fault
attern (Fig. 6), (4) the distribution of volcaniclastic rocks (Fig. 7),
nd (5) the distribution pattern of carbonate-rich hydrothermal
lteration (Fig. 8). These components collectively support the defi-
ition of the giant Misema Caldera (MC) as well as the subsequent
ew Senator (NSC) and Noranda (NC) calderas.

.1. Ring and radial dyke patterns

The distribution of the BRG mafic to intermediate dyke swarms
as determined by detailed mapping and integrating the company
atabases (e.g. Dimroth et al., 1985; Gibson, 1989; MRNFP, 2005)
Fig. 3). The gabbroic and dioritic dykes have chemical compositions
nd magnetic susceptibilities similar to those of their host volcanic
ocks (Jensen, 1981). Few radiometric determinations have been
one on the mafic dykes, but the 2707 Ma Aldermac quartz- and
eldspar-phyric gabbro (Vaillancourt, 1996) and the recently dated
703 Ma gabbro in the Clericy area (Mueller et al., 2007) indicate a
ynvolcanic nature.

The general dyke pattern for the whole BRG displays a consistent
oncentric and radial organization (Fig. 3). The concentric pattern
ainly follows the shape of the BRG with a virtual center point

ccupied by the Flavrian Pluton, a pattern followed also by the dis-
ribution of the felsic rocks units (Figs. 2 and 3). The overall shape
ecomes flattened near the major Cadillac-Larder Lake Fault Zone
hat marks the southern BRG boundary.

.1.1. Ovoid dyke patterns

Careful examination of dyke distribution reveals the presence

f km-scale concentric and radial dyke patterns, particularly in the
orthern part of the BRG (Fig. 3). Ovoid patterns are commonly
longated (1:2 ratio), have a restricted extent (5–10 km in the long
xis), and in several cases occur around a felsic pluton. These ovoid
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Fig. 1. Location of the Blake River Group in the Abitibi Subprovince (modified from Daigneault et al., 2004). DPMFZ = Destor Porcupine Manneville Fault Zone, CLLFZ = Cadillac
Larder Lake Fault Zone.

Fig. 2. Map showing the relevant features of the Blake River Group and the distribution of the two subgroups (Misema and Noranda) and felsic volcanism. Roman numbers
refer to felsic units of the Noranda Subgroup (Gibson and Watkinson, 1990). The Hunter Creek Fault (HuCF), Horne Creek Fault (HoCF) and Dufresnoy Fault (DuF) are boundary
faults around the Noranda Caldera (de Rosen-Spence, 1976; Gibson and Watkinson, 1990). DPMFZ = Destor-Porcupine-Manneville Fault Zone, CLLFZ = Cadillac-Larder Lake
Fault Zone, PFZ = Parfouru Fault Zone, BCF = Beauchastel Creek Fault.
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ig. 3. Distribution of the mafic dyke swarms in the Blake River Group. Dashed line
adial dykes punctuated by local ovoid dyke swarms. The internal domain is mostly
s indicated in reference to the text.

yke patterns are interpreted by Mueller et al. (2007) as outlin-
ng the volcanic centers, which are possibly the roots of summit
alderas.

.1.2. Internal and external dyke distribution
A density grid map of dykes shows a concentration at the

eriphery of the BRG (Fig. 4A). Without considering the ovoid dyke
atterns, the BRG area can be subdivided into two main domains:
1) an internal and (2) an external dyke zone (Figs. 3 and 4). The
nternal dyke domain represents a NW-trending elongated zone,
he boundaries of which are defined by abrupt changes in dyke
irections. Dykes are generally thinner (median value = 172 m) and
ollectively trace an arc around the Flavrian Pluton, with NE and
W being the two dominant trends (Fig. 4C and E). The external
yke domain corresponds to a 10–20-km-thick envelope around
he internal domain in which a concentric pattern is well estab-
ished. Dykes measure 100–500-m thick (median = 212 m) with
hicker and more continuous dykes by comparison with the inter-
al domain (Fig. 4D and E). They collectively form an arc around the

nternal domain forming a radial pattern (Fig. 4B and D). The two
yke domains suggest two independent caldera-formation events.

.1.3. Horseshoe dyke
A distinct triple junction dyke pattern stands out in the BRG,

eferred to here as the horseshoe dyke system. Locally exceeding
-km thick and extending for more than 25 km, the Horseshoe dyke
as two NE- and E-NE branches that curve toward each other and
erge into one NE-trending segment. The dyke represents a com-
osite intrusion of gabbros, diorites and quartz diorites. A peculiar
henomenon is observed around the southern branch where the
olcanic assemblage displays south-facing younging directions on
he west side, but north-facing directions on the east (Figs. 3 and 5).
awaii rift zones with summit calderas display such a geometric

b
i
o
e
L

ig. 4. (A) Density grid map of dyke distribution for the Blake River Group showing an an
he caldera interpretation. The binary diagrams in (B) and (C) compare dykes thickness
imilar relationship. They show thicker dykes occupying all directions in the external dom
light the main features discussed in the text. The external domain display ring and
cterized by crescent-shaped dykes around the Flavrian Pluton. The Horseshoe dyke

attern and are characteristic of shield-building phases (Fiske and
ackson, 1972).

.1.4. Interpretation of the dyke pattern
Most dykes are interpreted as endogenic growth intimately

elated to volcanic edifice construction, but others could be late-
r post-volcanic. In such a scenario, dyke emplacement and con-
guration are likely to follow a fracture pattern (Anderson, 1937;
rnst et al., 1995), probably in response to a regional stress field
nd/or more local stress field related to the gravitational regime
ssociated with the growth of a volcanic edifice. As long as the
ykes have a subvertical dip, their surface traces provide a good esti-
ation of the paleo-minimum compressive stress (�3) (Anderson,

937; Gudmundsson, 2002). The deduced paleostress field high-
ights points of convergence that correspond to the Flavrian pluton
nd the local volcanic centers defined by ovoid dyke pattern. It is
ignificant that two of these convergent points A and B in Fig. 5
epresent the only areas where strata are subhorizontal (20–40◦).

Some major dykes, e.g. the Horseshoe (south branch) and N-S
ykes are not coherent with the stress field estimation (see Sec-
ion 5), but the overall coherence and compatibility in the stress
eld trajectories deduced from the dyke patterns (coupled with age
eterminations) support the synvolcanic origin for the majority of
he dykes.

.2. Dome geometry

The integration of the bedding attitude into trajectories com-

ined with younging directions enables a division of the BRG

nto two distinct areas (Fig. 6). The peripheral area defines an
verall circular pattern characterized by steep strata with gen-
rally inward-younging directions, except for the western part.
ocal inversions of younging directions are observed mostly in the

nular zone of higher dyke abundance within the External dyke domain, supporting
and orientation. Distribution histogram and rose diagram in (D) and (E) display a
ain and two dominant dyke directions in the internal domain.
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ig. 5. Minimum stress trajectories deduced from dyke patterns in the Blake River G
warms and to the Flavrian pluton. (A) and (B) convergent points are areas where st

orthern part of the peripheral area and are associated with dis-
ontinuous axial traces of doubly plunging folds. The central area
efines a complex structural dome-shaped geometry with mod-
rate to shallow-dipping units. The volcanic Duprat dome is the
ulmination of this central area. The flanks of the Duprat dome were

teepened by late-stage shortening and can be interpreted as the
ocus of a regional antiformal axial trace that was already identified
nd interpreted by Goodwin (1965). The eastern side of the dome
tructure is homoclinal with gentle dip (30–45◦) to the east (Gibson,
989), and contains the Noranda Caldera. The Flavrian Pluton repre-

3

v

ig. 6. Trajectories of bedding attitudes in the Blake River Group. The general architecture
t the periphery, strata dip steeply, are typically inward-facing, and are locally affected b
ykes, and along late faults.
. Note that the points of convergence correspond to the locations of the ovoid dyke
ip gently (20–40◦).

ents a window into the underlying high-level subvolcanic magma
hamber (Goldie, 1979; Kennedy, 1984; Paradis et al., 1988). The
estern side of the volcanic Duprat dome structure is west-facing,
omoclinal and extending to the Ben Nevis area (Pearson, 1994a,
igs. 2 and 6).
.3. Faults

The BRG fault pattern (Fig. 7) is based on detailed field obser-
ations and data compilations combined with topographic and

depicts an inner dome (Duprat) with gently to moderately outward-dipping strata.
y folding. Discontinuities in bedding trajectories are along synvolcanic faults and
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ig. 7. Fault patterns in the Blake River Group (BRG) showing the dominant 070◦-t
oranda Caldera. Thick lines represent earlier faults that are commonly curved, dis

tructure; see the inset map. HuCF: Hunter Creek Fault, BCF: Beauchastel Creek Faul
ill Fault.

eophysical lineaments. Excluding the two well-known E-trending
ajor fault zones (DPMFZ and CLLFZ) that limit the BRG, several

ault sets were recognized on the basis of their orientation but
ost of them are generally interpreted to be late in the structural

volution (Daigneault and Archambault, 1990).
The 070◦-trending faults set is more developed and affects the
hole BRG with a mean spacing of 4 km. Although most faults have
xperienced a late component of movement as indicated by the
resence of mylonites or cataclasites (indicative of brittle-ductile
eformation), others such as the Hunter Creek, Beauchastel and
orne Creek faults are synvolcanic based on the control exerted

f
w
a
c
t

Fig. 8. Distribution of major volcaniclastic units in the Blake River Group w
g faults. The high fault density in the east-central part of the BRG is related to the
uous and used, in combination with the dyke pattern, to define a double ring fault
F: Horne Creek Fault, DuF = Dufresnoy Fault, MoF = Mobrun Fault, WHF = Workman

n the lithofacies distribution, the presence of hydrothermal
lteration, and the intrusion of synvolcanic dykes (see Gibson et
l., 1999).

Some fault segments, locally curvilinear and with dominant
NW and SE trends, are crosscut by late faults, especially by the
70◦ sets (Fig. 7). Among them is the NNW-trending Workman Hill

ault (Hogg, 1964) and the SE-trending Mobrun and Dufrenoy fault
hich, in this latter case, lies along a synvolcanic intrusion (Goutier

nd Melançon, 2007). The extrapolation of early fault segments,
ombined with the traces of interpreted fractures as deduced from
he dyke distribution, argues favourably for a BRG-wide annular

ith respect to the Inner and Outer Ring Faults of the Misema Caldera.
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ault pattern. Two major annular faults are inferred. The Outer Ring
ault has a diameter of 65 km and is located at the periphery of
he BRG. The Inner Ring Fault has a diameter of 45 km (Fig. 7) and
s best documented by the SE-trending Dufresnoy Fault. Both ring
aults are truncated by the CLLDZ in the south.

.4. Distribution of volcaniclastic units

The Noranda Subgroup of the NC area is characterized by
ffusive volcanism with minor (less than 5%) pyroclastic deposits
de Rosen-Spence, 1976; Dimroth et al., 1982; Paradis et al., 1988;
ibson, 1989). On the other hand, abundant volcaniclastic units
re distributed in a concentric fashion between the Inner- and
uter-ring faults of the BRG (Fig. 7). These major volcaniclastic
nits can be of pyroclastic (Tassé et al., 1978; Pilote et al., 2007)
nd possibly of autoclastic origin that may or may not be reworked
o varying degrees.

The volcaniclastic units have an intermediate to mafic chemical
omposition and correspond to km-scale units, 1–3 km in thickness
nd traceable for 10–20 km along strike. Using the classification of
ueller and White (1992) for subaqueous pyroclastic deposits, they

re variably represented by tuff, tuff breccias and lapill tuff breccias
ontaining crystals, lithic, vitric, scoria and pumice and exhibiting
assive or chaotic structure, graded and cross-bedded and chan-

elled structures. The prominent volcaniclastic units of probable
yroclastic origin are those of Tannahill, Montsabrais, d’Alembert
nd Mobrun which are located along the northern periphery of
he BRG (Fig. 8). They have been inferred to erupt from subma-
ine and possibly emerging vents (Jensen, 1978, 1981; Tassé et al.,
978; Dimroth and Desmarke, 1978; Dimroth and Rocheleau, 1979;
imroth et al., 1982; Desgagné, 1995; Gagnon et al., 1995; Goutier,

997), but all deposits are in a subaqueous setting, as indicated by
ounding facies (Mueller et al., 2004).

The distribution of volcaniclastic units between the Inner and
uter Fault Rings (Fig. 8) may represent either a single chronologi-
al event or a multi-stage event, but the latter seems more probable

f
a
r
h
r

ig. 9. Carbonatization pattern in the Blake River Group as established by the carbonate
hemical analysis from rock sample (CONSOREM’s companies databases). The index dete
ndex values were combined with the modal carbonatization observed in the field, revealin
trong and pervasive areas of ankerite + calcite (±siderite) occur along the Inner and Oute
he Destor-Porcupine-Manneville Fault Zone (DPMFZ) and the Cadillac-Larder Lake Fault
n Research 168 (2009) 66–82 73

s these units occupied different stratigraphic levels. Furthermore
istinct geochemical affinities from tholeiitic to transitional and
alk-alkaline were recognized for several of these units (Ross et al.,
007).

This volcanism is strikingly different from the volcanism of the
nner Noranda and New Senator part of the BRG. The presence of
xtensive mass flow deposits and their distribution between the
uter and the Inner Ring Faults require significant topographic

elief and major collapse. The presence of a caldera wall associ-
ted with the Misema caldera event can accommodate all these
ttributes.

.5. Carbonate-rich hydrothermal alteration

Archean hydrothermal conduits are identified by an alteration
attern, which include chloritization, sericitization, epidotization,
nd silicification at low metamorphic grades and is commonly
ssociated with VMS mineralization. For the NC (Knuckey et al.,
982; Gibson, 1989; Cathles, 1993; Santaguida, 1999) this alter-
tion pattern is constrained to the plumbing system and mimics
he synvolcanic fault pattern. Hydrothermal carbonate alteration is
ssociated with the Mattabi type deposits and occurs mostly as a
arge semi-conformable zone but may be present in more discrete
isconformable zones (Morton and Franklin, 1987). Synvolcanic
ractures are used as discharge zones for the hydrothermal fluids
e.g. Lafrance et al., 2000 and Lafrance, 2003), and display proximal
e-rich carbonate varieties whereas Ca-rich carbonate varieties are
rominent at distal locations (Mueller et al., 2008). Mueller et al.
2008) have shown that such hydrothermal patterns are inherent
o Archean subaqueous calderas.

Fig. 9 displays the distribution of carbonate alteration defined

rom field observations combined with numerous geochemical
nalyses in the BRG (unpublished databases CONSOREM and
elated companies). Numerous zones of pervasive carbonate-rich
ydrothermal alteration (ankerite and locally siderite) are not
elated to late deformation zones and quartz veining (Fig. 9). The

saturation index CO2/(CaO + FeO + MgO)mol (Nabil, 2007) calculated from lithogeo-
rmines the level of carbonatization independently of rock composition. Calculated
g that the inner part of the BRG is virtually unaffected by carbonatization although

r Ring Faults of the Misema Caldera. A carbonate-rich envelope is also found along
Zone (CLLFZ).
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ig. 10. Misema Caldera major fault system and delineation of the New Senator
tructures. Deposits in the Noranda camp are intimately associated with the Norand
ew Senator Caldera faults. Finally, peripheral mineralizations are associated with

en Nevis area displays a zone of intense carbonatization related
o VMS alteration (Grunsky, 1986; Pearson, 1994a; Hannington
t al., 2003, Fig. 9) and the large pervasive carbonatized zone
n the Delbridge area (Fig. 9) is not associated with any duc-
ile deformation (Barrett et al., 1992). Carbonatization is also
ommon to gold deposits, and could be produced by orogenic
old-bearing vein systems associated with the DPMFZ, CCLFZ and
elated fault splays (Daigneault et al., 2002). However in this
ase, the carbonate distribution in the BRG follows a pattern con-
trained by the Outer and Inner Ring Faults. This distinct pattern
s not associated with late shear zones but rather with synvolcanic
aults.

. The New Senator Caldera

The New Senator Caldera (NSC) requires special attention for its
articular link to VMS mineralization in the BRG. The NSC is a 35 by
4 km elongated NW-trending structure lying in the center of the
RG (Fig. 10). It is defined by two major bounding NW-trending

ault zones that delineate the internal dyke swarm. The NSC is
verprinted by the Noranda Caldera event since fractures associ-
ted with the NSC are crosscut by 070◦-trending Noranda Caldera
ractures. The NSC is described below according to three sectors
Fig. 10).

1) The sector south of the Horne Creek Fault (Fig. 10) displays
a north-facing homoclinal sequence and presents two differ-
ent families of synvolcanic fractures. The 340◦ McPhee fault
(Fig. 10) is synvolcanic based on the presence of the intrud-
ing McPhee gabbroic dyke that separates two different volcanic
sequences and a significant volcanic facies change. To the west

of the fault, the Evain felsic volcanic complex (EFVC) is com-
posed of coalesced subaqueous rhyolitic domes. To the east of
the fault, a mafic-dominated complex interpreted as a lava lake
or high effusion flows is present (Pearson, 1994b). Voluminous
cogenetic dykes cut the sequence.

5

a
1

ra. The distribution of VMS mineralization is shown with respect to synvolcanic
era faults. The Yvanex-Aldermac group is closely related to the western limit of the
sema Caldera fault system.

East of the McPhee fault, the strata change from NW-trending
proximal to the fault to E-trending farther away (Figs. 6 and 10).
After rotation of the subvertical strata to their original sub-
horizontal position, this change in bedding attitude can be
interpreted as a drag fold associated with a synvolcanic nor-
mal fault, and supports the collapse associated with the NSC.
The McPhee fault is crosscut by the 070◦-trending Horne Creek
Fault of the Noranda Caldera, which infers that sector collapse
along the McPhee fault and mafic lava lake formation predate
Noranda Caldera formation.

2) The central sector between the Hunter Creek Fault and Horne
Creek Fault of the Noranda Caldera is occupied by the Flavrian
and Powell plutons (Fig. 10). The southwestern boundary cor-
responds to a series of NW-trending synvolcanic faults (Fig. 10),
including the “ABC” fault (Pearson, 1986), the TS and Pink faults
(Falconbridge Copper, unpubl. Open file assessment reports), as
well as the intrusions occupying the synvolcanic faults (Dion
and Legault, 2005). The northeastern part is partly obscured
by the 070◦ fractures associated with the Noranda Caldera, but
the 320◦-trending McDougall–Despina fault (e.g. Setterfield,
1987) is considered the northeastern limit of the NSC. This fault
displays a dip-slip collapse of more than 750 m for the south-
western block (Setterfield et al., 1995) and is crosscut by the
070◦ faults of the NC.

3) The sector north of the Hunter Creek Fault is dominated by vol-
canic rocks. Several felsic domes such as Inmont and Duprat
(Fig. 2) are recognized. Discrete chert horizons are found around
felsic domes. The distribution of mafic dykes and felsic volcanic
centers, combined with lineaments interpreted from aeromag-
netic surveys, led to the definition of arc- or crescent-shaped
areas that mimic the shape of the Flavrian Pluton.
. Discussion

The volcanic architecture of the BRG has been interpreted as
volcanic complex (Goodwin and Ridler, 1970; Goodwin, 1977,

979, 1982). The proposed litho- and chemo-stratigraphic subdivi-
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ions were explained as a large synclinorium with a central dome
n which structural elements reflect the combined influence of
olcanic construction, subjacent intrusions and late tectonic defor-
ation (Goodwin, 1965; Jensen, 1981; Dimroth et al., 1982). Based

n this study previous geological observations are re-interpreted
elow following new concepts of modern subaqueous volcanic edi-
ces and calderas, as well as rheological models.

.1. Dyke and fault patterns

Recent advances in the structural analysis of volcanic edifices
ave highlighted the importance of dykes, of which only a small
roportion ever reach the surface (Gudmundsson et al., 1999;
akada, 1999; Gudmundsson, 2002). Typically, endogenous growth
ccounts for a significant part of the long-term history of an edi-
ce (Annen et al., 2001) and helps modify internal stresses (Walter
nd Troll, 2003; McGuire and Pullen, 1989). The primary control on
dyke’s orientation follows Andersonian faulting rules (Anderson,
937), where the initial setting of the stress ellipsoid is provided by
he regional tectonic regime (Nakamura, 1977; Ernst et al., 1995;

alker, 1999). Importantly, with the growth of the edifice, the
ravitational stress regime can supersede the regional regime and
odify the structural evolution path (McGuire and Pullen, 1989).

or example, the Iceland volcanic field is characterized by two dyke
ystems: a regional vertical dyke system and a ring sheet dyke
ystem, both of which reflect the regional and proximal subvol-
anic stress field (Gudmundsson, 2002). In Tenerife (Marinoni and
udmundsson, 2000), the preferential orientation of dykes was
sed to define a regional minimum stress. In the Taupo volcanic
eld, the multi-caldera setting is emphasized by a regional subpar-
llel fault system associated with the tectonic regime (Kissling and
eir, 2005).
In the BRG, the ring geometry exhibited by the mafic dyke and

ault systems is strikingly different from systems elsewhere that are
elated to the horizontal field stress characteristic of convergent or
ivergent plate settings (see Ernst et al., 1995). Experimental (Gray
nd Monaghan, 2004), analog (Acocella et al., 2000; Roche et al.,
000; Walter and Troll, 2001), and natural examples (Cole et al.,
005) of ring structures suggest a withdrawal of material leading
o surface depressions, such downsagging and caldera formation.
xtension is expressed by ring fractures.

The geometry of the Horseshoe gabbro/diorite dyke (Fig. 2)
hares numerous geometric features of radial structures that define
paleo-stress field in which magmatic pressure surpasses litho-

tatic pressure (Smith, 1987; Ryan, 1988). This geometry, called
rift” structure, is well documented for the oceanic volcanic islands
f Hawaii (Dieterich, 1988) and Tenerife (Carracedo, 1994), as well
s from analog models (Walter and Troll, 2003). These structures
re considered by Walker (1999) as intrinsic evolutionary features
f oceanic island volcanoes and are ubiquitous for volcanic edi-
ces taller than 3 km (Walter and Troll, 2003). The expression of
he stress distribution in rifts are linear, en echelon, or curved. The
resence of a ternary point in the Horseshoe rift is indicative of
pecific conditions where internal stresses exceed regional stresses
McGuire and Pullen, 1989; Walter and Troll, 2003). Furthermore,
n inversion of younging directions across the rift arms supports the
dea of a long-lived accommodation structure and sector collapse
e.g. Carracedo, 1994; Tibaldi, 2003). Such structures represent
he fundamental elements of a volcanic complex underlain by its

agmatic source. They experience and register multiple magmatic

ulses as indicated by the variety of rock types. Periods of mag-
atic inflation promote the creation of complex “Horseshoe”-type

ift zones and sector collapses. Periods of magmatic retreats permit
ownsagging with extensional ring fractures that are eventually

nvaded by subsequent magmatic pulses. Similarly, the N-trending

a
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ykes that crosscut the general ring dyke pattern, are an expression
f such magmato-tectonic events.

Stratigraphic evidence was used to demonstrate the collapse
long Noranda caldera (Gibson, 1989). Similar arguments were
sed for the McDougall–Despina fault (Setterfield, 1987), which
epresents the eastern limit of the New Senator Caldera. These
tratigraphic analyses were performed in an area characterized by
ow-dipping strata (20–30◦). For the Misema caldera no such strati-
raphic evidence can be used because of the near vertical position
f both the Outer Ring Fault and the volcanic units (Fig. 6). How-
ver, the presence of the abundant volcanic debris between the
uter and Inner Ring Faults strongly support a major collapse event

or the Misema caldera, as significant topographic relief is required
Mueller and Mortensen, 2002).

In addition, the peculiar geometry of the New Senator Caldera
rescent-shaped faults requires attention (Fig. 10). These structures
efine the physical limits of the ovoid dyke complexes (rare dykes
rosscut the structures) and they circumscribe the felsic extru-
ive complexes. The fault geometry suggests that the New Senator
aldera was the result of sequential collapses, partly coeval with the
onstruction of volcanic centers and collectively accounting for the
omplex architecture. The New Senator Caldera displays the char-
cteristics of an overlapping collapse caldera and is best explained
y southeastward migration of an underlying magmatic chamber.
s has been proposed for the Las Cañadas caldera in Tenerife (Marti
nd Gudmundsson, 2000), each collapse step imposes a change to
he local field stress and promotes the rejuvenation of the mag-

atic chamber along one side of the chamber. The various collapse
teps culminated with the formation of the Noranda Caldera in
he southeast. In this segment the Flavrian-Powell intrusive com-
lex developed. The eastward migration of volcanic activity and
elated collapses are in good accordance with previous interpreta-
ions (Goodwin, 1965, 1977, 1979; de Rosen-Spence, 1976; Dimroth
t al., 1982).

.2. A giant magma chamber

The caldera model has implications for the architecture of the
RG. Recent developments in the understanding of caldera col-

apse (Roche et al., 2000; Walter and Troll, 2001, 2003; Acocella,
007) show that outer and inner ring faults are ubiquitous fea-
ures in rheologic models. The inner ring faults of the Misema
aldera (Figs. 7 and 10) are interpreted to represent a reverse exten-
ional and outward-dipping fault. All experimental models show
hat gravitational instability in the overlying wedge triggers col-
apse with the development of an outer ring fault, which is likely to
e normal and inward-dipping.

An important point recently highlighted in rheologic models
s the relationship between the diameter of the outer ring fault
nd the underlying magma chamber. This relationship implies that
plutonic mass having approximately the diameter of the outer

ing fault must exist under the BRG (i.e. Gudmundsson, 1998a,b;
alter and Troll, 2001; Gudmundsson et al., 1997). Although the

resence of such a plutonic mass is speculative, indirect support
s provided by the presence of subhorizontal reflectors detected in
eismic profiles (LITHOPROBE) at around 1.5–3 s travel time, which
ave been interpreted as intra-plate tonalites (Jackson et al., 1990;
reen et al., 1990; Clowes et al., 1992; Ludden et al., 1993). The
pproximate dimensions of this intrusive mass (informally called
he Misema Pluton) would be around 40 km × 75 km, representing

n aerial extent of 3000 km2. This is not exceptional in the geolog-
cal record. By comparison, caldera-forming events of Yellowstone
roduced more than 4800 km3 of ash flows over a period of 2 Ma
Christiansen, 1984, 1994) and a giant magma chamber probably of
he same order to the BRMCC.
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In Taupo, the study of seismic velocity and CO2 saturation in
elt inclusions suggest a 2–4 km-thick zone of partial melting

t a depth of 4–8 km under the 10 km × 20 km Oruanui caldera
Wilson et al., 2006). This proposal has implications for the 3D
rchitecture of the BRG as it implies at least two levels of magma
eneration/accumulation (e.g. Misema Pluton and the high level
lavrian-Powell system). The reservoirs were fed from a deeper
ource and define a three-step architecture similar to the Taupo rift
one (Charlier et al., 2005; Wilson et al., 2006) and the San Juan vol-
anic field (Bachmann et al., 2002). Despite the different tectonic
ettings of Taupo and BRMCC, the crustal architecture and distri-
ution of melt products can be compared. This multi-level setting
xplains in an efficient manner the distinct geochemical signatures.
he Misema Subgroup was generated from a primary deep mag-
atic source (Baragar, 1968; Goodwin, 1982), whereas the Noranda

ubgroup is interpreted as a product a high-level magma chambers
Gélinas and Ludden, 1984; Ujike and Goodwin, 1987; Hart et al.,
004).

.3. Late intrusions

The volcanic history of the BRG terminated with the final
mplacement of plutons and stocks, the largest being the Dufault
luton (2696 Ma). Most of these intrusions do not have extrusive
ounterparts recognized in the stratigraphic record. The location
f synvolcanic and late intrusions is in close relationship with the
olcanic architecture and pre-existing structure. The emplacement
f these plutons is interpreted to be influenced by synvolcanic
nisotropies, such as volcanic centers and faults. Collectively, intru-
ions concentrate along the fractures related to the Misema, New
enator and Noranda Calderas.

.4. Evolutionary model for the megacaldera complex

.4.1. Stage 1—multi-vent shield volcano
The development history of the BRG (Fig. 11) began with the pro-

ressive build-up of a multi-vent mafic shield volcanic complex (i.e.
aragar, 1968; Goodwin, 1979; Jensen, 1981; Dimroth et al., 1982;
owler and Jensen, 1989) as the result of deep-source magmatism
garnet-in stability field), represented by the Misema Subgroup.
his superstructure formed above the submarine tholeiitic basalt
lain of the Garrison Subgroup (Goodwin, 1977; equivalent to Kino-

evis of Jensen, 1981 and Lower Blake River of Ayer et al., 2005).
Progressive growth of the edifice modified the internal stress

eld, and relaxation is partially accommodated via down-warping
nd rift development. The Horseshoe structure represents an
mportant component of the rift system. Inversion of younging
irections from side to side along the Horseshoe dyke supports its

nterpretation as a collapse sector in the edifice. Magmatic activity
nd subsidence of the incipient megavolcano caused a thermal rise
hat triggered the partial melting of the crust and was subsequently
esponsible for the genesis and growth of an underlying plutonic
ass at an approximate depth of 3–5 km (Fig. 11a).

.4.2. Stage 2—first collapse event: the Misema caldera
The second stage features the underlying magma chamber

eveloping coevally with growth of the volcanic edifice and asso-
iated dyke swarm. The first caldera collapse event represented by
he Misema Caldera, was characterized by the formation of Outer
nd Inner Ring Faults and the emplacement of major subaque-

us pyroclastic and autoclastic debris (Fig. 11B). This catastrophic
vent(s) had a profound influence on the evolution of the BRG,
s it represents a change from effusive- to explosive-dominated
olcanism and a chronostratigraphic shift from the mafic Misema
ubgroup to the bimodal mafic-felsic Noranda Subgroup. The exact

5

w
F
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ature of the collapse remains a subject for further work and a
ulti-step process in space and time can be envisaged. Further-
ore, the collapse need not have been homogeneous, and could

ave varied from discrete faults to local warping.
The caldera collapse efficiently promoted a net of intercon-

ected faults that increased secondary structural porosity and
nhanced hydrothermal activity. The restricted distribution of car-
onate alteration along the ring fault system strongly supports a
ydrothermal CO2-rich period. Carbonatization in the inner part
f the caldera cannot be ruled out, but if present, was probably
bscured by the Noranda Caldera volcanism.

.4.3. Stage 3—central resurgence
Renewed volcanism of the Noranda Subgroup was derived from

garnet/amphibole-free source, although local effusion from a
eep depleted source, including magma mixing and contamina-
ion (Laflèche et al., 1992; Péloquin, 2000), occurred. This volcanism
roduced a bimodal multi-vent volcanic structure with major fel-
ic effusion centers. A source for the Noranda Subgroup is the
nexposed, postulated Misema Pluton. A resurgent central dome
20 km × 30 km with a NW long axis) inside the Misema caldera
Fig. 11c) developed, and obscured evidence of pyroclastic depo-
ition and moat sedimentation. The Fishroe-type rhyolites with a
hemically distinct composition are an important effusive event in
he history of the resurgent dome (Ludden and Péloquin, 1996),
s they intrude the dome periphery. A high level magma chamber
eveloped coevally, and this chamber is considered the incipient
tage of Flavrian-Powell intrusive complex, because a sustained
istory of volcanic activity is inherent to volcanic edifices (Goldie,
979; Paradis et al., 1988). Based on the spilitization and epidoti-
ation affecting such intrusions (Kennedy, 1984; Galley and van
reemen, 2002), it is reasonable to assume hydrothermal fields
round the dome.

.4.4. Stage 4—second collapse event, the New Senator Caldera
NSC)

The NSC represents a multi-step collapse stage. As suggested
y the synvolcanic fault geometry, the first collapse event occurred
long the northwestern limit of the NSC (Fig. 11D). Crescent-shaped
tructures developed sequentially from NW to SE, with a parallel
igration of effusion centers. Effusion and collapse events were

nterspersed by short periods of quiescence as indicated by discrete
hert horizons around the felsic domes. Caldera development is
ontrolled by a southeastward migration of the underlying pluton.
ost of the NSC events point to an incremental collapse punctuated

y flows and domes. The closing event of the multi-step NSC stage
ccurred at the SE margin where the felsic pyroclastic activity, the
nferred Horne pyroclastics, followed the development of volumi-
ous lava lakes. The eastward migration of the thermal source is in
ood agreement with the conclusions of earlier studies (Goodwin,
977, 1982; Capdevilla et al., 1982; Péloquin, 1999).

The synvolcanic structure of the NSC is among the most
mportant fracture systems associated with hydrothermal activity.
lteration and mineralization occurred along the SW and NE lim-

ts of the caldera and appear to have increased in abundance and
ntensity from NW to SE. This pattern mimics the migration of the
nderlying pluton and likely reflects the intensity and longevity
f the thermal source which stabilized toward the SE. The Horne
eposit located at the SE corner of the NSC is interpreted to be
ssociated with fractures related to the NSC formation.
.4.5. Stage 5—third collapse event, the Noranda caldera
A third collapse event forming the Noranda Caldera, occurred

here high level magmatic chambers had stabilized, e.g. the
lavrian-Powell Plutons. This caldera overlaps the NSC and extends
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Fig. 11. Schematic diagrams illustrating the proposed evolution of the Blake River Megacaldera Complex.
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astward along ENE-trending Hunter Creek, Beauchastel Creek and
orne Creek faults (Gibson, 1989; Fig. 11e). The Noranda Caldera is

nterpreted as an incremental collapse event, as suggested by the
istribution of infilling volcanic rocks and the absence of associated
yroclastic deposits (de Rosen-Spence, 1976; Gibson, 1989). The
ollapse generated a well-developed fracture pattern with a mean
70◦ trend, locally intruded by mafic and felsic dykes (Waite dyke
omplex, Gibson, 1989) that formed the central Noranda camp.
uiescent periods are indicated by the C and Main contact chert
orizons. Some pre-existing structures related to the NSC were
e-activated and are now recognized by their crosscutting relation-
hips (e.g. McDougall–Despina faults). Along this fracture system
MS deposits continued to develop.

.4.6. Concurrent events—stages 1–5
Coeval with the development of this megavolcanic structure is

he emplacement of dykes. They inflated the edifice at least 15% and
ossibly as much as 30% by volume, based on calculations of the
ctual surface occupied by dykes with respect to the overall Blake
iver surface. The distribution of the mafic dykes (Fig. 3) suggests
homogeneous system characterized by fine- to coarse-grained

ornblende gabbros, diorites and quartz diorites. The dykes were
mplaced over a protracted period, encompassing all the volcanic
ctivity.

At each caldera stage, renewed volcanism commenced along
ones of initial weakness, including the peripheral margin of the
isema caldera. This precludes any simple relationship between

ollapse and magmatic events. Magmatism exploits any zone of
eakness, irrespective of place, and therefore diachronous dome

ges would be common (e.g. Valles Caldera, Goff et al., 1989; Self et
l., 1996).

.5. Impact on volcanic stratigraphy

The interpretation of the BRG as a megacaldera complex pro-
ides not only a sensible explanation for the faults, dykes and
ubaqueous pyroclastic rocks, but also effectively explains the dis-
ribution of lithological units in the Misema and the Noranda
ubgroups. The latter represents a resurgent bimodal dome over
hich New Senator and Noranda calderas developed.

The proposed model suggests that the BRG stratigraphy must
e addressed from a volcanological standpoint by considering indi-
idual effusion centers over time and space and distributed over a
inimum area of 2500 km2. Therefore volcanic activity occurred

n different locations contemporaneously, as indicated by coeval
olcanism in the Ben Nevis, Montbrun and Millenbach areas. Late
tructural complexities are not required to explain volcanic center
istributions.

The major change in the volcanic style from effusive flows and
omes, to volcaniclastic-pyroclastic deposits is indicative of a major
ollapse event along the Outer Ring Fault with multiple events
hat defined ultimately the Misema Caldera. These deposits are
hick accumulations near caldera margin faults, but elsewhere were
roded or covered by subsequent caldera-forming phases.

.6. Effect of deformation

The volcanic architecture of the BRG represents a highly
nisotropic medium, expressed by local volcanic centers with dif-
erent rock types, collapse features with various orientations, and

ntrusive masses with different shapes and volumes. The proposed
oncealed Misema Pluton provides a good explanation for the rel-
tive low-strain domain that characterizes the BRG. This can be
iewed as the result of stress distribution around the pluton, which
cted as a buttress preserving the overlying volcanic rocks. This

i
0
T
C

an Research 168 (2009) 66–82

rocess was already invoked for the Noranda dome (Dimroth et al.,
983; Goutier, 1997). Deformation was concentrated in the periph-
ry of the BRG where lithological units, sills, and sheet dykes are
olded and foliated. Conversely, subvertical features like feeder
ykes and caldera faults can only be flattened, reactivated and
verprinted by ductile deformation. The primary geometrical rela-
ionships are preserved, even after deformation. This last point
s important because it enables the volcanic interpretation to be
esolved despite the occurrence of a shortening component related
o regional deformation.

Previously recognized axial traces of folds along the NE limit of
he BRG are considered to partially express primary anisotropies
n the architecture of the volcanic rocks. Paleogeographic recon-
tructions for this area (Tassé et al., 1978; Jensen, 1981; Dimroth
t al., 1982, 1983; Fowler and Jensen, 1989) identified individual
olcanic centers, including Montsabrais, D’Alembert, Montbrun,
lifford, Clarice, Tannahill, and McDiarmid Lake. They represent
eripheral volcanic centers distributed along the Misema Caldera
ing faults.

Even though local ductile deformation can be identified, the
roposed model can explain the characteristics of the BRG on a
egional scale. The local structural response can be used to reveal
nd emphasize primary volcanic features. Primary anisotropies act
s loci for deformation nucleation. For example, subvertical dips
ay in part be caused by shortening of previously tilted panels

long synvolcanic faults, ductile fabrics (e.g. schistosity and stretch-
ng lineations) may be enhanced by volcanogenic hydrothermal
lteration zones, and local antiforms may reflect volcanic domes.
omal structures explain the discontinuous fold axial traces and

ocal doubly plunging structural anticlines or synclines. However,
ocal fold axial traces could also be the result of the shortening
omponent affecting originally N-trending strata.

Synvolcanic faults were re-activated, and depending on their
rientation and dip relative to the principal compressive stress,
hey developed “shear” characteristics, or were dismembered and
bscured. Volcanic complexes, with their broad dome architecture,
ere flattened with steepened flanks and produced local plunging

olds. Planar elements in the edifices, such as synvolcanic dykes and
aults that share a subvertical primary attitude, were only trans-
ated keeping the original geometry.

.7. VMS distribution and alteration pattern

The current interpretation of VMS distribution in the BRG is
ased on the historical Noranda camp with its 13 deposits (Gibson
nd Watkinson, 1990). Convincing arguments based on 3D-GIS
odels (Martin and Masson, 2005; Masson, 2005) have clearly

mphasized relationships between synvolcanic faults, hydrother-
al alteration, stringer zones, specific chert horizons and deposit

ocations. A linear distribution for massive sulphide lenses was rec-
gnized at the deposit scale (Knuckey et al., 1982), but also at
he mining camp scale. Scott (1980) proposed a 330 lineament
rom Horne to Ansil; another 330 lineament was informally pro-
osed from Aldermac to New-Insco. Although of great interest, it
as difficult to take the next step in terms of predictive explo-

ation strategies, particularly with respect to other unexplained
MS deposits. The overlapping or nested caldera model provides
n effective way to explain the other VMS deposits. Three groups of
eposits, including showings, prospects and mines, with distinctive
haracteristics are proposed.
The first group, recognized as the historical Noranda camp host-
ng 13 mines (Gibson and Watkinson, 1990), is associated with the
70◦ synvolcanic faults of the Noranda Caldera (Figs. 2 and 10).
he nested caldera model allows an additional link. The Noranda
aldera most certainly inherited structures from the New Sena-
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or Caldera, especially the McDougall–Despina faults. These two
re interpreted as reactivated older structures associated with the
aleo-hydrothermal field of the New Senator Caldera.

The second group of deposits along the southwestern limit of
he New Senator Caldera and associated with local volcanic centers
n this area, includes old and recent VMS discoveries (Martin and

asson, 2005). Because the giant Horne deposit is associated with
N-trending synvolcanic structure (Kerr and Mason, 1990; Price,

948), it is considered to be related to the New Senator Caldera
ather than the Noranda Caldera.

The third group is linked to the BRG peripheral ring faults and
ncludes a series of deposits such as the Bouchard-Hébert Mine
nd possibly the Bousquet-Laronde deposits (outside the east-
rn limit in Fig. 10). This group is related to the annular faults
f the Misema Caldera event, but associated with the Noranda
aldera event, in which 070◦ intersect the ring faults (Mueller et
l., 2007). Numerous deposits are associated with carbonatiza-
ion, such as the Bouchard-Hébert mine (Fig. 10). The Misema-New
enator-Noranda collapse calderas triggered the development of an
nterconnected fault pattern. Once initiated, this plumbing system
ould have driven hydrothermal fluids at various times, and periph-
ral Misema-related mineralization could thus be of different ages.

The megacaldera model provides an entirely new paradigm for
xploration strategies. In this context, what was previously seen as
oosely distributed and unrelated mineralizations become a tightly
inked group related to synvolcanic fractures of the Misema col-
apse. Secondly, structures of the New Senator Caldera probably
epresent the main control on localizing mineralization, including
he Horne deposit, six deposits in the immediate periphery of the

cDougall–Despina fault system, and major showings and alter-
tion zones on its southwest margin (e.g. Four-Corners, Yvanex and
nmont showing).

Current interpretations of carbonatization in the Archean
bitibi context preferentially point to a post-volcanic hydrothermal
vent intimately associated with “orogenic” gold mineralization.
lthough this is the case for structurally associated gold mineral-

zation, Fig. 9 clearly indicates that carbonatization extends outside
he classic structural corridors (i.e. Cadillac-Larder Lake and Destor-
orcupine). Altogether, carbonate distribution visibly mimics the
ing fault pattern much more than the late structural corridors. This
lteration is therefore interpreted as a Misema-related hydrother-
al event.

. Conclusions

New field observations of the Blake River Group and the
eassessment of available information allow the proposition of an
verlapping and nested megacaldera complex. Mafic dykes in the
RG present patterns that can be divided into two zones: external
nd internal ring and radial dyke swarms punctuated by local ovoid
yke swarms associated with volcanic centers. The overall dykes
rganization and the deduced stress field emphasizes the synvol-
anic architecture. The combined features of the dyke pattern, the
nnular distribution of volcaniclastic deposits, the carbonate alter-
tion zones at the BRG periphery, and the defined synvolcanic ring
ault system are integrated into the evolution of the megacaldera
omplex.

The evolution of the megacaldera complex is described in five
tages. Stage 1 corresponds to the development of a multi-vent

afic volcanic complex or shield volcano lying on a submarine

lain. Stage 2 is associated with a first major collapse that cre-
ted the giant Misema Caldera (80 km in diameter). A dyke swarm
ntruded synvolcanic fractures and an underlying magma cham-
er developed. Major volcaniclastic units were generated by local

B

C
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olcanic centers spread out along the outer and inner ring faults
hat were used as conduits for CO2-rich hydrothermal activity.
tage 3 represents renewed volcanic activity associated with a
esurgent central dome inside the Misema Caldera. Stage 4 is the
econd collapse event that gave rise to the 35 km by 14 km NW-
rending New Senator Caldera. This caldera was produced during
multi-step collapse following the SE migration of the underlying
agmatic chamber, which later became the Flavrian-Powell Plu-

ons. Stage 5 corresponds to the final collapse episode with the
ormation of the E-NE-trending Noranda Caldera that generated

well-developed 070◦-trending fracture pattern associated with
everal VMS deposits.

Multiple caldera events provide an effective way to explain the
resence of VMS mineralization along the synvolcanic fractures
ssociated with the three collapse events, but the importance of
he New Senator Caldera fracture pattern is emphasized for its role
n the control of the giant Horne deposit. The geometry of the
ubaqueous BRG megacaldera compare favourably with modern
ubaerial counterparts such as the island-arc Taupo, the intra-
ontinental Yellowstone, and the oceanic Hawaii and Canary Island
alderas. The Blake River Caldera Complex is among the largest
alderas on Earth and in this respect brings some new insights into
rchean processes.
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