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Abstract: The Ordovician Thetford Mines Ophiolite Complex (TMOC) is an oceanic terrane
accreted to the Laurentian margin during the Taconic Orogeny and is affected by syn-obduction
(syn-emplacement) deformation and two post-obduction events (Silurian backthrusting and
normal faulting, and Acadian folding and reverse faulting). The southern part of the TMOC
was tilted to the vertical during post-obduction deformation and preserves a nearly complete
cross-section through the crust. From base fo top we distinguish cumulate Dunitic, Pyroxenitic
and Gabbroic Zones, a hypabyssal unit (either sheeted dykes or a subvolcanic breccia facies),
and an ophiolitic extrusive—sedimentary sequence, upon which were deposited sedimentary
rocks constituting the base of a piggy-back basin. Our mapping has revealed the presence of
subvertically dipping, north—south- to 20%striking faults, spaced c. 1 km apart on average. The
faults are manifested as sheared or mylonitic dunites and synmagmatic breccias, and correspond
to breaks in lithology. The fault breccias are cut by undeformed websteritic to peridotitic
intrusions, demonstrating the pre- to synmagmatic nature of the faulting. Assuming that
rhythmic cumulate bedding was originally palaeo-horizontal, kinematic analysis indicates that
these are normal faults separating a series of tilted blocks. In the upper part of the crust, the
north—south-striking fault blocks contain north—south-striking dykes that locally constitute a
sheeted complex. The faults correspond to marked lateral changes in the thickness and facies
assemblages seen in supracrustal rocks, are locally marked by prominent subvolcanic breccias,
and have upward decreasing throws suggesting that they are growth faults. The base of the
volcano-sedimentary sequence is a major erosional surface in places, which can penetrate down
to the Dunitic Zone. The evidence for coeval extension and magmatism, and the discovery of a
locally well-developed sheeted dyke complex, suggest that the TMOC formed by sea-floor
spreading. The dominance of a boninitic signature in cumulate and volcanic rocks suggests that
spreading occurred in a subduction zone environment, possibly in a forearc setting.

scraped material and accreted

micro-terranes

transported onto a continental margin during
orogenesis (Coleman 1971) and they may preserve
evidence of the tectono-magmatic evolution of the
fossil oceanic crust. It is now known that many
ophiolites formed in suprasubduction zone envir-
onments (Robinson er al. 1983; Pearce ef al.
1984:Robinson & Malpas 1990; Bloomer er al.
1995). Because boninitic magmatism seems to
characterize forearc environments, ophiolites that
contain abundant boninitic rocks are interpreted as
having formed in forearcs (Lytwyn & Casey 1993;
Bedard et al. 1998). In such settings, the over-
riding plate can consist of older oceanic crust, an
older arc, or can be a tectonic collage of off-

(Dickinson & Seely 1979; Dickinson er al. 1988),
and its stress field can be compressional or
extensional (Uyeda & Kanamori 1979; Hamilton
1988, 1995). Typically, the forearc basement is
hidden beneath thick accumulations of volcano-
genic sediments derived from the active arc (Stern
& Bloomer 1992), hindering reconstructions of
the previous geological history. The ease of access
and quality of exposure available in forearc ophio-
lites afford an opportunity to understand the
processes associated with these complex tectonic
environments. However, the Ordovician ophiolites
of the Canadian Appalachians have been over-
printed by Ordovician (Taconic), Silurian (Salinic)
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and Devonian (Acadian) events, which make it
difficult to recognize pre-obduction structures.
None the less, pre-obduction structures have been
recognized in the Betts Cove (Tremblay et al.
1997; Bédard et «l. 2000) and Bay of Islands
(Karson er al. 1983; Bédard 1991; Berclaz et al.
1998; Suhr & Cawood 2001) ophiolites of New-
foundland. At Betts Cove, forearc extension
appears to have proceeded to the point where sea-
floor spreading was initiated (Bédard et al. 1998;
compare Stern & Bloomer 1992). The Thetford
Mines Ophiolite Complex (TMOC) of southern
Québec also has abundant boninitic lavas (Church
1977, 1987; Hébert & Laurent 1989; Laurent &
Heébert 1989) and cumulates derived from boni-
nites (Bédard et al. 2001), and appears to repre-
sent another fragment of forearc crust. This paper
presents field evidence for an extensive and com-
plex pre-obduction history for the TMOC.

Geological setting

The northern Appalachians are the result of
successive Palaeozoic orogenic pulses. The Mid-
to Late Ordovician Taconic Orogeny is thought to
be due to the accretion of oceanic terranes (i.e.
the Dunnage Zone) against the continental margin
of Laurentia (i.e. the Humber Zone) (see inset
map in Fig. 1). The tectono-stratigraphic zones
of the Canadian Appalachians were defined on
the basis of the Cambro-Ordovician geology
(Williams 1979). The Baie-Verte—Brompton Line
(BBL) separates the Humber and Dunnage Zones,
is characterized by numerous ophiolite complexes,
and has been interpreted as a continental—oceanic
suture zone (Williams & St-Julien 1982). The Late
Silurian, Mid-Devonian Acadian Orogeny is at-
tributed to the final closure and destruction of
Tapetus Ocean, when the Composite Avalonian
Terrane collided with the Taconian Orogen devel-
oped upon the Laurentian margin (Osberg 1978;
Williams & Hatcher 1983; Robinson et al. 1998;
van Staal et al. 1998).

In southern Québec, the Dunnage Zone contains
three principal ophiolite complexes (Thetford
Mines, Asbestos and Orford) which are shown on
existing maps as slivers embedded in the Saint-
Daniel Mélange, interpreted by Cousinecau & St-
Julien (1992) as the vestiges of a subduction zone
accretionary complex. Other important compo-
nents of the Dunnage Zone in southern Qucbec
are the Ascot Complex (¢. 460 Ma), interpreted as
a volcanic arc by Tremblay (1992), and the Upper
Ordovician Magog Group, interpreted as a forearc
sedimentary basin that developed during continu-
ing convergence between the Laurentian margin
and adjacent oceanic terranes (Cousineau & St-
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Julien 1992). The Humber Zone is characterized
by a first generation of NW-verging thrusts of
Mid-Ordovician age (469—-460 Ma), and coeval
regional metamorphism associated with ophiolite
emplacement and crustal thickening (Pinet &
Tremblay 1995; Tremblay & Castonguay 2002).
Subsequently, Late Silurian to Early Devonian (c.
430-415 Ma; Castonguay ef al. 2001) backthrusts
and associated normal faults (e.g. the St-Joseph
fault) exhumed Laurentian margin metamorphic
rocks (Pinet ef al. 1996a, 1996b; Castonguay et al.
2001; Tremblay & Castonguay 2002). The ophio-
lites of southern Québec occur in the hanging wall
of the St-Joseph normal fault, which scparates
panels with a distinct metamorphic history, and
which forms a composite structure with the BBL
(Tremblay & Castonguay 2002).

The Thetford Mines (TMOC) and Asbestos
(AOC) Ophiolite Complexes are composed of
thick mantle and crustal sections, whereas only
upper-crustal rocks are preserved in the Mt Orford
Ophiolite Complex (MOC) (Oshin & Crocket
1986; Church 1987; Laurent & Hebert 1989;
Hébert & Bédard 2000). Lavas and dykes in the
MOC have backarc to forearc geochemical affi-
nities (Harnois & Morency 1989; Laurent &
Hébert 1989; Huot er al. 2002). Zircons from a
trondhjemite intruded into the gabbroic crust con-
tain inherited Proterozoic cores, and the least
contaminated fractions give a U/Pb age of
504 + 3 Ma (David & Marquis 1994). The TMOC
and AOC, on the other hand, are dated at
479 4+ 3 Ma and 478480 +3/—2 Ma (Dunning ef
al. 1986; Whitehead et al. 2000), respectively, and
are dominated by boninitic (forearc) lavas and
dykes (Church 1977, 1987; Hébert & Laurent
1989; Laurent & Hébert 1989), and by cumulates
derived from boninites (Heébert & Bédard 2000;
Bedard et al. 2001).

The Thetford Mines Ophiolite Complex
(TMOC)

The TMOC can be divided into the Thetford Mines
Massif (TMM) in the north and the Mount Ad-
stock—Ham Massif (AHM) in the south (Laurent
1975). The TMM has a thick mantle section (c.
5 km thick) and a thin crust (Fig. 1; Laurent et al.
1979). Pre-emplacement structures are difficult to
recognize in the TMM, because they have been
reworked by three types of syn- and post-emplace-
ment structures (Brassard & Tremblay 1999;
Schroetter ef al. 2000, 2002), as follows.

(1) Syn-emplacement structures are associated
with dynamo-thermal metamorphism, with an
imverted metamorphic gradient ranging from
greenschist grade at the base to upper amphibolite
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Fig. 1. Geological and structural map of the Thetford Mines Ophiolitic Complex, showing the location of the
stratigraphic columns of Fig. 2, and the location of Fig. 3. The map is based on three summers of fieldwork (2000
2002) by our team, with additional data collected in previous field campaigns. complemented by data from previous
maps (Cooke 1938; Iébert 1983; Pinet 1995; Brassard & Tremblay 1999).

grade at the contact with the mantle units
(Feininger 1981). The most recent age for the
metamorphic aureole is 477 =5Ma (Ar-Ar,
Whitehead er al. 1995); an age that is interpreted
to reflect emplacement (Taconian Orogeny) onto
the continental margin (Pinet & Tremblay 1995;
Tremblay & Castonguay 2002).

(2) Post-emplacement structures include: (a)
WSW-ENE- to cast—west-striking, SE-directed

backthrusts and associated folds, which are prob-
ably coeval with the Upper Silurian—Early Devo-
nian backthrusts that characterize the Humber
Zone; (b) subvertical NE—SW-striking, Mid-Devo-
nian Acadian reverse faults and folds (Schroetter
et al. 2000, 2002; Tremblay & Castonguay 2002).
The original stratigraphy of the TMM has been
tilted to the vertical by these events, and the
ophiolitic rocks now occupy the hinge of a major
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(multi-kilometre), overturned, SE-verging fold
(Laurent 1975; St-Julien 1987).

According to Cousineau & St-Julien (1992), the
black shales and pebbly mudstones of the Saint-
Daniel Mélange represent a subduction zone ac-
cretionary complex, and its contact with the upper
part of the TMOC is a fault. Others have inter-
preted this contact as stratigraphic and deposi-
tional (Dérosier 1971; Hébert 1983; Schroetter
et al. 2000, 2002), implying rather that the Saint-
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Daniel Mélange is a piggy-back basin, and that it
represents the lowermost unit of the forearc basin
sequence, the Magog Group (Schroetter et al.
2000, 2002) (Fig. 2, column C4). Our field
observations indicate that the northern margin of
the AHM is indeed tectonic. In the Mt Adstock
arca (AHM, Fig. 1), an Acadian reverse fault
juxtaposes ophiolitic rocks (SE side) against sedi-
mentary rocks of the Saint-Daniel Mélange (NW
side; Schroetter e al. 2002), whereas in the Mt
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Fig. 2. Stratigraphic columns. Column C1, Thetford Mines Massif (TMM), Caribou Lake. C2, TMM, Lac de I'Est.

C3 and C4 are from the northern and southern (Bisby Lake)

parts of the Adstock—Ham Massif, respectively.
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Ham area, metamorphosed continental margin
rocks are backthrust onto the ophiolite. However,
the southeastern contact between the Saint-Daniel
Mélange and the AHM is depositional, and is
marked by an erosional unconformity (Fig. 2).

The AHM is composed of ultramafic and mafic
cumulates, layered to massive gabbroic rocks,
ultramafic to mafic dyke swarms that locally grade
into a sheeted dyke complex, tholeiitic to boninitic
lavas and felsic pyroclastic rocks, upon which
were deposited detrital sediments (Coleraine Bree-
cia and the Saint Daniel Mélange). Late structures
are of the same type as in the TMM (type 2
described above), but are less intensely developed.
Our mapping shows that these post-emplacement
structures are superimposed upon pre-existing,
north—south- to NNE-SSW-trending, brittle—
ductile to brittle faults, which we attribute to a
pre-emplacement  (pre-obduction)  extensional
phase (Figs 1 and 3).

Stratigraphy

The stratigraphy of the TMOC is shown in the
four columns of Figure 2. Columns C1 and C2 are
from the northern and southern parts of the TMM,
respectively, and columns C3 and C4 are from the
northern and southern parts of the AHM, respec-
tively. The main points to note are: (1) the
existence of significant lateral variations in the
thicknesses of cumulate, volcanic and sedimentary
facies; (2) the presence of an erosional surface
(s-eS in Fig. 2) within the ophiolitic crust that
penetrates down to the Dunitic Zone in column
C1, and to the Gabbroic Zone in column C4 (Fig.
2); (3) sedimentary rocks of the Saint-Daniel
Mélange are in depositional contact with under-
lying ophiolitic rocks, with the basal member
(Coleraine Breccia) infilling a palaeo-topography,
with coarse debris flow deposits above thick lava
sequences, and thin-bedded siltstones and mud-
stones above thin lava sequences.

In the next section we describe typical plutonic,
hypabyssal and supracrustal facies of the AHM,
with only brief mention of equivalent facies from
the TMM. The early structures (faults) that dissect
the AHM crust are then described. Swarms of
hydrothermal veins containing amphibolite and
greenschist mineral assemblages are common
throughout the section, but are not evenly distrib-
uted. Most rocks are affected by pervasive intra-
oceanic hydrothermal metamorphism, but textural
pseudomorphism and the absence of younger
penetrative deformation generally allow primary
features to be identified; for this reason we omit
the prefix ‘meta-* in the following,.

Mantle section

The harzburgite tectonites of the TMM show near-
ubiquitous planar and linear fabrics defined by
alignment and elongation of orthopyroxene and
chromite grains. Occasional compositional layer-
ing, pyroxenite dykes, podiform dunites and chro-
mitites are discordant to this high-temperature
tectonite fabric (Laurent ef al. 1979). Emplace-
ment-related fabrics are developed near the con-
tact with the dynamo-thermal sole. Mineral
chemical and whole-rock geochemical data imply
that the harzburgite is residual from extensive
partial fusion (Hébert 1985: Hébert & Laurent
1989). Peraluminous two-mica granite intrusions
have high ®7Sr/*Sr initial ratios and igneous
zircons with low 2%Pb/°Pb ratios, and have
yielded 469 £ 4 to 470 +5Ma crystallization
ages (U/Pb on zircon, Whitehead er al. 2000),
suggesting that these granites were derived by
fusion of continental margin sediments during
emplacement of the hot ophiolite (Clague et al.
1985; Whitehead ef al. 2000). The transition from
mantle tectonite to cumulate crust is rarely ob-
served, and where exposed (north of Lac Caribou),
it is a post-emplacement backthrust fault
(Schroetter er al. 2000).

Plutonic crustal section

We divide the plutonic crustal section into three
ZOnes.

The Dunitic Zone is up to 500 m thick (Fig. 1
and column C1 in Fig. 2). Above a thin (50 m)
basal dunite subzone, it is common to find
rhythmic alternations of dunite and massive chro-
mitite beds. Chromitites are typically 1-10cm
thick, with a maximum of 12 m observed in the
Reed—Bélanger deposit (see Figs 3 and 4d).
Chromitite beds may show modal grading but do
not define a consistent polarity. Localized develop-
ment of schlieren textures and tight isoclinal folds
suggest an early, high-temperature deformation
event (Kacira 1971). The origin of the rhythmic
chromitite—dunite bedding is uncertain. It could
reflect the interplay of fractional crystallization,
magmatic currents, wallrock assimilation and
chamber replenishment. In any case, it appears to
have originated as near-horizontal primary bed-
ding, and we use these orientations to define the
palaeo-horizontal in the Dunitic Zone. It is note-
worthy that immediately below the main chromi-
tite layer of the Reed—Bélanger Mine, there are at
least four pyroxenite layers (10—30cm thick)
composed of orthopyroxenitic clots in a dunitic
matrix. These pyroxenite layers are size-graded,
are oriented subparallel to the chromitites, and all
give the same, normal, way up. They are inter-
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features, and the locations of Figs 4—6. It should be noted that because of Siluro-Devonian tilting to the vertical, this
map-view is essentially a cross-section through the oceanic crust.
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D: dunite
DW: websteritic dykes
Cr: Chromitite bedding

Fig. 4. Photographs and sketches illustrating syn-oceanic deformation features from the lower crust in Sector 1. (a)
Schematic cross-section summarizing the different tectonic events and illustrating the relation between the major
normal fault, the chromitite bedding, the minor and major intrusions, and deformation. (b) Chromitite beds are tilted
to the west and crosscut by websterite dykes (E2 event). (¢) Websterite dykes are truncated by sub-north—south
normal faults, forming a horst-and-graben pattern (E3 event). (d) Chromitite beds are tilted and crosscut by peridotite
dykes (E2 event); high-temperature synmagmatic(?) deformation (E1 event) parallel to chromitite beds should be

noted.

preted to represent some type of depositional
event, and show no evidence of tectonic inversion
or refolding. The disappearance of chromitite beds
higher in the section marks the transition from the
rhythmic dunite—chromitite subzone to the mas-

sive dunite subzone, which is dominated by
dunites having only 1-1.5% of disseminated
chromite. The top of the Dunitic Zone is charac-
terized by the presence of disseminated ortho-
pyroxene (c¢. 5%) and minor chromite (c. 1%).



238 J.-M. SCHROETTER ET AL.

Fine-grained websterite dykes (Fig. 4b and c) are
typically oriented sub-east—west (in the AHM)
with subhorizontal to shallow dips.

The Pyroxenitic Zone has a maximum thickness
of 600 m but is commonly beheaded by an inter-
nal erosional surface (s-eS in Fig. 2, column C1).
A basal rhythmic subzone (5—15 m) is character-
ized by alternations of harzburgite, orthopyroxe-
nite and websterite layers (30—60 cm) (Fig. 5bl),
which are used to define the palaco-horizontal. In
the harzburgite, cumulus orthopyroxene grains
may be aligned parallel to layering. The pyrox-
enite layers (3—8 mm grain size) are commonly
boudinaged and transposed by an early tectono-
magmatic event, which is more strongly developed
in the Thetford Mines Massif. Above these ortho-
pyroxene + olivine-dominated rocks there is a
thick, massive pyroxenite subzone, which is domi-
nated by thickly layered (typically 1-3 m) web-
sterites. Layering generally reflects variations in
the orthopyroxene/clinopyroxene ratio. Some

layers exhibit modal grading, with a concentration
of cumulus-textured clinopyroxene at the top. Thin
olivine-rich ‘layers’, schlieren or veins may sepa-
rate pyroxenite layers. Embedded within these
massive websterites, there are repetitions of thyth-
mically layered harzburgite—websterite sequences
(1015 m thick) that are very similar to those of
the basal rhythmic subzone. The nature of these
embedded harzburgite—websterite sequences is
uncertain. They may be the result of magma
chamber replenishments. or they could represent
sills affected by the high-temperature tectono-
magmatic deformation. Sills of massive dunite
(20-30 m thick), and of undeformed harzburgite—
lherzolite (2—3 m thick) intrude the massive web-
sterites. A size-graded lherzolite sill gives a
way-up direction towards the SSW. Fine-grained
dykes oriented perpendicular to layering are lo-
cally abundant.

The Gabbroic Zone is up to 1200 m thick
(depending on the depth of penetration of the

W: websterite, He: cumulate harzburgite,
Wd: websteritic dyke, D: dunite

Websteritic
dykes

100 m

Fig. 5. Sketches illustrating syn-oceanic deformation features from the lower crust in Sector 2. (a) Dunitic Zone,
websterite dyke in dunite is cut by north—south normal faults oriented parallel to the main fault structure. (b1)
Pyroxenitic Zone, alternation of cumulate websterite and harzburgite layers, truncated by north—south normal faulis
that define a horst-and-graben pattern. (b2) Near the main fault, websterite—harzburgite layers are more chaotic.
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denudational surface) and is organized on a gross
scale, with interlavered norites and gabbronorites
at the base, gabbros sensu siricto in the middle,
and an upper complex composed of hornblende
gabbro, hornblendite, dykes, cataclasites, trondhje-
mitic intrusions and breccia veins. The norites,
oabbronorites and gabbros are fine to medium
grained, and thin, laterally discontinuous melagab-
bro to pyroxenite (1-5cm) layers are common.
The medium-grained to pegmatitic hornblende
gabbros are either layered or chaotically vari-
textured, and are associated with coarse-grained
hornblendite pods and layers, Trondhjemite forms
intrusions of various size (1 em to 30 m) within
the uppermost gabbros, and may form a breccia
fill between angular gabbroic clasts; but trondhje-
mites also occur to a lesser extent as dykes within
the Dunitic and Pyroxenitic Zones. Zircons ex-
tracted from TMOC trondhjemites gave U/Pb ages
of 478 +3/—2 and 480 4+ 2 Ma, which were
interpreted as crystallization ages by Whitehead
et al. (2000).

Hypabyssal facies

Two types of hypabyssal facies rocks occur above
the Gabbroic and Pyroxenitic Zones: dyke swarms
and breccias. The dykes (30 cm to ¢. 1 m thick)
are mafic to ultramafic, locally orthopyroxene-
phyric, but more commonly show microgabbroic
or aphanitic textures. Microgabbro dykes have thin
(1-2 ¢m) aphanitic chilled margins. Dyke margins
are locally brecciated by late hydrothermal vein
networks. Dykes are most commonly oriented
north—south, and cut the magmatic foliation in
host plutonic rocks at ¢. 60-90°. In some sectors,
the dykes constitute 40—100% of the outcrop over
hundreds of metres, and are mapped as a sheeted
dyke complex (Figs 1 and 3).

The breccia facies was not previously recog-
nized in the TMOC. The breccias reach a maxi-
mum of 150 m in thickness and separate plutonic
and volcanic sequences. Where we have studied
them in detail (north of Lac Bisby, Fig. 3: column
C4 in Fig. 2, and Fig. 6). the breccia facies caps
the gabbroic sequence and is overlain by boninitic
lavas and volcaniclastic deposits. In this area, the
brecciated hypabyssal facies is characterized by
alternations of breccia (0.5—3 m thick) and amyg-
daloidal sills (Fig. 6¢). The breccia is composed
of angular clasts (90—40%, 1-10 cm) of aphanitic
‘dolerite’, microgabbro and gabbro. The angularity
of clasts indicates only limited transport, and
jigsaw-puzzle textures imply in sifu brecciation.
The matrix is typically igneous (microgabbro), but
hydrothermal assemblages are also prominent lo-
cally. Intra-breccia sills (Fig. 6b and d) (1 em-
2m) have very irregular shapes, contain clasts of
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adjoining breccia at top and bottom, are com-
monly amygdaloidal and locally orthopyroxene
porphyritic. Similar breccia facies occur above
ultramafic rocks of the Dunitic Zone near Lac
Caribou (Fig. 2, column C1), but in this instance,
the clasts in the breccia are composed of perido-
tites and pyroxenites, and the overlying debris
flows and pyroclastic deposits are rich in gabbroic
and pyroxenitic fragments. Because platinum
group element (PGE) mineralization occurs within
the Pyroxenitic Zone (e.g. Star Chrome showing:
Pagé et al. 2001), erosion that penetrates to the
Dunitic Zone implies that palago-placer PGE
deposits might represent a new type of exploration
target in the area.

Volcano-sedimentary facies

The volcanic and volcaniclastic rocks of the
ophiolite exhibit marked lateral changes in thick-
ness and lithology (Fig. 2). North of Lac Bishy
(Fig. 1), the volcaniclastic rocks are made of
blocky tuffs (2-20 m thick) containing rounded
pillow-lava fragments (10 cm average, with a few
Jarger blocks), in a sandy volcaniclastic matrix
(Fig. 2, column C4). Vesicular pillow lavas of 1
1.5 m in size alternate with smaller pillows (0.5 m
average), with intercalated massive tlows, hyalo-
clastite breccias, and possible submarine talus
breccias. South of Lac Caribou there are abundant
pyroclastic flow breccias containing rounded clasts
of dacite, gabbro and pyroxenite, with intercalated
fine-grained dacitic tufs (1-2 m thick) and argil-
lites (Fig. 2, column Cl). At the Lac de I'Est
section, a 1-2m red argillite separates a lower
volcanic unit composed of tholeiites and boninites
from an upper unit dominated by boninites
(Hébert 1983; Hébert & Bédard 2000). The
volcanic and volcaniclastic rocks of the TMOC
are everywhere capped by a thick-bedded poly-
genic breccia (the Coleraine Breccia) that contains
ophiolitic and metasedimentary fragments in an
epiclastic matrix, which appear to represent sub-
marine debris flows (Hébert 1981). The Coleraine
Breccia grades up and laterally into the Saint-
Daniel M¢lange (Schroetter et al. 2002).

Deformation

A major problem in the structural analysis of
ophiolites is the identification of marker surfaces
allowing the geometry of deformation to be con-
strained. We used the orientation of chromitite
bedding as palaeo-horizontal markers in the Duni-
tic Zone, of harzburgite—websterite rhythmic
layering and mineral foliation as palaco-horizontal
markers in the Pyroxenitic Zone, and of pyroxe-
nite—gabbro rhythmic layering and mineral folia-
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Fig. 6. Photographs and sketches illustrating syn-occanic deformation features from the upper crust. (a) Detailed map
of Sector 3. V] voleanic rocks; FHb, ‘doleritic’ and gabbroic breccias; G, upper gabbro; SD, Saint-Daniel Mélange.
(b) Alternation of amygdaloidal mafic sills and gabbro to microgabbro breccias, all crosscut by a brittle normal fault.
(e) Alternation of breccia composed of fine-grained mafic clasts (grey) and gabbro to microgabbro clasts (light grey).
(d) Boudinaged boninitic sill emplaced in microgabbro breccia. (e) Interpretative sketch showing formation of the
brecciated hypabyssal facies. T1, oceanic crust temperature; T2, intrusion temperature.

tion as palaeo-horizontal markers in the Gabbroic
Zone. Dyke contacts were considered to have been
originally palaeo-vertical and oriented perpendicu-
lar to the spreading direction (Cann 1974), allow-
ing the determination of the palaco-stress field in
the upper crust. Finally, bedding in fine-grained

sedimentary rocks occurring in the volcano-
sedimentary superstructure was assumed to origin-
ally have been horizontal. Although none of these
assumptions are fail-safe, the fact that they all
provide similar answers suggests that they are
reasonable.
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In the AHM (Fig. 1), there are two main
generations of faults. Younger reverse faults are
associated with open folds and a regionally dis-
tributed, vertically dipping fracture cleavage trend-
ing c. NE-SW. An older set of subvertically
dipping faults that trend north-south to NNE
SSW had not been recognized hitherto. The field
relations we describe next lead us to believe that
these older structures arc related to intra-oceanic
extension and sea-floor spreading. The origin of
the older, high-temperature, tectono-magmatic de-
formation that affects much of the lower crust will
not be discussed in this paper, and remains a
major unresolved problem.

Considered on the scale of the AHM, chromitite
beds do not display a consistent orientation, with
each major fault block (see below) having its own
attitude. Near major north—south faults, chromi-
tites appear to be transposed into parallelism with
the fault (Figs 3 and 4d). The magmatic foliation
in the uppermost Dunitic Zone and Pyroxenitic
Zone is much more regular, trending ¢. 125—130°,
and dipping steeply (85-90°) to the SSW. Most
dykes from the AHM are oriented c. north—south,
dip steeply to the west (Fig. 3), and cut the
foliation and layering in host plutonic rocks.

In contrast to the great regularity shown by the
Pyroxenitic Zone, the magmatic foliation in the
Gabbroic Zone is much more variable, although
always very steeply dipping. North of Lac Bisby,
the foliation in the gabbros strikes between 40°
and 170°, whereas at Lac de I’Argile, it strikes c.
60° (Fig. 3). At Mt Adstock (Fig. 1), the layering
in the gabbros is more regular, striking ¢. 110°,
Dykes at Mt Adstock dip subvertically and strike
80°, as does the pyroxenite—gabbro contact,
Cross-cutting relationships suggest that the pyrox-
enite—gabbro contact is, at least locally, an intru-
sive ane, with pyroxenites cutting older gabbros.

Our mapping shows that faults striking from
north-south to 20° commonly terminate the
along-strike extension of rocks of the Dunitic,
Pyroxenitic and Gabbroic Zones, or separate plu-
tonic from voleanic rocks (Figs 1 and 3). These
north—south- to 20%striking faults are locally
reactivated by post-emplacement (Silurian and
Acadian) deformational events. We have mapped
in some detail an area that appears to be largely
free of post-emplacement deformation (Fig. 3) to
illustrate the distribution of lithologies, and the
orientation of the various marker surfaces. It
should be noted that, because this part of the
AHM was tilted to the subvertical during post-
emplacement deformation (Silurian and Acadian),
the map view (Fig. 3) is effectively a cross-section
through the crust. Offsets between unit boundaries
indicate an apparent sinistral motion in map view
(Fig. 3). Apparent fault throws decrease from the

base (north) to the top (south). and are capped by
deposition of synconvergence sediments of the
Saint-Daniel Mélange. The apparent throw calcu-
lated from the Dunitic—Pyroxenitic Zone bound-
ary offset is ¢. 300m on average, with a
maximum of ¢. 1 km for the fault on the western
flank of Nadeau Hill (Fig. 3). It should be noted
also that the thickness of wvarious lithological
packages varies to either side of these faults. The
map patterns indicate that the upper part of the
crust in this part of the AHM was dissected by
these north—south faults into a series of 100 m to
1 km blocks. Detailed observations from three
sectors (labelled 1, 2 and 3 in Fig. 3) allow a
kinematic analysis of this deformation. Sectors |
and 2 are from the Dunitic and Pyroxenitic Zones,
which are characterized by higher temperatures,
whereas Sector 3 is from the cooler and more
brittle upper crust.

Lower-crustal deformation

We now describe the two sectors we have analysed
in detail, and then present some generalizations.
Sector 1 (Fig. 4. location shown in Fig. 3) is
entirely contained within the Dunitic Zone. From
west to cast, massive dunite with disseminated
chromite gives way (over 0.5m) to a thick
(hundreds of metres) breccia composed of angular,
1-10 em clasts of dunite, locally with chromitite
beds within them, in an orthopyroxenitic stock-
work. As the main fault plane is approached,
sheared serpentinites appear in the dunite, culmi-
nating in a 2-3 m wide serpentinite mylonite that
marks the core of the fault. These breccias and
mylonites are cross-cut by undeformed, tabular
websterite and lherzolite intrusions (30—-50m
wide), which are oriented north—south, parallel to
the main fault. The overall geometry is illustrated
by Figure da. The fault kinematics are clearly
expressed in outcrops located ¢. 50 m east of the
main fault plane, where chromitite beds strike
north—south and dip 50° to the west (Fig. 4b and
d). The chromitites are cut by shallowly dipping,
cast—west-striking websterite dykes. The webster-
ite dykes lack chilled margins against their dunitic
hosts, suggesting that these rocks were still hot at
the time of dyke emplacement. A series of faults
associated with serpentinite veins are parallel to
dyke contacts and offset chromitite beds to the
east (Fig. 4b). On the same outcrop, these same
websterite dykes are chopped up into centimetre-
scale horst-and-graben structures by a series of
conjugate, steeply dipping, north—south-striking
normal faults (Fig. 4c).

The history of deformation in Sector 1 can thus
be divided into three increments (E1—E3, Fig. 4a).
The early event (E1) corresponds to the localized
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development of a high-temperature layering-paral-
lel fabric (chromitite schlieren and isoclinal folds
(Kacira 1971)). Restoration to the horizontal of
the chromitite beds (50° tilts, Fig. 4b and d) gives
the websterite dykes and parallel faults of incre-
ment E2 a subvertical orientation, and so E2 faults
are interpreted as having originally been steeply
dipping, normal faults. The last increment of
deformation (E3) defines a horst-and-graben sys-
tem (Fig. 4c), marking a continuation of exten-
sion.

Sector 2 (Fig. 5, location shown in Fig. 3)
contains a fault that crosses the Dunitic—Pyroxeni-
tic Zone contact. The Dunitic Zone here is very
similar to that of Sector 1 as described above,
whereas the Pyroxenitic Zone (Fig. 5bl) is com-
posed of steeply dipping websterite and harzbur-
gite layers that strike 125°. The main fault plane is
highlighted by the presence of strongly sheared
blue dunite. Immediately to the west of the main
fault (in the Dunitic Zone), east—west-trending,
shallowly south-dipping websterite dykes are
offset sinistrally by steeply dipping, north—
south-striking faults oriented parallel to the main
fault plane (Fig. 5a). In the Pyroxenite Zone to the
cast of the main fault plane, websterite layers
embedded in harzburgite are stretched and boudi-
naged, and a mineral foliation is developed paral-
lel to layering, Immediately adjacent to the main
fault plane, layering becomes more chaotic, with
the development of disharmonic folds (Fig. 5h2).
The high-temperature fabrics are cut into horst-
and-graben structures by steeply dipping faults
(Fig. 5bl).

Restoration to the horizontal of the websterite—
harzburgite layering converts the main fault of
Sector 2 into a steeply dipping normal fault, with
downthrow of the eastern compartment. Shear-
sense indicators and the orientation of faults
affecting rocks of the Pyroxenitic and Dunitic
Zones of Sector 2 have the same orientation as
faults of episode E3 in Sector 1, and we infer a
correlation. However, it is not clear whether the
high-temperature fabric in Sector 2 corresponds to
E2 or El in Sector 1.

To summarize, both sectors register several
extensional deformation events. As fault blocks
are variably rotated by events E2 and E3, this
explains why the early tectono-magmatic fabric
(E1) is not uniform in the AHM. The E3 event is
particularly prominent, and affects most of the
plutonic crust of the AHM. Restoration to palaeo-
horizontal of marker horizons implies that the
principal E2 and E3 structures were originally
steeply dipping normal faults that controlled the
map-scale distribution of lithologies. Our mapping
shows that massive, undeformed intrusions of
peridotite and pyroxenite were commonly em-
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placed in the immediate vicinity of the main faults
(Fig. 3), in some cases being injected within the
fault breccias, or along fault planes (Fig. 4d). This
demonstrates the synmagmatic nature of the faults,
and suggests that they guided the ascent of
magmas.

Upper-crustal deformation

Upper-crustal deformation (Gabbroic Zone, Hypa-
byssal and Extrusive sequences) is characterized
by brittle fractures and brecciation (Fig. 6a and c),
and by a structural control on the orientation of
dykes (Fig. 3). Brittle to brittle—ductile faults in
the upper crust are steeply dipping and oriented
roughly north—south. They cut rocks of the Gab-
broic Zone. the sheeted dyke complex, and the
hypabyssal breccia facies (Fig. 6b). Most have
small throws (tens of centimetres) and show an
apparent sinistral sense of motion, similar to the
faults in the lower crust. In the hypabyssal breccia
facies, amygdaloidal intrusions injected into the
microgabbroic breccia are stretched and offset by
the faults (Fig. 6b and d), suggesting that faulting
and magmatism were coeval. The faults must have
played a role in brecciation, because some brec-
cias have a cataclastic matrix, and our mapping
shows that the brecciated hypabyssal facies is
preferentially developed along the extension of the
major north—south normal faults described in the
previous section. However, the breccia matrix is
generally igneous, and the jigsaw-puzzle morph-
ology of the rocks (Fig. 6b) seems more compa-
tible with some type of magmatic hydro-fracture
mechanism. perhaps complemented by phreato-
magmalic explosions caused by ascent of magma
into rocks impregnated with seawater, and possi-
bly by volume expansion caused by vesiculation
of ascending, water-rich magmas (Fig. 6¢). In any
case, the faults would still have played a role in
brecciation, as they would represent pathways for
the ascent of magma and infiltration of seawater.
Throughout the TMOC, dykes are typically
oriented approximately north—south, subparallel to
the synmagmatic normal faults described above.
An exception is a dyke swarm located south of
Nadeau Hill (Fig. 3), where the main dyke trend is
c. 40° It is difficult to know if this difference in
the trend of the dykes from Nadeau Hill is an
original extensional feature (suggesting progres-
sive rotation of fault blocks; see Dilek er al.
1998), or if it reflects a syn- or post-emplacement
reactivation. None the less, the general parallelism
between dykes and normal faults throughout the
AHM suggests a genetic link, whereby both
features would have formed synchronously during
east—west crustal extension (sea-floor spreading).
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A preliminary model for the structural and
magmatic evolution of the TMOC

The style and sequence of syn-oceanic deforma-
tion we have documented (Figs 4 and 5) allow us
to propose a possible evolutionary scenario for the
main, boninitic phase of the TMOC (Figs 7 and
8). The starting point is a layered plutonic crust
composed of dunite at the base, pyroxenite in the
middle, and gabbro at the top, into which is rooted

Thetford Mines Massif
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lited idealized Mt Adstock Massif map.,

SAINT-DANIEL MELANGE

a sheeted dyke complex that fed overlying lavas
(Fig. 8a). During a first, high-temperature, syn-
magmatic deformation event, many of the plutonic
rocks were transposed and recrystallized along
planes subparallel to original bedding planes. The
cause of this first event is not certain. It may
reflect shear between crust and mantle driven by a
diapir (Nicolas 1992; Rabinowicz er al. 1993),
extensional shear as crust slides away from the
ridge axis, or may represent the way deformation
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stage of faulting, with only minor late-kinematic
intrusions and associated lavas. Crust breaks up into
horsts and grabens, and blocks are tilted along a basal
décollement. The tops of tilted blocks are eroded, locally
removing much of the upper crust.

is partitioned in an extending ductile crust at the
spreading centre (Tapponier & Francheteau 1978;
Harper 1985).

The overall regime remains tensional, however,
and continuing magmatism is expressed as dykes
of peridotite and pyroxenite (E2, Fig. 8b), some of
which were probably emplaced as sills within pre-
existing cumulates. The extent to which rocks of
the Dunitic and Pyroxenitic Zones belong to the
early cumulate ‘stratigraphy’, and the extent to
which they represent under- and intra-plating
intrusions is not certain (seceThy 1990; Bédard
1991, 1993). In many cases, these intra-cumulate
intrusions would have been transposed and recrys-
tallized during continuing high-temperature defor-
mation, and so would no longer be recognizable as
late intrusions. The presence of pyroxenitic debris
within graded layers near the base of the Dunitic
Zone implies that some dunites are cumulates
formed within intra-plating or under-plating sills,
with the pyroxenitic debris being derived from
disaggregation of a pre-existing roof.

The high-temperature foliation is truncated by
the major north—south faults we have documented.
On outcrop and map scales, these faults dissect
the crust into horst-and-graben structures. Kilo-
metre-scale tilted blocks develop in the rigid
upper plutonic crust and overlying extrusive rocks.
An upward decrease in throw on these faults
indicates that they are growth faults, propagating
from bottom to top. Associated intrusions (Figs 3
and 6) imply that these faults were coeval with
magmatism and played a role in magma ascent.
The Dunitic Zone is only partly affected by these
faults, and the lower part of the Dunitic Zone
could represent a décollement surface accommo-
dating movement of the tilted blocks (e.g. Harper
1985). The presence of a brecciated hypabyssal
facies in areas where the sheeted dyke complex
is absent suggests that erosion and/or tectono-
magmatic destruction of upper-crustal facies was
probably an important part of the geological
history of the TMOC (Fig. 8c).

The TMOC, a slow-spreading environment?

The morphology of the axial rift zone of spreading
centres is dependent on spreading rate, with
prominent fault scarps and a deep axial valley
characterizing  slow-spreading  environments
(Macdonald 1982). Seismic data imply that mag-
ma chambers are ephemeral at slow-spreading
ridges, with the depth of seawater penetration, and
the depth of the brittle—ductile transition depend-
ing on the presence or absence of magma cham-
bers (Harper 1985; Toomey ef al. 1988; Dick et
al. 1992; Dilek & Eddy 1992: Dilek ef al. 1998).
The deep graben of the TMOC, the deep crustal
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level to which synmagmatic extensional faults
penetrate (Figs 1 and 3), and the evidence for
near-pervasive lower-crustal hydrothermal meta-
morphism are all features compatible with a slow
spreading rate.

An unresolved problem is the nature and loca-
tion of the accommodation zone (Harper 1985)
for the normal faults we have documented (Figs 1
and 3). We have been able to follow the faults
down into the Dunitic Zone, but because of the
poor exposure and common post-emplacement
reactivation of Dunitic Zone rocks, we cannot be
certain whether rotation of upper-crustal fault
blocks occurred along a décollement zone,
whether it penetrated down into the mantle, or
whether the deformation was accommodated by a
wide, ductile, lower crust. The tectonic exhuma-
tion of lower-crustal and mantle rocks along
shallowly dipping extensional faults secems to
characterize slow-spreading environments (e.g.
Dick et al. 1992; Dilek ef al. 1998). In the TMOC,
the deposition of lavas and sediments directly
upon mantle or lower-crustal rocks (Fig. 1) could
perhaps be explained in this manner.

Formation of boninitic crust in the northern
Appalachians

The formation of boninite lavas requires a hot,
depleted mantle affected by subduction zone
metasomatism (Crawford et «f. 1989). Several
fectonic environments have been suggested to
explain boninite genesis, including: subduction of
a spreading ridge; plume—subduction zone inter-
actions; subduction zone initiation; propagation of
a backarc spreading centre into a subduction zone;
slab rollback caused by a decrease in convergence
rate (e.g. Crawford et al. 1989; Stern & Bloomer
1992; Bédard et al. 1998; Macpherson & Hall
2001; Kim & Jacobi 2002; Deschamps & Lalle-
mand 2003). The Taconian ophiolites of the north-
ern Appalachians are unusual in that boninites are
extremely abundant, may constitute the dominant
magmatic suite over extensive regions and are
roughly coeval (490-480 Ma, e.g. Church 1977;
Bédard er al. 2000; Bédard & Kim 2002; Kim &
Jacobi 2002). Any genetic model must explain the
development of extensive boninitic magmatism at
this juncture.

The identification of sub-north-—south exten-
sional oceanic structures in the TMOC suggests
that the spreading centre had a north-south trend
and that extension and sea-floor spreading took
place along an east—west flow direction. North—
south lineaments have also been reported from
other oceanic terranes in southern Québec and
northern New England (Doolan er al. 1982;
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Tremblay & Malo 1991; Tremblay 1992), suggest-
ing that this may be the orientation of the exten-
sional (spreading) axis at this time. Ordovician
palacogeographical — reconstructions  (Tremblay
1992) suggest a SE-dipping subduction zone,
which would produce a diachronous intersection
between spreading centre and subduction zone
(Fig. 9), a configuration compatible with the
genetic model proposed for boninites by
Deschamps & Lallemand (2003). However, this
assumes that the north—south trend documented
for the TMOC spreading axis has not been
affected by rotation of the obducted oceanic
terrane, as has been documented in other ophio-
lites (e.g. Perrin et af. 1993). Another objection to
this model is that it requires a very stable
geometry to account for development of similar,
roughly coeval, boninitic oceanic crust along
>1500 km of strike length in the northern Appa-
lachians. In contrast, models involving collision of
the Taconic arc against an irregular continental
margin and coeval formation of forearc spreading
centres in re-entrants (Fig. 9: Cawood & Suhr
1992; Bédard & Kim 2002; Kim & Jacobi 2002)
may be more compatible with the apparently
synchronous development of anomalous boninitic
crust of Betts Cove type (Church 1977) over such
an extensive region.

Conclusions

Our data highlight the links that exist between the
structural and magmatic history of the Thetford
Mines Opbhiolitic Complex (TMOC; Fig. 7). We
have documented the manner in which synmag-
matic normal faults dissected the upper crust into
tilted fault blocks and controlled deposition of
lavas and sediments. These observations imply that
the ophiolite was partially dismembered by exten-
sional tectonics before its emplacement onto the
continental margin (Fig. 7a). The dominance of a
boninitic signature in cumulates and lavas suggests
that the TMOC is a forearc-related ophiolite. The
evidence for coeval extension and magmatism, and
the discovery of a locally well-developed sheeted
dyke complex suggest that the TMOC formed
when sea-floor spreading was initiated in a foreare,
with slow magmatic extension being fed by boni-
nitic, rather than tholeiitic magmas. Emplacement
onto the continental margin followed very quickly
after the ophiolite formed, and a piggy-back fore-
arc basin was developed.
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