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Abstract
The LaRonde Penna Au-rich volcanogenic massive sulfide (VMS) deposit is the largest Au deposit currently

mined in Canada (58.8 Mt at 4.31 g/t, containing 8.1 Moz of Au). It is part of the Doyon-Bousquet-LaRonde
mining camp located in the eastern part of the Blake River Group of the Abitibi greenstone belt which is host
to several of the world’s most important, present and past, Au-rich VMS deposits (e.g., Horne, Quemont, Bous-
quet, Bousquet 2-Dumagami). 

The LaRonde Penna deposit consists of massive to semimassive sulfide lenses (Au-Zn-Ag-Cu-Pb), stacked in
the upper part of a steeply dipping, south-facing homoclinal volcanic sequence composed of extensive tholeiitic
basaltic flows (Hébécourt Formation) overlain by tholeiitic to transitional, mafic to intermediate, effusive and
volcaniclastic units at the base (lower member of the Bousquet Formation) and transitional to calc-alkaline, in-
termediate to felsic, effusive and intrusive rocks on top (upper member of the Bousquet Formation). The mafic
to felsic volcanism of the Hébécourt Formation and of the lower member of the Bousquet Formation formed
an extensive submarine basement or platform on which the intermediate to felsic rocks of the upper member of
the Bousquet Formation were emplaced at restricted submarine eruptive centers or as shallow composite in-
trusive complexes. The submarine felsic volcanic rocks of the upper member of the Bousquet Formation are
characterized by dacitic to rhyodacitic autoclastic (flow breccia) deposits that are cut and overlain by rhyodacitic
and rhyolitic domes and/or partly extrusive cryptodomes and by intermediate to mafic sills and dikes. 

This volcanic architecture is thought to have been responsible for internal variations in ore and alteration styles,
not only from one lens to another, but also along a single mineralized horizon or lens. In the upper part of the mine,
the 20 North lens comprises a transposed pyrite-chalcopyrite (Au-Cu) stockwork (20N Au zone) overlain by a
pyrite-sphalerite-galena-chalcopyrite-pyrrhotite (Zn-Ag-Pb) massive sulfide lens (20N Zn zone). The latter was
formed, at least in part, by replacement of footwall rhyodacitic autoclastic deposits emplaced within a subbasin lo-
cated between two rhyolite domes or cryptodomes. The 20N Zn zone tapers with depth in the mine and gives way
to the 20N Au zone. At depth in the mine, the 20N Au zone consists of semimassive sulfides (Au-rich pyrite and
chalcopyrite) enclosed by a large aluminous alteration halo on the margin of a large rhyolitic dome or cryptodome.

U-Pb zircon geochronology gives ages of 2698.3 ± 0.8 and 2697.8 ± 1 Ma for the footwall and hanging-wall
units of the 20 North lens, respectively. Thus, the formation of the 20 North lens was coeval with other VMS
deposits in the Bousquet Formation and in the uppermost units of the Blake River Group. Although deforma-
tion and metamorphism have affected the primary mineral assemblages and the original geometry of the de-
posit, these events were not responsible for the different auriferous ore zones and alteration at LaRonde
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Introduction
THE LARONDE PENNA deposit (Agnico-Eagle Mines Ltd.) is
an Au-rich volcanogenic massive sulfide (VMS) orebody
composed of stacked semimassive to massive sulfide lenses in
a south-facing homoclinal volcanic sequence. The deposit
contains reserves and geologic resources (February 2006) of
46.5 million tons (Mt) of ore or 6.7 million ounces (Moz) of
Au, at an average grade of 4.51 g/t Au, 2.04 percent Zn, 0.34
percent Cu, and 42.7 g/t Ag. Between 2000 and 2005, 12.3 Mt
of ore at 3.53 g/t Au (1.4 Moz of Au), 2.66 percent Zn, 0.29
percent Cu, and 53.7 g/t Ag were extracted from the
LaRonde Penna mine (Table 1). The main ore lens is about
500 m wide, at least 2,300 m long (vertical extent), and locally
up to 40 m thick. The deposit is located in the eastern part of
the Blake River Group (Fig. 1) and is part of the Doyon-
Bousquet-LaRonde mining camp, one of the major Au dis-
tricts of the prolific Archean Abitibi greenstone belt.

The host sequences of Au-rich VMS deposits worldwide are
characterized by either effusive volcanic, volcaniclastic, or epi-
clastic mafic to felsic rocks, and mixed volcanogenic sedimen-
tary sequences that include terrigenous, pelagic, or chemical
sedimentary rocks. In most cases, the felsic rocks are dacitic to
rhyodacitic in composition and are characterized by a transi-
tional to low K calc-alkaline magmatic affinity typical of the
fractionated magmas formed in volcanic arcs or rifted back
arcs (Huston, 2000; Hannington et al., 1999). Barrie and Han-
nington (1999) and Hannington et al. (1999) noted a much
higher proportion of felsic volcanic rocks versus mafic volcanic
rocks in the volcanic successions that host Au-rich VMS. 

Although there are several good general reviews of Au-rich
VMS (e.g., Hannington and Scott, 1989; Huston and Large,
1989; Huston et al., 1992; Large, 1992; Poulsen and Han-
nington, 1995; Sillitoe et al., 1996; Hannington et al., 1999;
Huston, 2000), detailed descriptions are limited, and many of
the geologic parameters considered critical for ore formation
remain speculative. The LaRonde Penna mine represents an
opportunity to describe the geology of a world-class Au-rich
volcanogenic sulfide deposit. 

Previous studies of the deposits of the Doyon-Bousquet-
LaRonde mining camp were hindered by the deformation
that has affected all of the deposits and by the lack of pre-
served primary features (e.g., Tourigny et al., 1989a). This led
some authors to conclude that all or part of the Au present in
the VMS deposits of the district had been structurally intro-
duced during the main regional deformation event, some 15
m.y. after the formation of the VMS deposits (e.g., Tourigny
et al., 1989b, 1993; Marquis et al., 1990b). However, the dis-
covery of the LaRonde Penna deposit by Agnico-Eagle Mines
Ltd. in a less deformed part of the volcanic sequence pro-
vided a unique opportunity to examine the primary features
and the genesis of a Au-rich VMS deposit more closely. 

In this paper, the stratigraphic, geochronologic, and struc-
tural context of the deposit are presented to establish the
primary setting of the ore lenses. Two other papers (Dubé et
al., 2007; Mercier-Langevin et al., 2007) address the nature of
the hydrothermal alteration, the primary lithogeochemistry
and petrogenesis of the volcanic rocks, and the mineralogy
and geochemistry of the ore zones and alteration, which to-
gether contribute to the understanding of the origin of Au-
rich VMS in the district.

Regional Geologic Setting
Rocks of the mine sequence in the Doyon-Bousquet-

LaRonde mining camp are part of the upper part of the 2703
to 2694 Ma Blake River Group (Péloquin et al., 1990; Barrie
et al., 1993; Mortensen, 1993; Ayer et al., 2002; Lafrance et
al., 2005). Lafrance et al. (2003) divided the sequence into
the Hébécourt Formation in the north and the Bousquet For-
mation in the south (Fig. 1). The Hébécourt Formation is
mainly composed of tholeiitic mafic rocks (basalts and gabbro
sills) and is overlain by the Bousquet Formation. The volcanic
rocks of the Bousquet Formation are characterized by a grad-
ual evolution from tholeiitic at the base (north) to calc-alka-
line at the top (south). The Bousquet Formation is further
subdivided into a lower member and an upper member. The
lower member is composed of tholeiitic to transitional mafic
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TABLE 1.  Summary of Production, Reserves, and Geologic Resources for the LaRonde-Bousquet 2 Au-Rich VMS Complex

Mine Tonnage Au Ag Cu Zn
(Mt) (g/t) (Moz) (g/t) (Moz) (%) (t) (%) (t)

Dumagami Production (1988-1999) 7.33 6.27 1.48 11.7 2.76 0.47 34,198 0.35 4,994

Bousquet 2 Production (1990-2002) 8.14 8.14 2.13 0.56 45,762

Total Dumagami-Bousquet 2 15.47 7.25 3.61 11.7 2.76 0.52 79,959 0.35 4,994

LaRonde Penna Production (2000-2005) 12.3 3.53 1.39 53.67 21.22 0.29 35,008 2.66 327,217
Reserves and resources 46.46 4.51 6.74 42.66 63.72 0.34 157,967 2.04 947,801
Total LaRonde Penna 58.76 4.31 8.13 44.96 84.94 0.33 192,975 2.17 1,275,018

Total LaRonde-Bousquet 2 complex 74.23 4.92 11.74 41.27 87.7 0.37 272,934 1.94 1,280,011

Compiled from mining company annual reports

Penna. Studies of the LaRonde Penna deposit show that the hydrothermal system evolved in time and space
from near-neutral seawater-dominated hydrothermal fluids, responsible for Au-Cu-Zn-Ag-Pb mineralization,
to highly acidic fluids with possible direct magmatic contributions, responsible for Au ± Cu-rich ore and alu-
minous alteration. The different ore types and alteration reflect the evolving local volcanic setting described in
this study.



to felsic rocks, whereas the upper member is dominated by
transitional to calc-alkaline intermediate to felsic rocks
(Lafrance et al., 2003; Mercier-Langevin et al., 2004), defin-
ing a continuous magmatic trend. The units of the lower
member are laterally extensive, whereas the felsic units of the
upper member are laterally restricted and form coalesced
flows (Stone, 1990; Lafrance et al., 2003). The lower member
of the Bousquet Formation is cut by the synvolcanic Mooshla
intrusion in the Doyon mine area west of LaRonde Penna
(Fig. 1; Stone, 1990; Lafrance et al., 2003; Galley and Lafrance,
2007). This intrusion hosts parts of the Doyon deposit, which
comprises epizonal “intrusion-related” sulfide-rich Au-Cu
veins, and parts of the Mouska deposit, which comprises oro-
genic (or remobilized) sulfide-rich Au-Cu veins (Belkabir and
Hubert, 1995; Gosselin, 1998; Galley and Lafrance, 2007).

The area sustained major regional deformation responsible,
at least in part, for the present geometry of the camp. The D1

event caused regional folding of the Blake River Group (Hu-
bert et al., 1984) and was overprinted by D2, which is the
main deformation event in the Doyon-Bousquet-LaRonde
area. An east-west–trending, steeply south dipping penetra-
tive schistosity (regional S2) is present everywhere in the
camp and is responsible for strong flattening, stretching, fold-
ing, and shearing of the primary features in most deposits

(e.g., Bousquet: Tourigny et al., 1989b; Bousquet 2: Tourigny
et al., 1993; Dumagami: Marquis et al., 1990b; Doyon: Savoie
et al., 1991). A north-northeast–trending cleavage is locally
superimposed on the main schistosity and late sinistral north-
northeast–trending faults are locally developed. Two episodes
of metamorphism have been recognized in the area; a pro-
grade upper greenschist-lower amphibolite facies episode, as-
sociated with the main deformation event D2, and a subse-
quent retrograde greenschist facies event (Dimroth et al.,
1983a, b; Tourigny et al., 1989a; Marquis et al., 1990a; Powell
et al., 1995a; Lafrance et al., 2003; Mercier-Langevin, 2005;
Dubé et al., 2007).

LaRonde Penna Mine Area
The mineralized lenses of the LaRonde Penna mine are

characterized by semimassive to massive sulfide lenses or nar-
row horizons of transposed sulfide veins and veinlets com-
monly associated with disseminated sulfides. The lenses are
spatially associated with several metamorphosed alteration as-
semblages developed in both the footwall and the hanging
wall, as discussed by Dubé et al. (2007). These lenses are
stacked in the upper member of the Bousquet Formation
(Fig. 2) on different horizons and represent different episodes
of sulfide precipitation in a single protracted hydrothermal
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FIG. 1.  Simplified geologic map of the Doyon-Bousquet-LaRonde mining camp showing the location of the LaRonde
Penna mine and other active and past producing mines relative to the major faults of the area. The location of the Doyon-
Bousquet-LaRonde mining camp in the eastern part of the Blake River Group (Bousquet Formation) of the Abitibi sub-
province is shown in the inset. Modified from Dubé et al. (2004). 



system (Dubé et al., 2004; Mercier-Langevin, 2005). All the
lenses are characterized by an Au-Zn-Cu-Ag-Pb polymetallic
signature. Most of the ore currently extracted from the
LaRonde Penna mine comes from the 20 North and 20 South
lenses, which are mined from 800 m to more than 2,300 m
below surface (Fig. 2B). These two lenses can be traced to a
depth of more than 3,000 m, and the deposit is still open at
depth. The 20 North lens, which is the main lens of the de-
posit, has been subdivided into two zones: the 20N Au zone
at the base (north) and the 20N Zn zone on top (south) (Fig.
2B). The 20N Au zone is composed of auriferous pyrite and
chalcopyrite veins and veinlets forming a dense stockwork
that is now strongly flattened and partially transposed. This
Au-rich stockwork is hosted in the upper part of rhyodacitic
to rhyolitic flow breccia. The 20N Zn zone forms a massive
sulfide lens composed mainly of pyrite, sphalerite, chalcopy-
rite, and galena. At depth in the mine, the 20N Au zone
changes gradually into disseminated to semimassive to locally
massive sulfides composed of auriferous pyrite and chalcopy-
rite hosted in a quartz, kyanite, andalusite, staurolite, and
muscovite schist, referred to as the aluminous zone (see
Dubé et al., 2007). The 20N Zn zone gradually disappears at
depth as the aluminous zone develops. Massive sulfides com-
posed of auriferous pyrite, chalcopyrite, and sphalerite have
been intersected in the deepest part of the 20 North lens and
suggest the development of a second Au-Cu-Zn-Ag zone as-
sociated with the aluminous alteration at depth in the mine.

The 20 South lens is located higher in the stratigraphic se-
quence and forms a semimassive to massive sulfide lens com-
posed of varying amounts of pyrite, sphalerite, chalcopyrite,
galena, and pyrrhotite (Dubé et al., 2004). This lens is thicker
(up to 10 m) in the upper levels of the mine and gets thinner
with increasing depth.

A number of satellite lenses are found in the LaRonde Penna
volcanic succession (LaRonde-Bousquet 2 Au-rich VMS com-
plex; Table 1). Zone 5 (Dumagami mine) is the upper half of
the massive sulfide lens mined at greater depth from the
Bousquet 2 mine (Marquis et al., 1990a; Tourigny et al.,
1993). Zones 6 and 7 were mined to surface (LaRonde shaft
2) and can be traced to a depth of more than 2,300 m, with
zone 7 currently being mined at depth from the LaRonde
Penna shaft. These zones are composed of semimassive to
massive pyrite, chalcopyrite, and sphalerite forming narrow
lenses. An andesitic to dacitic talus breccia containing Au-rich
massive sulfide clasts at the margin of zone 6 has been mined
close to surface from shaft 2.

Stratigraphic Units Hosting the LaRonde Penna Deposit
The LaRonde Penna Au-rich massive sulfide lenses were

emplaced within a complex volcanic environment, and the
major rock units described locally show remarkably well pre-
served primary features, despite the intensity of metamor-
phism and deformation (north-south shortening) that signifi-
cantly modified the aspect ratios of features in the area. The
LaRonde Penna deposit is entirely hosted in the upper mem-
ber of the Bousquet Formation (Fig. 2), and these rocks are
the focus of the present study. The main characteristics of
each unit of the upper member of the Bousquet Formation at
LaRonde Penna are summarized in Table 2. A detailed geo-
chemical and petrogenetic study of the LaRonde Penna

volcanic units is presented in the companion paper by
Mercier-Langevin et al. (2007a).

Hébécourt Formation

The Hébécourt Formation constitutes the base of the vol-
canic sequence hosting the LaRonde Penna deposit. It is in
structural contact with the underlying younger sedimentary
rocks of the Kewagama Group (ca. 2686 Ma: Davis, 2002)
along the Lac Parfouru fault (Fig. 1). The present thickness
varies from about 1,000 to 1,200 m immediately north of the
LaRonde Penna mine. It consists of thick, massive to pillowed
tholeiitic andesitic to basaltic flow units (Fig. 2A). Some of
these are characterized by highly variolitic to amygdaloidal
pillows (Fig. 3A). Numerous fine-grained gabbroic sills cut
the basalts. Rocks are characterized by a granoblastic texture
and are composed of various amounts of hornblende, chlo-
rite, biotite, feldspar, sericite, and epidote. This formation
was emplaced as subaqueous flows, either in the setting of a
basalt plane (Dimroth et al., 1982; Lafrance et al., 2003) or a
shield volcano (Stone, 1990). 

Bousquet Formation, lower member

Four different units characterize the lower member of the
Bousquet Formation at LaRonde Penna. From north (base)
to south (top), these are the Bousquet felsic sill complex (unit
2.0), the Sphynx volcaniclastic unit (unit 3.2), the Bousquet
scoriaceous tuffs (unit 3.3) and the Bousquet heterogeneous
unit (unit 4.4). The lower member is now between 150 and
300 m thick in the LaRonde Penna area and is thinner than
elsewhere in the Doyon-Bousquet-LaRonde mining camp.

The felsic sill complex (unit 2.0) is composed of quartz- and
feldspar-phyric, tholeiitic, rhyolitic sills intruding the Hébé-
court Formation (Fig. 2A). These sills are characterized by up
to 35 vol percent blue quartz microphenocrysts (≤2 mm) and
angular feldspar phenocrysts (1–2 mm) in a sericitized matrix.
The Sphynx volcaniclastic unit (unit 3.2) is composed of frag-
mental feldspar-phyric basalt and/or andesite characterized
by a fine-grained matrix of chlorite, epidote, carbonate, and
sericite. The scoriaceous tuffs (unit 3.3, Fig. 2A) are mainly
composed of highly altered tholeiitic andesitic to dacitic
blocks and lapilli tuffs (Fig. 3B) dominated by scoriaceous
fragments in which vesicularity varies from 20 to 40 vol per-
cent. The amygdules are typically 1 to 2 mm in diameter and
are filled by epidote and carbonate and, in some cases, by
quartz and feldspar. The morphology of this unit suggests ei-
ther a pyroclastic origin (Stone, 1990) or an autoclastic origin
(e.g., coalescent subaqueous lava fountain deposits: Lafrance
et al., 2003). The last unit of the lower member (heteroge-
neous unit 4.4) is mainly exposed underground (Fig. 2). This
unit hosts the Bousquet mine zones 4 and 5, and parts of the
Westwood, Warrenmac, and Ellison Au ± Cu-Zn-Ag deposits
west of LaRonde Penna (see figs. 1 and 3 of Mercier-
Langevin et al., 2007b). In the LaRonde Penna mine area, it
is more homogeneous and mainly composed of highly altered,
glomeroporphyritic, tholeiitic to transitional, massive, pil-
lowed and brecciated (autoclastic) basaltic and andesitic flows
(Fig. 2A) in sheared contact with basal units of the upper
member of the Bousquet Formation. Rocks of this unit are
characterized by abundant feldspar phenocrysts (5–40 vol %)
in a fine-grained granoblastic matrix of actinolite, feldspar,
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tion were omitted on this section for clarity.



epidote, chlorite, quartz, carbonate, biotite, sericite, leucox-
ene, and pyrite. 

Bousquet Formation, upper member

The upper member of the Bousquet Formation is thicker at
LaRonde Penna than elsewhere in the Doyon-Bousquet-
LaRonde mining camp, varying from 285 to 500 m. In its
thickest part, it contains all the sulfide lenses of the LaRonde
Penna mine and the Bousquet 2-Dumagami deposit. The
upper member is composed of five main stratigraphic units
described here from north (base) to south (top). 

Dacite-rhyodacite (unit 5.1b): The dacite-rhyodacite has
been divided into four sub-units in the LaRonde Penna area
based on petrographic and geochemical characteristics (see
also Mercier-Langevin et al., 2007a). The main subunit (5.1b-
(d)) is composed of transitional to calc-alkaline dacitic to rhy-
olitic volcanic-volcaniclastic rocks intercalated with interme-
diate massive and volcaniclastic deposits (subunit 5.1b-(b)).
Two types of mafic to intermediate sills (subunits 5.1b-(a) and
-(c)), a few meters in thickness, were emplaced within the

dacitic to rhyodacitic deposits. These four subunits form a
pile that is now 100 to 300 m thick in the footwall sequence
of the LaRonde Penna mine (Fig. 2A).

The dacite-rhyodacite subunit (5.1b-(d); Fig. 2A and Table
2) forms small domes and lobes, a few meters to a few tens of
meters wide, surrounded by homogeneous, extensive auto-
clastic (flow breccia) deposits (Fig. 3C). Some were em-
placed, at least in part, on the sea floor and are associated
with restricted heterolithic talus breccia deposits composed
of felsic fragments mixed with some andesitic fragments and
Au-rich sulfide clasts (Fig. 3D) related to the zone 6 Au-Cu-
Ag-Zn lens. The presence of highly irregular peperitic mar-
gins and chilled margins around some of these domes and
lobes suggests a subsea-floor emplacement (McBirney, 1963;
McPhie and Allen, 1992). The autoclastic felsic deposits are
texturally variable, ranging from proximal blocky, clast-sup-
ported deposits to distal, matrix-supported and lapilli-sized
flow-breccia deposits. 

The second subunit (5.1b-(b); Table 2) is composed of tran-
sitional, intermediate (andesite) to felsic (dacite) flows and
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TABLE 2.  Summary of the Main Characteristics of the Units of the Upper Member of the Bousquet Formation that Host the LaRonde Penna Deposit

Lithology Lithofacies1 Inferred volcanic setting

High Ti dacite (subunit 5- to 25-m-thick feldspar-microporphyritic and amygdaloidal sills with Intrusive, mostly as shallow sills
5.1b-(a), tholeiitic) minor volcaniclastics

Andesite-dacite (subunit Massive, pillowed, amygdaloidal, and feldspar-phyritic flows, up to 50 m Effusive, subaqueous flow and flow 
5.1b-(b), transitional) thick, and hyaloclastite (crystal tuffs) mixed with polymictic volcaniclastic breccia with thin beds of volcanogenic 

beds; millimeter- to centimeter-scale quartz and carbonate-filled sedimentary deposits in depressions
amygdules; ≤10 vol % feldspar microphenocrysts in a recrystallized matrix

Andesitic sills (subunit 2- to 10-m-thick feldpar-microporphyritic and amygdaloidal sills emplaced Intrusive, mostly as shallow sills
5.1b-(c), transitional) within the dacite-rhyodacite (subunit 5.1b-(d))

Dacite-rhyodacite (subunit 25- to 150-m-thick sequence of massive, microporphyritic domes with Effusive, subaqueous flows, domes, 
5.1b-(d), ± calc-alkaline) lobes and flow breccia; 5-15 vol %, 1-2 mm albite-labradorite phenocrysts, lobes, and flow breccia

2-15 vol % quartz amygdules, recrystallized volcanic glass (feldspar and 
quartz matrix) 

Rhyodacite-rhyolite (unit Mostly feldspar-phyric flow breccia (block and lapilli) with cogenetic Effusive, subaqueous flow breccia and 
5.2b, ± calc-alkaline) domes and lobes, up to 200 m thick; ≤15 vol %, 1-2 mm albite domes/lobes

microphenocrysts in a fine-grained, recrystallized quartz and felspar matrix 

Rhyolitic domes or Massive feldspar-phyric domes and/or cryptodomes, carapace (in situ) Effusive ± intrusive, subaqueous dome 
cryptodomes (subunit breccia and flow breccia (block and lapilli), up to 100 m thick; ≤15 vol %, and flow breccia complex
5.2b-R, calc-alkaline) 1-2 mm albite microphenocrysts and ≤2 vol %, 1 mm quartz 

microphenocrysts, in a fine-grained, recrystallized quartz and 
feldspar matrix 

Feldspar and quartz- Massive and brecciated feldspar and quartz-phyric flows, domes, and Intrusive (dikes+sills) and extrusive 
phyric rhyolite (unit 5.3, flow breccia (block and lapilli) with fine-grained volcaniclastics (crystal (domes and volcaniclastic beds)
calc-alkaline) tuffs); 5-15 vol %, 1-2 mm rounded and partially resorbed blue quartz 

microphenocrysts and 7 to 15 vol %, 1-2 mm zoned plagioclase 
microphenocrysts, in a sericitized quartz and feldspar matrix

Basaltic andesite (unit 5.4, Massive sills and dikes complex with microporphyritic to Intrusive (shallow sill and dike 
transitional) glomeroporphyritic facies (base: ≥10 vol %, 1-10 mm zoned plagioclase complex)

phenocrysts in a crystalline matrix of feldpsar laths and biotite-hornblende) 
and fine-grained amygdaloidal facies (top: ≤20 vol %, 1-10 mm coalesced 
quartz amygdules in a very fine grained matrix) 

Upper felsic unit (unit 5.5, Massive domes and flow breccia (block and lapilli) with fine-grained Effusive (domes and flow breccia)
calc-alkaline) volcaniclastics (crystal tuffs); 5-20 vol % albite microphenocrysts in a 

recrystallized quartz and feldspar matrix

1 Present thickness indicated



volcaniclastic rocks. It is intercalated with dacite-rhyodacite
(subunit 5.1b-(d)) (Fig. 2). Fine-grained hyaloclastites are lo-
cally developed on top of the andesitic flows. These hyalo-
clastites have the same composition as the flows and are
composed of broken feldspar crystals in a highly altered,
fine-grained matrix. In outcrop, the andesitic flows and

hyaloclastites are locally spatially associated with thin
graphitic argillite horizons that represent interflow, volcanic-
derived sedimentation (Fig. 2A).

The third (5.1b-(a)) and fourth (5.1b-(c)) subunits are
represented by two different types of feldspar-phyric vol-
canic rocks (Table 2) that are differentiated mainly by their
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FIG. 3.  A. Flattened, pillowed and variolitic basalts of the Hébécourt Formation, northeast of the LaRonde Penna mine.
B. Scoriaceous tuff (unit 3.3) of the lower member of the Bousquet Formation, northeast of the LaRonde Penna mine. C.
Subunit 5.1b-(d) dacite-rhyodacite lobe intruding andesite-dacite fine-grained hyaloclastite of subunit 5.1b-(b). D. Example
of the coarse talus breccia of subunit 5.1b-(b) seen on surface near zone 6 where Au-rich massive sulfide clasts were con-
centrated and mined economically. E. Example of well-preserved dacite-rhyodacite feldspar microporphyritic volcanic rocks
of subunit 5.2b. F. Rhyolitic carapace breccia (in situ hyaloclastite) located on top of the 20 North lens footwall dome and/or
cryptodome exposed on surface (part of unit 5.2b).



geochemical signature (Zr, TiO2, and SiO2: see Mercier-
Langevin et al., 2007a). These form relatively narrow but ex-
tensive sills, locally spatially related to the zones 6 and 7 ore
lenses at depth (Fig. 2B). They are generally highly altered
owing to their close spatial association with the ore zones.

Rhyodacite-rhyolite (unit 5.2b): The rhyodacite-rhyolite
comprises the footwall unit of the 20 North lens at depth (Fig.
2B). Its maximum thickness, about 230 m, is centered in the
Penna shaft section (Fig. 2A). Two subunits have been de-
fined based on volcanic facies (Table 2) and geochemical sig-
natures (Mercier-Langevin et al., 2007a). These are volcani-
clastic (flow breccia) rhyodacite and massive to brecciated
rhyolite intercalated with the volcaniclastic rhyodacitic de-
posits as domes and/or cryptodomes. Primary textures, in-
cluding relict perlitic fractures and fine glass shards, are pre-
sent but are progressively obliterated by the hydrothermal
alteration when approaching the 20 North lens at depth.

The massive to brecciated rhyolites are characterized by
different volcanic facies typical of felsic domes and partly ex-
trusive cryptodomes (Mercier-Langevin, 2005). Two domes
or cryptodomes have been defined in the LaRonde Penna de-
posit area (Fig. 4). One is exposed on surface (Fig. 2A) and
has been mapped in detail (Mercier-Langevin, 2005). It is
characterized by a massive core overlain by a carapace brec-
cia or coarse, in situ hyaloclastite (Figs. 2, 3F, 5A). The upper
part is characterized by millimeter- to meter-wide flow-
banding in which only albite microphenocrysts were pre-
served from the early diagenetic-hydrothermal alteration of
glassy material (cf. Goto and McPhie, 1998; Gifkin and Allen,
2001). The overlying carapace breccia is cut by meter-wide
lobes of the cogenetic dome (Fig. 5B). Concentric flow band-
ing can still be recognized in some of these lobes and the
presence of flow banding at a high angle to the margins (Fig.
5C) suggests lobe fragmentation, possibly due to slope insta-
bility induced by endogenous growth of the dome or
cryptodome. This carapace breccia can still be recognized on
level 86 (860 m depth; Fig. 5D) and can be traced using geo-
chemistry to a maximum depth of 1,500 m (Fig. 4), where
only some breccia clasts are preserved at the base of the 20
North lens (Fig. 5E). The second rhyolite dome or crypto-
dome has been partially delimited underground (Figs. 2B, 4)
using geochemistry; however, hydrothermal alteration pre-
cludes the recognition of volcanic facies in this part of the
stratigraphy. Some accidental fragments of an equigranular
quartz, feldspar, and biotite intrusive rock have been found
on the surface within the unit 5.2b flow breccia (Fig. 5F). 

The two domes or cryptodomes of unit 5.2b are part of the
20 North lens footwall and show the same overall distribution
and attitude as the ore lens (Fig. 4). As discussed below, their
geometry is thought to be a key factor in the distribution and
the styles of the ore lenses.

Feldspar- and quartz-phyric rhyolite (unit 5.3): This calc-
alkaline unit (Mercier-Langevin et al., 2007a), emplaced on
top of unit 5.2b, is mostly restricted to the immediate
LaRonde Penna and Bousquet 2 area. At LaRonde Penna, it
comprises a part of the stratigraphic hanging wall of the 20
North lens and a part of the stratigraphic footwall of the 20
South lens (Fig. 2). Locally, it is intercalated with the upper
felsic unit (unit 5.5). Three different volcanic facies charac-
terize this feldspar- and quartz-phyric unit (Table 2): massive,

autoclastic, and tuffaceous. The massive part is dominant and
is developed from surface to a depth of about 1,500 m be-
tween the two main ore lenses (Fig. 2B). Locally, it contains
fragments of the underlying unit 5.2b and fragments of the
host unit 5.5. The autoclastic facies is developed locally on top
of the massive facies near the 20 South lens horizon (Fig. 6B)
and may represent a carapace breccia or part of a brecciated
flow. The tuffaceous facies is seen toward the west, between
the LaRonde Penna and Bousquet 2-Dumagami areas. This
facies forms narrow bands of locally laminated and graded
beds of crystal-rich tuff intercalated with narrow lenses of
graphitic argillite related to unit 5.5 (upper felsic unit). 

The feldspar- and quartz-phyric rhyolite (unit 5.3) was
probably emplaced as a high-viscosity flow (dome) associated
with restricted pyroclastic flows. However, the unit has an ir-
regular distribution (Fig. 2B) and it is largely hosted by the
upper felsic unit (5.5), suggesting that it was, at least in part,
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Location (piercing point along the 20 North lens horizon)
of a selection of studied exploration drill holes
Interpreted distribution of the 20North lens footwall
rhyolitic domes/cryptodomes (subunit 5.2b-R)

Trace of the geological section shown on Figure 2B
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FIG. 4.  Composite longitudinal view of the ore lenses of the LaRonde
Penna deposit (outline) showing the distribution of the 20 North lens foot-
wall rhyolitic domes or cryptodomes of unit 5.2b (subunit 5.2b-R). 



emplaced as an intrusive body (cryptodome) associated with
compositionally similar sills and dikes centered in the
LaRonde Penna mine area.

Basaltic andesite (unit 5.4): This unit constitutes an impor-
tant part of the 20 North lens hanging wall and hosts part of
the 20 South lens (Fig. 2). It is mainly exposed underground

and only in a few outcrops on surface. Its geochemistry is dis-
tinct from that of the other units of the upper member of the
Bousquet Formation (see Mercier-Langevin et al., 2007a). It
comprises a massive sill-dike complex and a few narrow glom-
eroporphyritic sills that are only very locally developed (Table
2). The sill and dike complex is characterized by a major
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FIG. 5.  A. In situ fragmentation of the dome-cryptodome rhyolite. B. Rhyolitic lobes intruding the carapace or in situ
breccia formed on top of the dome-cryptodome suggesting repeated magmatic pulses. C. Truncated flow-banding texture
along the lobe margins. D. Example of unit 5.2b rhyolitic carapace breccia exposed underground in the 20 North lens foot-
wall on level 86 (860 m depth). E. Preserved rhyodacite breccia clast of unit 5.2b in the 20 North lens footwall on level 146
(1,460 m depth). F. Accidental fragment of an equigranular quartz, feldspar, and biotite intrusive rock found in unit 5.2b flow
breccia south of the LaRonde Penna mine.



feldspar-phyric facies (Fig. 6C) and by a fine-grained amyg-
daloidal facies that defines the uppermost part of the unit
(Fig. 6D).

On surface, the basaltic andesite (unit 5.4) forms two small
lenses (Fig. 2A) associated with narrow beds of argillite within
the upper felsic unit (unit 5.5, see below). At depth, the
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FIG. 6.  A. Unit 5.3 feldspar- and quartz-phyric rhyolite characterized by blue-gray quartz microphenocrysts and zoned
feldspar microphenocrysts in a sericitized matrix. B. Example from level 122 (1,220 m depth) of the brecciated facies of unit
5.3 (feldspar- and quartz-phyric rhyolite) that characterizes the upper part of the unit in the 20 South lens footwall. C.
Basaltic andesite glomeroporphyritic facies of Unit 5.4 that characterizes the lower part of the sill and dike complex located
between the 20 North and 20 South lenses. D. Basaltic andesite fine-grained and amygdaloidal facies of Unit 5.4 that char-
acterizes the uppermost part of the sill and dike complex near the 20 South lens in the upper part of the host sequence of
the LaRonde Penna deposit. E. Felsic flow breccia deposits of unit 5.5 (upper felsic unit) on level 106 (1,060 m depth) in
the 20 South lens footwall close to the contact with the Cadillac Group sedimentary rocks. F. Upper felsic tuffaceous facies
of Unit 5.5 characterized by feldspar ± quartz crystal angular fragments in a fine-grained quartzofeldspathic matrix.



basaltic andesite is thicker and spatially related to the ore
lenses (20 North and 20 South), especially in the upper levels
of the mine (Fig. 2B). It cuts through the feldspar- and
quartz-phyric rhyolite (unit 5.3) and the upper felsic unit
(unit 5.5) as shown on Figures 2 and 7 (level 170, 1,700 m
depth). The contacts between the basaltic andesite and the
felsic rocks are sharp and the basaltic andesite locally contains
small felsic fragments. In the deeper parts of the mine, it is
present only in the footwall of the 20 South lens (Fig. 2B). It
is absent from the hanging wall of the 20 North lens at depth.

The complex distribution, crosscutting relationship with en-
closing felsic rocks, and the textures of this unit confirm an in-
trusive origin. It is mostly discordant to and entirely enclosed
within the upper felsic unit (unit 5.5). The concentration of
amygdules in the fine-grained matrix in the uppermost part of
the complex is interpreted to reflect segregation of volatiles
and the formation of a chilled margin on top of the shallow in-
trusive complex, as is commonly observed in hypabyssal sills

(e.g., Branney and Suthren, 1988; McPhie et al., 1993); this
indicates that the stratigraphic top is to the south. 

Upper felsic unit (unit 5.5): This unit comprises rhyodacitic
to rhyolitic volcanic rocks. Its composition is similar to that of
units 5.1b, 5.2b, and 5.3. It consists of thick deposits of fine-
to coarse-grained autoclastic material (Fig. 6E) associated
with small lobes and some thin intervals of crystal tuffs (Fig.
6F). The autoclastic deposits are composed of block- and
lapilli-sized fragments in a fine-grained matrix of the same
composition, suggesting emplacement as flow breccia. The
upper felsic unit is similar to the rhyodacite-rhyolite flow-
breccia deposits of unit 5.2. In outcrop, some isolated frag-
ments of feldspar- and quartz-phyric rhyolite (unit 5.3) are lo-
cally present within the upper felsic unit. The crystal tuffs of
unit 5.5 are located in the western part of the map area and
are associated with unit 5.3 crystal tuffs and thin argillite beds
located between the LaRonde Penna and Bousquet 2-Du-
magami deposits. 
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Cadillac Group sedimentary rocks
The volcanic host sequence of the LaRonde Penna deposit

(Bousquet Formation) is overlain to the south by sedimentary
strata of the Cadillac Group (Fig. 2). The Cadillac Group has
been described by Dimroth et al. (1982), Lajoie and Ludden
(1984), Stone (1990) and Davis (2002), who interpreted it as
a turbiditic sequence younger than 2687 Ma. The contact be-
tween the volcanic and sedimentary rocks is not exposed on
surface in the LaRonde Penna area but it has been inter-
sected in many drill holes and in a few stopes. Regionally this
contact has been interpreted both as a major deformation
corridor (Dumagami fault of Tourigny et al., 1988, 1989b,
1993; Marquis et al., 1990a) and as a comformable contact
(Valliant and Hutchinson, 1982; Stone, 1990). In the
LaRonde Penna mine area, the contact is slightly discordant
(i.e., erosional) to subconcordant as illustrated in section (Fig.
2B) and in plan view (Figs. 2A, 7).

A thin horizon (<20 cm) of semimassive to massive
pyrrhotite and pyrite is commonly present at or near the con-
tact between the volcanic and sedimentary rocks. This sul-
fide-rich interval at or very near the contact between the
Blake River Group volcanic sequence and the Cadillac Group
sedimentary sequence may result from expulsion of late
hydrothermal fluids and mixing with seawater during a period
of nondeposition along the unconformity (Dubé et al., 2004;
Mercier-Langevin, 2005). 

U-Pb Geochronology of the LaRonde Penna Mine Area
In order to better constrain the timing of formation of the

LaRonde Penna deposit, a series of three samples from the
upper member of the Bousquet Formation in the mine area
was selected for zircon U-Pb geochronology. Detrital zir-
cons from the Cadillac Group sedimentary rocks were also
analyzed to help establish the temporal and stratigraphic
relationship between volcanism of the Bousquet Formation
and sedimentation of the Cadillac Group graywacke in the
LaRonde Penna deposit areas. U-Pb isotope determinations
were performed at the Royal Ontario Museum. Sample pro-
cessing, U-Pb isotope analysis, and data reduction followed
standard procedures practiced at the Jack Satterly Geo-
chronology Laboratory (Davis and Lin, 2003).

Samples weighed about 15 kg each. Their provenance is
given in Table 3. Results of isotopic measurements on zircon,
titanite, and rutile (errors are at 2σ) are also listed and plotted
in Figure 8. Age calculations were made using the method of
Davis (1982) and errors in the text and figures are quoted at
the 95 percent confidence level. Error ellipses in Figure 8 are
given at the 2σ level.

Results
LAPL-146-2000, rhyodacite-rhyolite (unit 5.2b; Fig. 2A):

Sample LAPL-146-2000 is from the 20 North lens footwall
unit and was collected on surface south of the LaRonde
Penna shaft. The sample contained colorless to brownish pris-
matic zircons. Five single zircon crystals were analyzed. Four
gave overlapping concordant results, the average 207Pb/206Pb
values of which define an age of crystallization of 2698.3 ± 0.8
Ma for this unit (Fig. 8A). The fifth zircon gave a concordant
datum with an inherited age of 2721 ± 3 Ma, probably re-
flecting derivation from the underlying basement.

LAPL-018-2000, feldspar- and quartz-phyric rhyolite (unit
5.3; Fig. 2A): Sample LAPL-018-2000 is from the 20 North
lens hanging-wall unit and was collected on surface west-
southwest of the LaRonde Penna shaft. The sample con-
tained colorless to brownish prismatic zircons. Some crystals
appeared to contain older cores and were not considered for
analysis. Four euhedral zircons gave overlapping, near-con-
cordant results with an average 207Pb/206Pb age of 2697.8 ± 1
Ma. The four zircon grains chosen for analysis showed all
variations in the population including a pale brown grain, a
colorless grain, and grains with a gradational zoning from
brownish to colorless. Since these are all indistinguishable in
age, their mean age probably represents crystallization of unit
5.3 rhyolites (Fig. 8B).

LABD-462-2001, Cadillac Group sedimentary rocks: Sam-
ple LABD-462-2001 was selected from drill hole 3194-10,
from 597 to 599 m, where it intersects the contact between
the Bousquet Formation volcanic rocks and the overlying
graywackes of the Cadillac Group. The sample contained
many zircons, most of them colorless to brownish in color and
generally prismatic in shape. A selection of six grains were an-
alyzed and gave concordant data (Fig. 8C) with a wide range
of 207Pb/206Pb ages, from 2689 ± 2 to 2817 ± 2 Ma. The
youngest grain gives a maximum age (2689 ± 2 Ma) for depo-
sition of the Cadillac Group sediments near the contact with
the underlying volcanic rocks of Bousquet Formation in the
LaRonde Penna mine area. 

LAPL-144-2000, basaltic andesite (unit 5.4; Fig. 2A): Sam-
ple LAPL-144-2000 is from the immediate hanging wall of
the 20 North lens at 1,460 m depth and was collected in ac-
cess drift 146-745 on level 146. The sample contained only
strongly fractured zircons and therefore could not be ana-
lyzed to obtain a precise crystallization age. However, fresh ti-
tanite and rutile crystals, which are found to be intergrown
and randomly oriented with feldspar crystals, were analyzed.
Three analyses of titanite crystals gave overlapping concor-
dant data with an average age of 2622.4 ± 4 Ma (Fig. 8D).
These ages suggest that the titanite grew or was reset during
a late, relatively high temperature event in the LaRonde
Penna mine area that is correlated with the widely recognized
ca. 2660 to 2620 Ma pan-Abitibi metamorphic-plutonic-hy-
drothermal event (Corfu et al., 1989; Jemielita et al., 1990;
Vervoot et al., 1993; Hanes et al., 1994; Powell et al., 1995b;
Bleeker et al., 1999; Wyman et al., 2002). Three analyses of
rutile crystals gave concordant but somewhat disparate re-
sults, with ages varying between 2572 ± 3 and 2583 ± 2 Ma
(Fig. 8D). The titanite and rutile ages are younger than the
events responsible for the formation of orogenic Au deposits
along the Abitibi subprovince major fault zones at ~2670 to
2660 Ma.

Interpretation of the age data

The presence of inherited zircons within the 2698 Ma fel-
sic volcanic rocks that host the LaRonde Penna deposit
strongly suggests that the Bousquet Formation was deposited
on an older crust that included ca. 2721 Ma components. This
is the first reported occurrence of inherited zircons in the
Blake River Group, and it suggests that the Blake River
Group is underlain by an older volcanoplutonic assemblage.
This finding is consistent with an earlier proposal by Ayer et
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al. (2002), who correlated the Blake River Group with the ca.
2700 Ma Skead Group in Ontario, where 2,720 m.y.-old in-
herited zircons also have been found (Corfu, 1993). These in-
herited ages are similar to ages of the Hunter Mine Group
north of the Destor-Porcupine-Manneville fault zone (Mueller
and Mortensen, 2002) as well as the Stoughton-Roquemaure
and Kidd-Munro assemblages (Ayer et al., 2002).

Based on the age of the footwall and hanging-wall units of
the 20 North lens and the mode of emplacement of the ore in
the sequence, the massive sulfide lenses at LaRonde Penna

likely have an age close to 2698 Ma. The 20 South lens is, in
part, hosted by the feldspar- and quartz-phyric rhyolite (unit
5.3) dated at 2697.8 ± 1 Ma and is therefore the same age or
slightly younger than the 20 North lens. A period of erosion
and sedimentation followed volcanism, resulting in the for-
mation of an unconformity and deposition of the Cadillac
Group graywacke above the Bousquet Formation, both se-
quences having been later deformed and metamorphosed.
The youngest detrital zircon dated in this work is similar in
age to the youngest detrital zircons from sedimentary rocks of
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FIG. 8.  A. U-Pb concordia diagram for zircons from unit 5.2b (subunit 5.2b-R, rhyolitic domes-cryptodomes; sample
LAPL-146-2000). The analytical data are given in Table 3 and sample locations are shown on Figure 2A. B. U-Pb concordia
diagram for zircons from unit 5.3 (feldspar- and quartz-phyric rhyolite; sample LAPL-018-2000). The analytical data are
given in Table 3 and sample locations are shown on Figure 2A. C. U-Pb Concordia diagram for zircons from Cadillac Group
sedimentary rocks (sample LABD-462-2001). The analytical data and sample locations are given in Table 3. D. U-Pb con-
cordia diagram for titanite-rutile crystals from unit 5.4 (basaltic andesite; sample LAPL-144-2000). The analytical data and
sample locations are given in Table 3.



the Cadillac and Kewagama groups, sampled in the mine area
and about 20 km to the west (2687–2690 Ma: Davis, 2002).
This confirms the findings of Davis (2002), who concluded
that both turbidite groups were deposited over a short time
span about 5 to 10 m.y. after Blake River volcanism, in re-
sponse to the early stages of regional deformation (D1) and
uplift.

Deformation in the LaRonde Penna Mine Area
Deformation in the Doyon-Bousquet-LaRonde mining

camp has been the focus of much attention in the past, owing
to the suggestion by many that syntectonic processes played a
significant role in the origin of the mineralization and as the
mechanism responsible for Au emplacement (e.g., Savoie et
al., 1991; Tourigny et al., 1989a, b, 1993; Marquis et al.,
1990a, b). As is generally the case for moderately metamor-
phosed volcanic terranes, the deformation is highly heteroge-
neous in the study area, with preservation of domains in
which primary features are largely undeformed (e.g., Bleeker,
1999) or at least still recognizable. Thus, it has been possible
to reconstruct much of the primary geologic setting of the ore
lenses at LaRonde Penna, despite the presence of high-strain
corridors.

The steep southerly dip of the south-facing homoclinal se-
quence at LaRonde Penna is attributed to the first regional
deformation event (D1), which is thought to have resulted
from collision between the Southern volcanic zone and the
Northern volcanic zone of the Abitibi subprovince along the
Destor-Porcupine-Manneville fault zone (Hubert et al., 1984;
Chown et al., 1992). There are no penetrative structures re-
lated to D1 in the LaRonde Penna area.

Main deformation (DM)

The main deformation event (DM), responsible for the for-
mation of the main fabrics developed in the LaRonde Penna
area and elsewhere in the Blake River Group, is attributed to
D2 regional deformation (e.g., Hubert et al., 1984). A moder-
ately to strongly developed penetrative schistosity (SM) is the
principal manifestation of DM. This schistosity trends east-
west and dips steeply south (Fig. 9A). It is defined by the rel-
ative flattening and/or stretching of markers such as breccia
fragments and amygdules (Fig. 10A) and by schistose compo-
sitional bands in highly altered rocks. This schistosity SM is
also recognized as centimeter-wide compositional layering
within the massive sulfide lenses (Fig. 10B).

A pronounced southwest-plunging stretching lineation (LS;
Fig. 9A) is commonly present in the SM schistosity plane (Fig.
10C), although oblate flattening is clearly the main manifes-
tation of deformation in some areas underground (Fig. 10D).
The overall attitude of the ore lenses (long axes) at LaRonde
Penna and elsewhere in the Doyon-Bousquet-LaRonde min-
ing camp is subparallel to this stretching lineation. The com-
bination of flattening and stretching along SM indicates het-
erogeneous deformation during progressive north-south
shortening accompanied by subvertical extension (e.g., Bell,
1981) as suggested by Marquis et al. (1990b) for the Bousquet
2-Dumagami area. A subhorizontal intersection lineation is
locally developed on SM, especially in strongly altered and fo-
liated rocks. This intersection lineation results from the inter-
section of an east-west, south-dipping, late SM crenulation on
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FIG. 9.  A. Stereographic projection (Wulff lower hemisphere) of fabrics
related to the main deformation event (DM) that affected the LaRonde
Penna ore lenses. B. Stereographic projection (Wulff lower hemisphere) of
fabrics related to the secondary deformation event (DS) that affected the
LaRonde Penna ore lenses.
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FIG. 10.  A. Apparent flattening and stretching on surface (horizontal plane) defining the main schistosity (SM) oriented
east-west and dipping steeply south. B. Example of the main foliation (SM) defined by millimeter- to centimeter-wide bands
of pyrite and sphalerite in massive sulfides of the 20 South lens on level 152 (1,520 m depth). C. Steeply plunging stretch-
ing lineation (LS) developed on the main schistosity (SM). D. Flattening of fragments of carapace breccia on the main schis-
tosity plane (SM), suggesting that local oblate deformation occurred after the main (DM) north-south shortening. E. Exam-
ple of the east-northeast–west-southwest cleavage (C) related to the secondary deformation event (DS) that overprints the
main foliation (SM) in ductile graphitic argillite beds within massive sulfides of the 20 South lens on level 106 (1,060 m depth).
F. Cleavage-parallel fractures developed within resistant rocks (e.g, rhyolitic breccia fragments) in continuation with the
cleavage developed in softer rocks.



the main schistosity plane. It is particularly well developed in
the Bousquet and Dumagami mine areas west of LaRonde
Penna mine (Tourigny et al., 1989b; Marquis et al., 1990b).

The main deformation event (DM) was responsible for the
generation of decimeter- to meter-wide, east-west–trending,
high-strain corridors, mainly near lithological contacts charac-
terized by strong rheological contrasts. Movements along these
high-strain corridors are difficult to establish due to reactiva-
tions during subsequent deformation events, but a general
oblique-dextral movement associated with a minor reverse
component can be inferred from different individual strain in-
dicators. Some subvertical, east-west–trending folds (FDm) ex-
emplified by tightly folded felsic dikes and quartz veins are pre-
sent. SM is axial planar to these folds, and the fold axes are
colinear with LS (see below), a phenomenon discussed in detail
by Tourigny et al. (1989b) and by Marquis et al. (1990b).

Analysis of these elements shows that the main ductile de-
formation event (DM) resulted from north-south to north-
northeast–south-southwest subhorizontal compression ac-
companied by a subvertical extension. The relative flattening
and/or stretching of geologic markers attributed to DM sug-
gests north-south shortening of ~5 times (aspect ratios of 2:1
to 10:1). This interpretation is in agreement with the general
tectonic regime related to D2 in the southeastern Abitibi
subprovince (e.g., Dimroth et al., 1983a; Hubert et al., 1984;
Daigneault et al., 2002). 

Secondary deformation (DS)

A third period or increment of regional shortening, re-
ferred to as the secondary deformation (DS) at LaRonde
Penna, was responsible for development of a subvertical
northeast-southwest to east-northeast–west-southwest cleav-
age (Fig. 9B). This fabric is rarely penetrative and generally
forms a millimeter-scale crenulation cleavage developed in
previously sericitized rocks and rocks exhibiting the SM folia-
tion (Fig. 10E). It is also recorded in massive sulfides as align-
ments of pyrite porphyroblasts, and in the Cadillac Group
sedimentary rocks near the contact with the volcanic rocks of
the Bousquet Formation. In highly competent rocks, it forms
a discrete fracture system in continuity with the cleavage de-
veloped in softer rocks (Fig. 10F). The intersection of this
subvertical cleavage (C) with the main schistosity (SM) forms
a lineation (LCSm) that is steeply plunging to the southwest
(Fig. 9B) and colinear with the LS stretching lineation and the
general elongation of the orebodies (Figs. 2B, 4).

Minor folds (FDs) are associated with the secondary defor-
mation event DS. These decimeter-scale folds are generally
confined to corridors as SM-intrafolial, S- and sometimes Z-
shaped folds in which the axial plane is coplanar to the cleav-
age (northeast-southwest; Fig. 9B). The FDs folds are com-
monly encountered within or close to the ore zones (Fig.
10B), causing thickening of the orebodies and local remobi-
lization of the ore (Mercier-Langevin et al., 2004).

This secondary generation of structures (DS) is character-
ized by ductile strain but a late ductile to brittle component is
also present, as shown by the common occurrence of a subver-
tical northeast-southwest and northwest-southeast conjugate
fault system. The northeast-southwest faults are recognized
throughout the LaRonde Penna area and show limited (≤1
m) sinistral displacements, whereas the northwest-southeast

faults show dextral displacements of the same order. Some
minor normal to reverse components are locally recorded on
these faults, especially near or within the ore zones where it
causes minor displacements of the orebodies. These struc-
tures indicate that the secondary deformation (DS) was
generated by a north-northwest–south-southeast to north-
northeast–south-southwest compression associated with an
east-west extension (north-south shortening) where condi-
tions evolved from ductile to ductile-brittle. The DM and DS

events were collinear, so DS could be a late expression of DM

instead of a separate deformation event.

Late deformation (DL)

The late generation of structures (DL) is manifested by a
number of sets of faults, fractures, and veins. The first set
comprises shallowly to moderately north- and south-dipping
east-west–striking conjugate fractures, faults, and veins. The
second set comprises shallowly northwest- and northeast-dip-
ping conjugate fractures and faults and the third set com-
prises subvertical east-west faults and veins. These late east-
west faults represent reactivations of the DM high-strain
corridors and could be an expression of late dextral displace-
ments recognized elsewhere in the South volcanic zone of the
Abitibi subprovince (e.g., Daigneault et al., 2002). Some of
these late sets of fractures show minor displacements and are
filled by quartz and carbonate veins.

In summary, the LaRonde Penna deposit was deformed by
a predominantly north-south compression that can be divided
into multiple increments (D1, DM, DS, and perhaps DL, Table
4). The main deformation event at LaRonde Penna (DM) con-
trols the general attitude of the ore zones and their envelope
(flattening, stretching, and some folding). The secondary
structures (DS) control the internal geometry of the ore zones
as exemplified by the cleavage, the FDs small-scale folds, and
the conjugate northeast-southwest and northwest-southeast
faults. The late deformation had a relatively limited effect on
the ore zone geometry.

Synthesis of the LaRonde Penna Mine Stratigraphy 
and Primary Depositional Setting of the 

LaRonde-Bousquet 2 Au-Rich VMS Complex
Three schematic stratigraphic columns are presented here

to illustrate the overall stratigraphic context and the complex
distribution of some units of the upper member of the Bous-
quet Formation in the LaRonde Penna mine area. The first
column (Fig. 11A) corresponds to the stratigraphy at the sur-
face. The second column (Fig. 11B) shows the geology in the
upper part of the mine (~850–1,800 m depth). The third col-
umn (Fig. 11C) shows the geology of the deeper part of the
mine (~1,800–2,300 m depth).

The distribution of the main volcanic units on surface and
at different levels underground and the metal distribution
within the ore lenses help define two orthogonal synvolcanic
fault (or fracture) sets that controlled the emplacement and
distribution of the volcanic units (Mercier-Langevin, 2005).
The main set corresponds to a depression located along the
axis of the LaRonde Penna deposit, and the main volcanic
units and ore lenses (LaRonde Penna and Bousquet 2-Du-
magami) are elongated along this set of inferred synvolcanic
faults (Fig. 12). The second set is more or less perpendicular
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to the main set and is best illustrated by the metal distribution
within the LaRonde Penna ore lenses (Fig. 12). It is sug-
gested that the intersection of these two fault sets created en-
hanced cross-stratal permeability important for ore-bearing
hydrothermal fluids (Mercier-Langevin, 2005).

The units of the upper member of the Bousquet Formation
have an irregular distribution across the Doyon-Bousquet-
LaRonde mining camp (see Lafrance et al., 2003; Mercier-
Langevin et al., 2007b) but are thickest in the LaRonde Penna
mine area. A dacitic to rhyodacitic flow breccia (unit 5.1b)
marks the transition from large-scale mafic tholeiitic through
transitional volcanism to small-scale (flow dome) felsic-domi-
nated transitional to calc-alkaline volcanism (see also Mercier-
Langevin et al., 2007a). This dacitic to rhyodacitic flow brec-
cia is intercalated with felsic domes and lobes, andesitic flows,
and thin beds of volcanogenic sedimentary rocks and graphitic
argillite, and it is cut by mafic sills and dikes. On surface, the
andesites form two massive amygdaloidal flows, the first at the
base of the unit and the second in the center of the 5.1b unit.
This second andesite flow is overlain by fine-grained hyalo-
clastite. This volcanic architecture suggests a dynamic envi-
ronment characterized by the emplacement of intermittent
felsic autoclastic flows and andesitic flows within restricted de-
pressions where local or intermittent sedimentation occurred
prior to burial by felsic volcanic rocks. Zone 6 probably
formed during a volcanic hiatus in or near local subbasins as
Au-rich massive sulfide clasts are present within the sur-
rounding talus and flow-breccia deposits and volcanogenic
sedimentary rocks. Zone 7, at depth, is associated with mafic
sills and dikes that acted as impermeable barriers to upward
migration of fluid (see also Dubé et al., 2007) 

Felsic volcanism continued with the emplacement of unit
5.2b rhyodacitic to rhyolitic flow-breccia deposits and rhy-
olitic domes or cryptodomes. The first of these domes or
cryptodomes is exposed on surface (Figs. 2A, 4, 11A) and
can be traced to a depth of about 1,500 m (Figs. 4, 11B).
The second appears at a depth of about 2,000 m (Figs. 2B,
4, 11C) and becomes larger at greater depth. This rhyolite is
slightly more evolved in terms of geochemistry than the host
rhyodacite-rhyolite, which suggests that evolution of the
magma chamber was temporally associated with the begin-
ning of the hydrothermal activity responsible for the 20
North and Bousquet 2-Dumagami lenses (see Mercier-
Langevin et al., 2007a). The rhyolite domes or cryptodomes
were emplaced on top of one of the major faults related to
the main fault set (Fig. 12), synchronously with the rhyo-
dacitic to rhyolitic flow breccia deposits that later com-
pletely covered the domes or cryptodomes at around 2698.3
± 0.8 Ma.

A subsequent break in volcanic activity is indicated by the
deposition of thin graphitic argillite beds exposed on surface
(Fig. 11A) and underground in the upper mine levels (Fig.
11B), and by the formation of Zn-rich massive sulfides on
the same horizon as the argillite (20N Zn zone). This repre-
sents the earliest expression of the hydrothermal system
responsible for formation of the 20 North lens on top of unit
5.2b. On surface and in the upper mine levels, the upper
contact of the rhyodacite-rhyolite unit is marked by the
feldspar- and quartz-phyric rhyolite (unit 5.3) and the
basaltic andesite (unit 5.4) (Figs. 2A, 11A). These two units
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become less important with increasing depth (Figs. 2B,
11C). The feldspar- and quartz-phyric rhyolite is particularly
abundant on surface (Fig. 11A) compared to the basaltic an-
desite, which is more abundant in the Zn-rich part of the de-
posit (upper mine levels; Figs. 2B, 11B). The distribution and
the age of the feldspar- and quartz-phyric rhyolite (unit 5.3)
suggest that it was emplaced as a partly extrusive cryptodome
on top of unit 5.2b and, in part, within the flow-breccia de-
posits of unit 5.5 at about 2697.8 ± 1 Ma. Therefore, unit 5.3

volcanism was at least in part coincident with volcanism that
produced unit 5.5, as unit 5.3 is hosted by unit 5.5 and frag-
ments of unit 5.3 are present in the upper part of unit 5.5. As
for the coherent rhyodacite-rhyolite of unit 5.2b, the feldspar-
and quartz-phyric rhyolite of unit 5.3 was characterized by a
relatively low permeability (see Dubé et al., 2007) that may
have focussed fluids into the underlying permeable footwall
rhyodacite-rhyolite (unit 5.2b), resulting in partial replace-
ment of the autoclastic breccias.
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As the effusive volcanism responsible for emplacement of
the upper felsic unit (unit 5.5) continued, the shallow basaltic
andesite sill and dike complex (unit 5.4) was emplaced within
unit 5.5, locally cutting through the feldspar- and quartz-
phyric rhyolite (Figs. 2B, 11B). The sill and dike complex
most probably occupied the same conduits as the porphyritic
rhyolite, as suggested by the distribution of both units. A
secondary permeability developed as fractures formed in the
basaltic andesite during cooling (Dubé et al., 2007), and hy-
drothermal fluids moved upward to form the 20 South lens
higher in the stratigraphy.

The close spatial association of the feldspar- and quartz-
phyric rhyolite and the basaltic andesite on top of the 20 North
lens likely indicates the presence of synvolcanic faults in this
area. This interpretation is supported by the distribution of the
two domes or cryptodomes of rhyolite (unit 5.2b) in the 20
North lens footwall and by the stacking of the 20 North and 20
South sulfide lenses. Felsic volcanism was probably active for
some time after emplacement of the basaltic andesite (unit
5.4), but the top of the volcanic sequence was eroded and sub-
sequently covered by the Cadillac Group turbidites at least 5
to 10 m.y. after cessation of volcanism, as indicated by the age
of the youngest Cadillac Group detrital zircon at LaRonde
Penna (2689 Ma). The presence of the unconformity makes it
impossible to define the precise timing relationship between
volcanism and overlying sedimentation. 

Relationships between Geology and Mineralization
The feldspar- and quartz-phyric rhyolite and the basaltic

andesite sills and dikes in the hanging wall of the 20 North
lens were emplaced within the rhyodacitic to rhyolitic upper
felsic unit (5.5) on top of the rhyodacite-rhyolite flow breccia
of unit 5.2b, at least partly in a depression generated by the
emplacement and growth of the footwall rhyolitic domes or
cryptodomes of unit 5.2b (subunit 5.2b-R). The Zn-rich part

of the 20 North lens (20N Zn zone) is located in the same de-
pression. In the deeper levels of the mine the 20 North lens
is still present, and it is in part located above one of the unit
5.2b footwall rhyolite domes or cryptodomes (Figs. 2B, 4).
The distribution of the different alteration facies associated
with the Zn-rich massive sulfides in the upper part of the
mine versus the aluminous alteration at depth is interpreted
to reflect variations in the distribution of the different vol-
canic units, as illustrated in Figure 13. The gradual transition
from base metal-rich ore to Au ± Cu ore and Au ± Cu-Zn ore
and aluminous alteration in the 20 North lens horizon at
depth could reflect the proximity to the rhyolite dome or
cryptodome delineated at depth in the mine (Figs. 2B, 4).
The aluminous or advanced argillic alteration developed in
this part of the deposit may have resulted from the release of
magmatic volatiles by the dome or cryptodome directly to the
hydrothermal system very near the ore horizon, which would
have acidified the fluids (Sillitoe et al., 1996; Giggenbach,
1997, 2003). The proximity of an effusive felsic center also in-
dicates the presence of conduits that may have channelled
magmatic fluids high in the volcanic sequence from a shallow
magma chamber (cf. “crack zone” of de Ronde et al., 2005).

The LaRonde Penna deposit environment is character-
ized by a thickening of the upper member of the Bousquet
Formation, including a local felsic-dominated volcanic center
(Lafrance et al., 2003) composed of discrete elongate felsic
flow-dome complexes and mafic sill and dike swarms located
above synvolcanic faults. This volcanic center could have
been part of a larger composite volcano and/or caldera com-
plex, as documented in many active submarine arc volcanoes
(e.g., Kermadec and Izu-Bonin arcs; Fiske et al., 2001; Wright
et al., 2002; de Ronde et al., 2005).

The different alteration and mineralization styles at LaRonde
Penna are best explained by variations along strike in the
style of volcanism and magmatic activity, with dominantly
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FIG. 13.  Schematic representation (not to scale) of the distribution of the main units of the upper member of the Bous-
quet Formation in the LaRonde Penna deposit area prior to deformation. The variations in ore and alteration style observed
along the ore lenses at depth, especially along the 20 North lens, are illustrated. A period of localized transitional to calc-al-
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quartz-biotite-garnet-muscovite propylitic alteration and Au-
Zn-Cu-Ag-Pb mineralization (caused by near-neutral hy-
drothermal fluids) in the volcaniclastic units in the upper lev-
els of the mine (Dubé et al., 2007), and advanced argillic
alteration and Au-Cu mineralization (caused by acidic fluids;
Dubé et al., 2007) proximal to shallow felsic subvolcanic in-
trusions or cryptodomes at greater depth in the mine. This
situation contrasts with many subaerial volcanic centers in
which near-neutral and intensely acid conditions, unless tele-
scoped, commonly occur in temporally, as well as spatially,
separate volcanic-hydrothermal systems. It also contrasts with
the proposed model for high-sulfidation deposits formed in
the VMS environment where low-sulfidation and high-sulfi-
dation conditions are thought to develop at very different po-
sitions relative to a submarine felsic dome complex (Sillitoe et
al., 1996). However, these different conditions also appear to
be possible in different parts of the same hydrothermal sys-
tem, in large part due to variable degrees of mixing of mag-
matic volatile-rich fluids and hydrothermally convected sea-
water (Fig. 14). The model proposed here for the LaRonde
Penna deposit is supported by the gradual transition between
the two ore styles in the 20 North lens and the formation of

the aluminous zone by subsea-floor replacement (Dubé et al.,
2007). In this empirical model, magma degassing is enhanced
at shallow depth in a volcanic complex (e.g., rhyolitic domes
or cryptodomes) and channelled into crack zones, whereas
magma emplaced at greater depth may result in larger hy-
drothermal cells and greater involvement of seawater and en-
hanced water-rock interaction (Giggenbach, 1997; Hanning-
ton et al., 1999). Strongly acidic hydrothermal solutions can
only be generated from high-temperature magmatic fluids,
and the acids are likely to be neutralized at intermediate
depth and temperature (Giggenbach, 2003). This likely ex-
plains the location of the aluminous alteration at LaRonde
Penna above a felsic dome or cryptodome complex. Similar
variations are observed in the active submarine hydrothermal
system of the Brothers Volcano on the Kermadec arc, New
Zealand, where sulfide chimneys and hydrothermal plumes
are associated with the localized venting of acidic magmatic
fluids between and on top of felsic domes emplaced within a
caldera (de Ronde et al., 2005). This demonstrates that the
proximity of the deposits relative to the source (or conduits)
of magmatic fluids has a major impact on the style of alter-
ation and mineralization in a VMS environment.
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Based on the reconstruction of the volcanic facies at
LaRonde Penna and comparison with other VMS systems,
shallow magma (subvolcanic intrusions) emplaced within the
volcanic pile might have contributed directly to the hy-
drothermal system, producing advanced argillic alteration as-
sociated with Au ± Cu ore, whereas the seawater-dominated
portion of the system produced the Zn-rich part of the
LaRonde Penna deposit. Synvolcanic faulting near the Zn-
rich part of the deposit also may have caused enhanced per-
meability and incursion of larger volumes of seawater (Fig.
14). The relative contribution of magmatic volatiles in differ-
ent parts of the system may also reflect the depth of the sub-
volcanic intrusions. For example, the Mooshla composite syn-
volcanic intrusion, about 7 km west of LaRonde Penna (Fig.
1), hosts syngenetic Au-Cu veins and disseminations associ-
ated with aluminous alteration that extends eastward, outside
the intrusion into the volcanic sequence (Galley and
Lafrance, 2007). The intrusion-related mineralized system is
associated with the late, calc-alkaline, volatile-rich intrusive
phases of the Mooshla pluton and has some similarities to ep-
ithermal-style mineralization (Galley and Lafrance, 2007).
The Moohsla intrusion could, therefore, be the source of the
inferred magmatic component in the LaRonde Penna Au-rich
VMS deposit hydrothermal system, which is of the same age
but located higher in the stratigraphy. When compared to
other intrusion-related VMS camps, the Mooshla intrusion
seems to be too small to be the heat engine for the generation
of the VMS deposits of the camp (cf. Galley, 2003). However,
the presence of this composite and volatile-rich intrusion at a
high stratigraphic level is evidence for important high-level
felsic magmatic conduits in this area.

Summary and Conclusions
Despite the superposition of late tectonic and metamorphic

events, the primary geologic characteristics of the LaRonde
Penna Au-rich VMS deposit are sufficiently well preserved to
allow detailed description and reconstruction of the primary
setting of mineralization. The key geologic parameters that
controlled the formation of the LaRonde Penna deposit and
its various ore and alteration styles include the intermediate
(andesite) to felsic (dacite, rhyodacite, and rhyolite), transi-
tional to calc-alkaline effusive volcanism and shallow intru-
sions that formed a complex of permeable autoclastic deposits
cut and overlain by less permeable domes, cryptodomes, sills,
and dikes. These features were associated with the develop-
ment of volcanic vents and depressions focussing hydrother-
mal fluid circulation.

The magmatic evolution of the volcanic complex is charac-
terized by tholeiitic to transitional, mafic to felsic rocks at the
base (north), and transitional to calc-alkaline, intermediate to
felsic rocks on top (south), defining a continuous magmatic
trend, rather than a bimodal volcanic sequence. This differs
from the mine sequence of the Noranda Volcanic Complex,
about 50 km to the west, in which the VMS-hosting volcanic
rocks are mainly bimodal and largely dominated by mafic to
intermediate basalt and andesite (Gélinas and Ludden, 1984;
Gélinas et al., 1984). The Hébécourt Formation and lower
member of the Bousquet Formation comprise a thick sub-
stratum on which the intermediate to felsic volcanic rocks of
the upper member were emplaced as restricted coalescent

domes or cryptodomes at submarine effusive centers. These
rocks host the LaRonde Penna and the neighboring Bous-
quet 2-Dumagami and Bousquet deposits, and local sub-
basins between the domes or cryptodomes appear to have
been the locus of much of the sulfide accumulation. Volcanic
features of the locally thickened Bousquet formation near
LaRonde Penna (e.g., permeable units cut by impermeable
units) helped focus hydrothermal upflow and contributed to
efficient metal deposition. Active volcanism within the rela-
tively restricted setting of the LaRonde Penna deposit and
rapid burial of the host sequence likely contributed to the
large size of the massive sulfide lenses, with the deposits
growing partly by subsea-floor replacement of the permeable
footwall breccias.

The hydrothermal activity was characterized by variable
contributions of magmatic volatiles and convective hy-
drothermal circulation of seawater within a single, protracted
system. It is proposed here that different styles of alteration
and mineralization along strike are related to the relative con-
tributions of magmatic volatiles and hydrothermal seawater.
The strong permeability contrasts that resulted from auto-
clastic, flow-breccia deposits being cut by and buried by less
permeable felsic domes or cryptodomes and intermediate to
mafic sills and dikes determined the hydrologic regime. The
emplacement of a relatively impermeable feldspar- and
quartz-phyric rhyolite cryptodome above the 20 North lens
enhanced subsea-floor replacement of the footwall felsic
breccia by the ore, and a shallowly emplaced mafic sill and
dike complex above the 20 North lens also helped to focus hy-
drothermal fluids through fractures into the overlying 20
South lens.

The formation of the LaRonde Penna deposit at ca. 2698
Ma corresponds to a particularly fertile episode of Au-rich
VMS formation in the Blake River Group. The host rocks of
the deposit are among the youngest dated units in the Blake
River Group, suggesting a possible correlation between the
petrogenetic evolution of this volcanic assemblage and the
enrichment of Au in the VMS (see Mercier-Langevin et al.,
2007a). Deformation and metamorphism greatly modified
the primary hydrothermal assemblages and the alteration but
were not responsible for the introduction of Au, as previously
proposed for other deposits of the district. The early, synvol-
canic introduction of Au is supported by a number of obser-
vations from the ore zones and the alteration zones, as dis-
cussed in Dubé et al. (2007), as well as a number of other
features of the mine sequence stratigraphy presented in this
study. These include the following: (1) the presence of Au-
rich clasts in some volcanic breccias near zone 6, (2) stacking
of discrete Au-rich lenses within the volcanic succession, with
little or no Au mineralization between the lenses, (3) the pre-
served primary distribution of Au and Cu in the highly
strained lenses along synvolcanic faults, and (4) the correla-
tion of different volcanic facies with Au enrichment. At
LaRonde Penna, the presence of sulfide lenses characterized
by Au-rich portions and base metal-rich portions (e.g., 20
North lens) demonstrates that mineralization styles gradually
evolved (spatially and temporally) from neutral (Au-Cu-Zn-
Ag-Pb ore), to transitional, to acidic (advanced argillic alter-
ation and Au ± Cu-rich ore) conditions in response to the
evolving local geologic context. 
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