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The overlying Taconian foreland basin of Quebec can be viewed as a classical, under filled peripheral foreland
basin and, following Sinclair’s (1997) nomenclature, can be divided into three diachronous lithostratigraphic units: I-
a lower argillaceous limestone-dominated unit, {I-a middle mudstone-dominated unit and Iii-an upper turbidite
dominated unit (Fig. 3). The overlying sequence of foreland basin carbonates comprises the Chazy, Black River and
Trenton groups (Fig. 4). Salad Hersi and Dix (1997) and Lavoie (1994, 1995) recognize eustatic marine regressions
between the Chazy and the Black River groups and between the Black River and the Trenton groups and the
development of local unconformities atop tectonic paleotopographic highs in the Taconian foreland basin. Regional
facies distribution and thickness variations within the Trenton Group have been attributed to syn-sedimentary normal
block faulting (Lavoie, 1994, 1995). The top of the Trenton Group consists of muddy limestone beds with abundant
interbeds of shales. The increasing proportion of shale heralds the overlying regressive flysch to molasse sequence
that is made up of the Utica, Sainte-Rosalie, Lorraine and Queenston groups (Fig. 4), commonly seen as marking the
erosion of Appalachian nappes adjacent to the St Lawrence Lowlands.

The middle mudstone unit (11 of Fig. 3) consists of up to 1300 m of deep water siliciclastic sediments and
hemipelagic mud of the Utica Shale. They were deposited over the carbonate units due to rapid subsidence of the
foreland basin {Globensky, 1987). Black shale is characteristic of early flysch-phase fill along the distal flank of the
Middle to Late Ordovician Taconian peripheral foreland basin (Bradley and Kidd, 1991). The Utica Shale is a
diachronous unit which is older when located closest to the Appalachian front, as in the Québec City vicinity
(Corynoides americanus-Orthogratus ruedemanni to the Climacograptus spiniferus zones) and younger to the
southwest on the Laurentian platform, as in the Montreal region (Climacograptus pygmaeus Zone). Diachronous east
to west progression of subsidence was coincident with the progressive westward change from carbonate-dominated
to siliciclastic sedimentation within the foreland basin, also documented elsewhere in the Appalachian orogen
(Ettensohn, 1991; Lehmann et al., 1995). In the Québec City area, the Utica Shale is only 30 m thick and yields
graptolites spanning the O. ruedemanni to the C. spiniferus zones (Globensky, 1987). This unit is distinguished from
younger facies that contain more abundant clastic beds suggesting that it was laid down prior to overthrusting of the
thrust sheets onto the continental margin.

The upper turbidite unit (II1 of Fig. 3) consists of synorogenic sediments accumulated during the Caradocian to
early Asghillian stages of the Late Ordovician during and after the overthrusting of the external thrust sheets. It is
dominated by thick successions of alternating sandstone and mudstone of the Sainte-Rosalie and Lorraine groups.
The siliciclastic source was located to the south-east and debris were derived from the thrust sheets (Globensky,
1987), representing a major reversal in the direction of sediment supply from the Laurentian shelf to more outboard
elements of the tectonic wedge (Hiscott, 1995). The sandstones that accumulate at the toe of, and on top of the thrust
wedge are highly immature and rich in lithic fragments with rarer volcanic detritus derived from erosion of the thrust
wedge (Beaulieu et al., 1980; Schwab, 1986). Thrust-faulted highs generated during deposition of the middle unit
lead to ponding of turbidite flows of the upper unit, generating thick sandstone beds overlain by thick mudstone
drapes (Pickering and Hiscott, 1985).

Tectonostratigraphic zones of the Appalachians

The tectonostratigraphic domains of the evolving orogenic belt are used to divide the Appalachians into
workable packages for geological considerations. The lower Paleozoic tectonostratigraphic domains (Williams,
1979) include the Humber (Laurentia continental domain), Dunnage (peri-Laurentia and peri-Gondwana oceanic
domains), Gander and Avalon (peri-Gondwana oceanic and continental domains, respectively), and Meguma (a late-
accreted peri-Gondwana continental terrane) zones (Fig. 1). These belts record the complex evolution of the
Cambrian and Ordovician orogenies (Penobscot and Taconian; van Staal, 2005) and were affected by post-Taconian
events that shaped up the Appalachians. Salinic, Acadian, Neoacadian and Alleghenian deformation, magmatism and
metamorphic events affected the Taconian belts. This contribution focuses on Laurentia Humber Zone and its
adjacent cratonic cover sequence preserved in the St. Lawrence Platform. The post-Taconian (sensu stricto) to syn-
Acadian basins developed over the various Taconian tectonostratigraphic domains (Fig. 1); the best known of these
basins is the Gaspé Belt that is preserved in various tectonostratigraphic assemblages: the Connecticut Valley —
Gaspé synclinorium, the Aroostook-Percé anticlinorium, and the Chaleurs Bay — Tobique and the Kearsarge —
central Maine synclinoria (the latter being also known as the Merrimack Through). The Middle Devonian Acadian
Orogeny is the main phase that shaped up these elements (Malo and Bourque, 1993; Williams, 1995). The
expression of the Silurian Salinic Orogeny (Dunning et al., 1990; van Staal, 2005) varies along strike in the
Appalachians (Waldron et al., 1998; Malo, 2001; Tremblay and Castonguay, 2002). Alleghenian deformation
recorded in pre-Acadian units is restricted to some extensional faulting (Bourque et al., 1995).
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The term Humber Zone (Williams, 1976) was given for the north-westernmost tectonostratigraphic domain of
the Taconian orogenic belt (Fig. 1). First defined in western Newfoundland, this belt was later recognized and
extended on the Canadian mainland down to the northern US segment of the Appalachians (Williams, 1978). In the
Humber Zone, stacks of tectonic slices of Neoproterozoic basement and Lower Cambrian to Upper Ordovician rocks
of Laurentia continental affinity (St. Lawrence Platform and coeval slope and rise sediments) are deformed and
thrusted over the St. Lawrence cratonic platform in a thin- to thick-skinned tectonic scenario (St-Julien and Hubert,
1975; Williams, 1978; Stockmal et al., 1998; van Staal et al., 1998; Waldron et al., 1998, 2003; Glasmacher et al.,
2003; Pincivy et al., 2003; Stockmal et al., 2004). The Humber zone is bordered to the west by the St. Lawrence
Platform (Sanford, 1993); the map limit is the westernmost transported tectonic slices (Globensky, 1987; Waldron et
al., 1998). This limit in southern Québec is commonly referred to as the Logan’s line or as the Champlain Thrust in
northern Vermont. Reprocessing and reinterpretation of seismic data indicate that the St. Lawrence Platform records
significant Taconian (?) compressive deformation in southern Québec such as triangle zone and blind thrusts in the
central segment of the St. Lawrence Platform (Fig. 4; Castonguay et al., 2003; 2006). Therefore in Québec, the
Appalachian structural front does not coincide with Logan’s line. To the east, the Humber Zone is bordered by the
Dunnage Zone, which consists of various Cambrian (?)-Ordovician oceanic rocks; the limit consists of major faults
that form the Baie Verte — Brompton Line (Fig. 1; Tremblay et al., 1995; van Staal, 2005). Differences in the degree
of deformation and metamorphism led St-Julien and Hubert {1975) to divide the Taconian-deformed Laurentia
continental rocks of the Québec Reentrant into two domains (Fig. 1): a western external domain with low
deformation and low-grade metamorphosed rock units that passes eastward to an internal domain with higher-grade
metamorphic grades as well as polyphase tectonic deformation (Pinet et al., 1996; Waldron et al., 1998; Castonguay
et al., 2001; Tremblay and Castonguay, 2002).

In the Québec Reentrant, platform rocks were marginally involved in tectonic stacking, slices of the St.
Lawrence Platform units form a spatially restricted frontal Taconian deformation zone known as the
“parautochthonous” or imbricated fault domain (St-Julien and Hubert, 1975; Comeau et al., 2004). This Taconian-
deformed domain is not part of the Humber Zone as it is rooted in the St. Lawrence Platform (St-Julien and Hubert,
1975; St-Julien et al., 1983; Castonguay et al., 2006). The relative timing of obduction of oceanic seafloor units on
the continental margin in the Québec Reentrant has been traditionally indirectly constrained by the biostratigraphic
age of the successions that under- and overlie the accreted units of the Dunnage Zone (St-Julien and Hubert, 1975).
Recent “’Ar/*’Ar and K/Ar metamorphic ages confirm the “classic” Middle to Late Ordovician Taconian age
(Castonguay et al., 1997; Glasmacher et al., 2003; Pincivy et al., 2003) for the ophiolite obduction on the continental
slope margin successions.

At the St. Lawrence Promontory in western Newfoundland, the obduction of the Bay of Island ophiolite and the
associated Humber Arm Allochthon on the continental margin of Laurentia was long considered to be Middle
Ordovician (Williams, 1975). This “classic” Taconian age is supported by the biostratigraphic ages of the Taconian
flysch and of the overlying assumed post-Taconian units. In contrast, detailed geochronology, structural studies and
industry seismic data indicate that the emplacement of oceanic domain units over the shallow segment of the
continental margin started in Silurian (Dunning et al., 1990) and ended prior to the Viséan (Carboniferous), likely in
Middle Devonian (Cawood, 1993; Stockmal et al., 1998, 2004; Waldron et al., 1998). The “Taconian” event near the
St. Lawrence Promontory resulted from the emplacement of the oceanic seafloor and composite terranes on distal
deep marine continental slope succession (van Staal et al., 1998; Waldron and van Staal, 2001). It has been proposed
that subduction near the continental margin of Laurentia started in the latest Cambrian with the obduction of the
Lushs Bight Oceanic Tract (Swinden et al., 1997) over the Dashwoods microcontinent (van Staal et al., 2004), the
latter being a continental fragment lately detached from Laurentia (Waldron and van Staal, 2001). The accretion of
the new composite terrane along the continental margin at the St. Lawrence Promontory marks the onset of the
Taconian Orogeny there (van Staal, 2005).

In the following sections, we will only consider the Quebec succession; interested readers on the correlation
with Newfoundland are referred to the literature cited above.
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THE QUEBEC REENTRANT

In Québec, the Lower Paleozoic continental margin of Laurentia formed within the Québec Reentrant (Fig. 5)
(Thomas, 1977, 1991).

Rift-early drift

Within the Grenville Province component of the re-entrant, dike swarm tholeiites yielded a 590 Ma age (Kamo
et al., 1995). Rift-related, greenschist facies alkaline basalts and comendites of the Tibbit Hill Formation yielded a
554 Ma age (Kumarapeli et al., 1989). Similar rift basalts are found in the Caldwell and Shickshock groups and the
Montagne de Saint-Anselme Formation in southern Québec, Gaspé and eastern Québec, respectively. U-Pb dating of
the volcanic rocks at the Montagne Saint-Anselme yields an age of 561 +/- 7 Ma, whereas similar basalts of the
Shickshock Group at the Lac Matapédia (Gaspé) yield ages of 565 +/- 6 Ma and 556 +/- 5 Ma (Hodych and Cox,
2007). A felsic phase within the Caldwell lavas have a radiometric age of 562 +/- 2 Ma.

The shallow marine platform. The shallow marine record of the rift episode is meagre in southern Québec. In
the St. Lawrence Platform, the Potsdam Group unconformably overlies the Precambrian basement; the lower
formation (Covey Hill Formation) has been equivocally assigned an Early Cambrian age (Sanford, 1993) without
supporting faunal element. At the eastern end of the Humber external domain (Fig. 1), tectonic stacks of the shallow
marine Oak Hill Group (Charbonneau, 1980) overlie rift volcanics of the Tibbit Hill Formation (Kumarapeli et al.,
1989). In the Oak Hill Group, the Cheshire (quartz arenite) and Dunham (dolostone/limestone) formations have
yielded Early Cambrian faunal elements (Clark, 1936; Clark and McGerrigle, 1944) (Fig. 6).

The undated Potsdam Group is dominated by fluvial to shallow marine interbeds of locally conglomeratic
arkose, with some subarkose in its lower part (Covey Hill Formation, Fig. 6). A thin (~ 5 m), fossiliferous, dolomitic
sandstone unit locally lies at the top of the Covey Hill Formation in SW Québec (Riviere Aux Qutardes Member,
Salad Hersi and Lavoie, 2000a). The upper part of the group is represented by shallow marine strata of the Cairnside
Formation. The latter consists of a lower unit of light gray to creamy white quartz arenite, and an upper unit of
quartz arenite similar to that of the lower unit but with subordinate dolomitic sandstone interbeds (Clark, 1972;
Globensky, 1987; Salad Hersi and Lavoie, 2000b). Where the dolomitic sandstone interbeds are missing, the upper
unit is not distinguishable from the lower unit

The slope and rise. The Humber succession in the Québec Reentrant occurs in number of stacked structural
nappes (Fig. 1), most of which carry their distinct stratigraphic nomenclature (St-Julien and Hubert, 1975; Lavoie,
1997, 1998, 2002; Lebel and Kirkwood, 1998) that was only recently synthesized (Lavoie et al., 2003b) (Figs. 2 and
6).

At the base of the succession, a thick interval of variegated mudstone with subordinate sandstone overlies rift
volcanics. Decimetre- to metre-thick beds of conglomerate with calcisiltite and phosphate fragments and
resedimented oolitic grainstone beds are locally abundant (Lavoie, 1997). These lowermost units are known as the
Sainte-Foy Formation and as the basal beds of the Saint-Roch Group. This lowermost succession is devoid of macro
and microfauna.

A distinctive unit of massive, pebbly green sandstone and red and green mudstone overlies the lower mudstone-
sandstone succession (Fig. 6). This predominantly coarse-grained succession forms the Saint-Nicolas Formation, the
informal “green sandstone” unit, the Armagh Formation and the upper beds of the Caldwell Group (Lavoie, 2002;
Lavoie et al., 2003b). The age of that unit is constrained by the presence of the inarticulate brachiopod Botsfordia
pretiosa and the trace fossil Oldhamia curvata, both diagnostic of middle to late Early Cambrian (Sweet and
Narbonne, 1993). Palynological study documented a late Early to early Middle Cambrian acritarch assemblage
(Burden, 2003: Lavoie et al., 2003b). The very distinctive and time-constrained (late Early Cambrian) massive
sandstone unit is a regional correlation unit. It has been proposed that this coarse grained unit represents the deep
marine expression of the late Early Cambrian sea level lowstand that coincides with the end of the rift phase (Lavoie
et al., 2003b).
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glauconitic sandstone with a thin interval of quartizitic sandstone, limestone conglomerate, slope dolosiltite and
ribbon limestone at the base. This succession occurs in the Saint-Nicolas, Saint-Roch, Anse Maranda, Orignal and
Armagh formations (Longuépée and Cousineau, 2001; Cousineau and Longuépée, 2003; Lavoie et al., 2003b;
Longuépée and Cousineau, 2005) (Fig. 6). Palynological analyses of these units yielded late Early Cambrian to early
Middle Cambrian fauna (Lavoie et al., 2003b). The upper meters of that Middle Cambrian interval consist of an
informal olistromal unit formed through slumping of slope sediments (Lebel and Hubert, 1995; Lebel and Kirkwood,
1998).

A distinctive coarse-grained unit overlies the Middle Cambrian fine-grained dominated interval (Fig. 6). This
unit is known as the Lauzon, Breakeyville, Saint-Damase, Grosses-Roches and Murphy Creek formations (Lavoie et
al., 2003). This unit consists of thick, channel-fill carbonate conglomerate, feldspathic and siliceous sandstone and
minor mudstone. Beds are commonly meter-thick and arranged in decametre-thick thinning- and fining-upward
cycles (Lavoie, 1998). Fragments in the conglomerate consist of nearshore to platform margin limestone facies that
indicate a high-energy platform with an oolite shoals and thrombolites rimmed-margin. Metre-sized sandstone, basalt
fragments and basement-derived gneiss and orthoquartzite (Lavoie, 1997, 1998) are noted. Fauna in limestone
fragments indicate erosion of Lower to early Upper Cambrian shallow marine facies (Rasetti, 1945, 1946, 1948;
Nowlan, 2003). Palynological study of interbedded mudstone documented a faunal assemblage of Late Cambrian
age (Lavoie et al., 2003b).

The Upper Cambrian coarse-grained interval is overlain by a fine-grained succession of grey and black
mudstone and subordinate sandstone (Fig. 6). The succession forms the Lauzon and Riviére-du-Loup formations and
the upper member of the Grosses Roches Formation (Lavoie et al., 2003b). Palynological analyses of that unit
suggest a latest Cambrian age from acritarchs (Lavoie et al., 2003b) and scolecodonts (Lavoie et al., 1998). This
fine-grained unit is locally intercalated with a succession of highly discontinuous and massive quartz arenite beds
(Fig. 6). These quartz arenites are medium grained with local limestone conglomerate and form the Kamouraska and
Rosaire formations (Lavoie et al., 2003b). Interbedded mudstone yielded a latest Cambrian to earliest Ordovician
fauna of scolecodonts, chitinozoans and acritarchs (Lavoie et al., 1998; Burden, 2003).

The youngest passive margin unit consists of red, green and black mudstone with subordinate sandstone, ribbon
limestone, calcarenite and limestone conglomerate. This unit comprises the Pointe de la Martiniére, Lévis, Riviére-
Ouelle and Cap-des-Rosiers formations (Fig. 6). Based on graptolites and chitinozoans, this unit is Arenigian-
Darriwilian in age (Landing and Benus, 1985; Landing et al., 1986; Bernstein et al., 1992; Maletz, 1992, 2001;
Asselin and Achab, 2004).

Sea level record

The passive margin history consists of two major transgressive-regressive (T-R) cycles identified as the Sauk 11
and III sub-sequences (Fig. 6). The shallow marine record of the initial Sauk II transgressive and early highstand sea
level (Middle Cambrian) is poorly expressed in Québec (Corner-the-Beach Formation), whereas the slope record
consists only of mudstone and sandstone (e.g., Orignal Formation and equivalent units). A sea level lowstand is
recognized near the base of the Late Cambrian (Steptoan) succession and correlates with the end of Grand Cycle A
(Chow and James, 1987; Cowan and James, 1993; Lavoie et al., 2003), the shallow marine record of that lower
Upper Cambrian event is unknown in Quebec although the nature of the fragments in the widespread lower Upper
Cambrian (Steptoan) slope limestone conglomerate unit (Breakeyville, Lauzon, Saint-Damase, Grosses-Roches and
Murphy Creek formations) indicates the presence of this platform. These thick conglomerates correlate with the end
of the Sauk II sub-sequence.

The presence of pre-Upper Cambrian fragments in the conglomerate suggests that simple late highstand to
lowstand shedding of platform margin clasts cannot be invoked. The thick olistromal unit that underlies the
conglomerate, indicates that in late Middle-earliest Late Cambrian time, the area located around the Saguenay
Graben (Aulacogene of Kumarapeli and Saull, 1966; Figs. 2 and 8a) suffered from tectonic instability, which
resulted in submarine slides. These submarine slides scoured the slope, creating new and enhancing old submarine
canyons that retrograded and cut into the adjacent platform. This tectonically triggered erosion of the continental
margin ended in basement rocks with erosion of the entire carbonate, clastic and volcanic succession deposited
during and after the rift episode. The local tectonic instability was coeval with the significant sea level lowstand that
marks the end of the Sauk II sub-sequence.
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The Early Ordovician was marked by craton-wide transgression leading to the deposition of the Romaine
Formation on Mingan and Anticosti islands (Desrochers, 1988; Brennan-Alpert, 2001) and the Beekmantown Group
in southern Québec and eastern Ontario (Bernstein, 1992; Salad Hersi et al., 2002b, 2003) (Fig. 6 and 8b). Two T-R
depositional cycles are recognized and separated by the mid-Arenigian Theresa — Beauharnois formations contact
(Salad Hersi et al., 2003; Dix and Salad Hersi, 2004). The first cycle is upper Tremadocian to mid-Arenigian
whereas the second one is mid-Arenigian to Darriwilian in age (Dix and Salad Hersi, 2004). Tectonic instability
associated with the Ottawa — Bonnechére Graben has been proposed to explain the diachronism with the
Newfoundland succession (James et al., 1989) in the sea level fluctuations, conversely imprecise biostratigraphic
data could also be envisaged to explain the discrepancies (Dix and Salad Hersi, 2004). In the Québec Reentrant, the
slope record consists of the fine-grained facies of the Riviére Ouelle Formation (and equivalent units) and indicates
transgressive to highstand sedimentation (Lavoie et al., 2003b).

A regional sea-level scenario for the Lower Paleozoic rift and passive margin

The proposed Newfoundland-Quebec correlation allows the recognition of four distinctive major sea level
lowstands (Fig. 9):

1) A late Early Cambrian event (“Hawke Bay event”) expressed by massive sandstones and conglomerates. This
event coincides with the end of the rift stage and marks the upper limit of the Sauk I subsequence,

2) An early-mid Upper Cambrian event (Steptoan-Sunwaptan) expressed in limestone conglomerates on the slope.
Coeval tectonic instability is indirectly documented along the Saguenay Graben in the Québec Reentrant. This event
marks the end of the Sauk II subsequence,

3) A latest Cambrian event (early Skullrockian) represented by local limestone conglomerates and coarse-grained
clastics. This event occurs within the Sauk III subsequence but marks the end of the Cambrian Grand Cycle C,

4) a) In western Newfoundland, a sea level lowstand at the Tremadocian — Arenigian boundary represented by
more limestone conglomerates, and b) in southern Québec — eastern Ontario, a slightly younger sea level lowstand in
mid-Arenigian expressed in the major limestone conglomerate of the Levis Formation. Diachronism is related to
tectonic instability of the Ottawa — Bonnechére Graben (Dix and Salad Hersi, 2004).

The stratigraphic record indicates that tectonism was sporadically active in the Quebec Reentrant from Late
Cambrian to Early Ordovician (Lavoie et al., 2001, 2003b; Dix and Salad Hersi, 2004). Evidence for such instability
is invariably associated with the two failed aulacogenes in the Quebec Reentrant, the Ottawa — Bonnechére and the
Saguenay grabens. It is possible that the Late Cambrian obduction of the Lushs Bight Oceanic Tract over the
Dashwoods microcontinent (van Staal et al., 2004) triggered this tectonic instability in the Quebec Reentrant.

The Taconian foreland basin

The building of the marine passive margin successions along the eastern seaboard of Laurentia was stopped by
emergence and sub-aerial exposure of the platform in earliest Middle Ordovician. The resulting unconformity is
known as the St. George (Newfoundland; Knight et al., 1991), the Romaine (Anticosti; Desrochers, 1988), the
Beekmantown (southern Québec; Dykstra and Longman, 1995; Salad Hersi et al., 2003), the intra-Philipsburg
(southern Québec — Vermont; Knight et al., 1991), and the Knox (east U.S.A.; Read, 1989) groups. This
unconformity coincides with the limit between Sloss’ (1963) Sauk and Tippecanoe sequences and marks the
inception of the foreland basin at Laurentia continental margin (Fig. 2). The evolution of the foreland basin became
strongly diachronic along the continental margin, this suggests that the reentrant-promontory morphology played a
key role in the evolution of the continental margin of Laurentia at that time (Lavoie, 1994).

Platform succession. The inception of the foreland basin and increased tectonic subsidence in the Québec
Reentrant was marked by a significant change in the St. Lawrence platform (Sanford, 1993). Siliciclastic units
covered the unconformity (Globensky, 1987; Desrochers, 1988; Salad Hersi and Dix, 1997). The depositional
environment later became favourable to carbonate production (Mingan Formation and Ottawa, Chazy, Black River
and Trenton groups; Desrochers, 1988; Sanford, 1993; Lavoie, 1994; Sharma et al., 2003). These carbonates were
deposited on a ramp affected by synsedimentary extensional faults (Lavoie, 1994; Lemieux et al., 2003), with the
successions recording progressive deepening upward conditions (Fig. 10).
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The carbonate sedimentation was shut down diachronically in a westerly direction, with the sedimentation of
deep marine shales and overlying Taconian flysch and final molasses (Sanford, 1993; Lavoie, 1994; Sharma et al.,
2003) (Fig. 10). In the Québec Reentrant, the carbonate sedimentation lasted from Darriwilian to late Caradocian.

Slope and rise succession. In eastern Québec, the units that overlie the last passive margin slope deposits
consists of green flysch sandstone with subordinate mudstone, calcarenite, lithic conglomerate and chert of the
uppermost Arenigian to lowermost Caradocian Tourelle, Neckwick, Des Landes and Dubuc formations (Biron,
1974; Hiscott, 1978; Slivitzky et al., 1991; Bloechl, 1996; Prave et al., 2000) (Fig. 10). In southern Québec (Fig. 10),
Darriwilian sediments are predominantly fine-grained calcareous sediments with subordinate flysch sandstone and
limestone conglomerate. These units are known as the Ville de Québec (Slivitzky and St-Julien, 1987) or Citadelle
(Globendsky, 1985; Gayot, 2002), the Bourret (Clark and Globensky, 1973) and Bulstrode (St-Julien and Hubert,
1975) formations.

Peculiar mélanges are widely distributed and are interpreted to be roughly coeval with these Middle Ordovician
units (Fig. 10). The best exposed of these mélanges is the Cap Chat Mélange in the Gaspé Peninsula (Cousineau,
1998). This mélange consists of broken units of the adjacent formations, in particular, centimetre to kilometre-sized
blocks of the Riviére Ouelle, Tourelle and Des Landes formations (Arenigian to Darriwilian) in a muddy to sandy
matrix (Cousineau, 1998), although current research suggests a more significant tectonic imprint than previously
recognized (N. Pinet, pers. comm., 2007). In southern Québec (Fig. 10), chaotic units described as polymictic
conglomerate (Citadelle Formation; Osborne, 1956), olistostrome (Drummondville Olistostrome; Slivitzky and St-
Julien, 1987) and the tectonosedimentary Riviére Etchemin and Pointe-Aubin mélanges (Lebel and Kirkwood, 1998;
Comeau et al., 2004, respectively) are exposed. These chaotic units in southern Québec differ from the Cap Chat
Mélange; they are composed of small to large-sized blocks of the various lithologies found in the shallow and deep
marine passive margin and foreland basin succession (Early to Middle Ordovician). The age of the matrix is locally
known to be Middle Ordovician (Globensky, 1978).

Syn-orogenic sedimentation lasted until the latest Caradocian in the Gaspé Peninsula. Upper Ordovician coarse
and fine-grained flysch is known as the Cloridorme Formation (Enos, 1969; Prave et al., 2000) (Fig. 10). The
Cloridorme Formation is coeval with the flysch of the Lorraine and Sainte-Rosalie formations on the St. Lawrence
Platform (Globensky, 1987) (Fig. 10). The upper member of the Cloridorme Formation is time correlative (C.
spiniferus) with the Garin Formation (Malo, 1988) of southern Gaspé and with the Long Point Group (Williams,
1979; Barnes et al, 1981) in western Newfoundland. The Garin and Long Point overlie a depositional hiatus at the
top of the allochthons and supports the westward diachronism of Taconian events (Fig. 11).

The evolution of the rift and passive margin episodes was primarily controlled by eustacy with tectonism only
recognized at proximity of failed rift grabens (Ottawa — Bonnechére and Saguenay grabens). Differences are
recorded at the onset of closure of the Humber Seaway (Waldron and van Staal, 2001), a sea arm of the lapetus
Ocean that separates the Dashwoods microcontinent from Laurentia. This is first noted by the slightly diachronic
migration of the peripheral bulge on the continental margin (Knight et al., 1991). These differences are clearly
expressed in the timing of various tectono-sedimentary events (Fig. 10). This diachronic evolution suggests that the
overriding control on development and evolution of depositional successions was tectonic. The Middle to Late
Ordovician eustatic sea level curve of Ross and Ross (1988) suggests three transgressive — regressive (T-R) events in
that period (Darriwilian to end-Ashgillian) corresponding to Sloss’s (1963) Tippecanoe I Sub-sequence (Fig. 10).
These T-R cycles are: 1) Darriwilian, 2) Caradocian and 3) Ashgillian (Fig. 10). Glacio-eustatic processes controlled
the last one of these cycles (Brenchley et al., 1994; Gibbs et al., 1997; Lavoie and Asselin, 1998).

The Darriwilian record in the Québec Reentrant suggests the presence of an overall transgressive-regressive
cycle, which starts at the Sauk-Tippecanoe unconformity and ends in an unconformity that separates the Chazy and
Black River groups (Salad Hersi and Lavoie, 2001b; Dix, 2003) (Fig. 10). This suggests that the Darriwilian
succession in the Québec-Ontario shallow foreland recorded a sea level eustatic signal. The Caradocian and
Ashgillian T-R eustatic cycles are imperfectly recorded in the Québec succession; the transition from carbonate ramp
(Trenton Group) to deep marine sediments (Utica) and flysch (Sainte-Rosalie) records tectonically-driven deeper
marine conditions (Lavoie, 1994; Lavoie and Asselin, 1998) (Fig. 10). Dix (2003) documented that the eustatic
signal can still be detected.

Detailed sedimentologic analyses are unavailable for the deeper marine successions preserved in the Taconian
Allochthons. The lateral variation in time and nature of Middle-Upper Ordovician Mélanges in the Québec Reentrant
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PETROLEUM GEOLOGY
St. Lawrence Platform

The Lower Paleozoic St. Lawrence carbonate platform was initially tested for hydrocarbons in the late 50’s-
70’s. Gas shows were reported in most of the wells in both passive margin (Beekmantown Group) and foreland basin
(Trenton Group) carbonates. However, these first exploration efforts failed to encounter economic accumulations.
Extensive organic matter studies resulted in detailed maturity map of the St. Lawrence Platform and in the
recognition of source rock potential of the Utica Shale (Bertrand, 1991). In the 1990’s, a new round of exploration
targeted the deep autochthon below the Taconian Nappes again without significant success. All these previous
exploration campaigns tested faulted structural highs and unconformity-bounded Lower Ordovician units. Current
exploration activities focus on hydrothermal dolostones (Lower and Middle Ordovician) (Lavoie et al., 2005). In the
early 2000’s, various gas discoveries have been reported, although without volume and potential production values;
these discoveries are reported in the Beekmantown and Trenton groups. The first significant exploration success
occurred in early 2007, when Talisman Energy reported from their second exploration well, significant natural gas
flows up to 4.5 mmcf/d from hydrothermally-dolomitized intervals of the Trenton-Black River. Moreover, the shale
gas potential of the Utica Shale is currently under aggressive technical evaluation.

Source Rocks. Over the years, little oil has been recovered. A 46.9°API oil has been reported in a hole north of
Montréal. Detailed organic matter petrography and Rock Eval analysis have shown that the Upper Ordovician Utica
Shales has a potential for gas (Bertrand, 1991). The formation contains Type II kerogen and a small amount of Type
I. The best Total Organic Carbon (TOC) values range from 1.0 to 3.0wt% and Hydrogen Index (HI) up to 150. The
Utica Shale is a facies equivalent of the Middle Ordovician Black Cove Formation in Newfoundland, the Upper
Ordovician Macasty Formation on Anticosti Island and the Upper Ordovician Pointe Bleue Formation (TOC: up to
15.5% and HI up to 633) in the Lac Saint-Jean outlier. Other potential source rocks with poor potential include the
upper Trenton Group and shales of the Lorraine Group.

Maturation and generation. Maturation increases southerly in the St. Lawrence Platform and three maturation
domains are proposed. The Quebec City area is the least mature sector (Bertrand, 1991). A significant maturation
jump is noted at the Appalachian structural front. Studies of wells show that maturation positively correlates with
depth. The Utica Shale is in the upper part of the condensate zone in the northernmost sector of the St. Lawrence
Platform. Elsewhere, the Utica Shale is within the condensate to dry gas zones. Maturation of the source rock
resulted from burial of the succession and preceded the formation of the Chambly-Fortierville syncline. Hydrocarbon
generation occurred before the emplacement of the Taconian allochthons over the platform. Geochemical data
indicate that Utica Shale has generated its entire hydrocarbon.

Migration and accumulation. From geochemical and maturation data, most of the hydrocarbons derived from
the Utica Shale were generated just before the Late Ordovician Taconian Orogeny (Bertrand et al., 2003). The
presence of thermogenic gas in the Pointe-du-Lac Quaternary reservoir indicates that the Utica Shale still has locally
some potential to generate gas (St. Antoine and Héroux, 1993). Recent gas shows in the St. Lawrence Platform
(Dundee, Bécancour, Batiscan, Gentilly) argue for an up-dip (southeast to northwest) and vertical (along some of the
extensional faults) migration of hydrocarbons of the Upper Ordovician Utica Shale towards Lower and Middle
Ordovician carbonate reservoirs. Detailed petrographic study of the Beekmantown dolostones indicates a liquid
hydrocarbon migration event after chemical compaction and a later phase of gas migration. There is no absolute age
data on hydrocarbon migrations.

Reservoir facies. A first target consists of shallow water, intertidal to shallow subtidal facies of the Lower
Ordovician (upper Tremadocian-Arenigian) Beekmantown Group (Chi et al., 2000; Bertrand et al., 2003a; Lavoie et
al., 2005). Depositional facies include peritidal dolostones and marine limestones. Facies are arranged in m-thick
shallowing-upward cycles. The upper beds are locally karsted as result of sub-aerial exposure at the Sauk-
Tippecanoe sequence boundary. Porous potential reservoir units only formed where dissolution and secondary
dolomitization / brecciation occurred. The late secondary dolomitization is of hydrothermal origin. Pore coating
bitumen and methane inclusions in late quartz cement indicates 2 pulses of hydrocarbon migration.

A second target is the Upper Ordovician (lower Caradocian) Trenton and Black River groups. The favourable
facies are shallow subtidal clean bioclastic and oolitic limestones (e.g., Deschambault Formation). Potential reservoir
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development is associated with hydrothermal dissolution and dolomitization. Proximity to extensional faults is a
prerequisite for development of secondary porosity. A major gas discovery in the Trenton-Black River groups has
recently been publicized.

Secondary targets consist of the Cambrian and Middle Ordovician basal sandstone units that overly the
Precambrian and Sauk-Tippecanoe unconformities, respectively. These nearshore sands are locally porous and gas
shows are reported. Finally, most of the wells that intercepted the Upper Ordovician flysch sandstones on the
southern flank of the Chambly-Fortierville syncline have generated various amounts of gas.

Porosity and Permeability. Dolostones of the Beekmantown Group contain vuggy, moldic, intercrystalline and
fracture porosities. Multiple events of dolomitization are known (early, late burial and hydrothermal; Chi et al.,
2000). Measured porosities in the Beekmantown is highly variable and can even reach 17% in the deeply, allochthon
buried successions. The limestones of the Trenton Group are locally fractured, although current interest lies in the
potential presence of hydrothermal dolostones in that unit. No porosity/permeability values for the Trenton and basal
sandstones are available. Recent tests report gas flows up to 4.5 MMcf/d.

Traps and seals. The St. Lawrence Platform strata form a broad monocline with no fold closure. In the target
zone (Lower to Middle Ordovician succession), extensional faults are the most likely traps for reservoirs. The top of
the Beekmantown Group is marked by the Sauk-Tippecanoe sequences boundary that, if not breached by faults,
could have acted as a seal. The Utica Shale could have not only provided hydrocarbons but also likely sealed off the
underlying Trenton Group. Diagenetic seals produced by lateral transition from porous hydrothermal dolostones to
tight carbonates are expected in the Beekmantown and Trenton groups. Finally, compressional structural elements
such as triangle zone and duplexes are locally documented along the SE limb of the Chambly-Fortierville syncline
(Castonguay et al., 2006).

Exploration plays. The actual play concept for exploration in the St. Lawrence platform is derived from the
model of fault-controlled hydrothermal dolomitization that has proven highly successful in coeval rocks in eastern
USA (e.g., Albion-Scipio in Michigan Basin; Fingers Lake area in Appalachian Basin of New York) (Smith 2006).
Detailed petrographic and geochemical studies in the Beekmantown Group have revealed the presence of late saddle
dolomite in both field and well samples. Reprocessed seismic profiles have documented the presence of still untested
fault-bounded platform sags. Movement along these faults is assumed to have taken place during the early Taconian
foreland basin development (e.g., Chazy to Trenton) as suggested by thickness increases on the downthrown block.
The recent significant discovery that has been announced in March 2007 indicates that the Upper Ordovician
hydrothermal dolomite play extends from New York and Ontario into southern Quebec.

As in many places in North America, the potential of shale gas to produce economic volume of natural gas is
currently a major field of investigation in southern Quebec. A large number of companies are technically evaluating
the potential of the Upper Ordovician Utica Shales in southern Quebec.

Secondary types of conventional play consist of the Cambrian to Middle Ordovician porous sandstone units that
are structurally put in favourable contact with the Upper Ordovician Utica Shale. Finally, compressive structural
plays involving deep marine impure Upper Ordovician flysch sands at the Appalachian structural front are
considered.

Appalachian Humber Zone

The Saint-Flavien gas field was drilled in 1972 by Shell Canada on the seismic identification of a foothill-style
major anticline (Béland and Morin, 2000; Bertrand et al., 2003a). Over its production life, the field produced 5.7 Bef
of gas. The Humber Zone of the Appalachians is the least explored domain in Quebec. Presence of natural gas and
viable reservoirs is documented in other exploration wells (Parke) and in shallow water wells; surface oil seeps are
locally reported. Following the 1995 oil discovery in the Humber Zone of Newfoundland (Cooper et al., 1995), some
exploration efforts were carried in this belt. Current exploration targets consist of imbricated shallow marine
platform slabs (the Saint-Flavien model; Bertrand et al., 2003a) and coarse-grained thick channel-fill successions in
submarine fans.
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Exploration history/Discoveries to date. The oldest report of surface seeping oil in the Humber Zone of
Quebec goes back to 1958 with notice of soaking oil in a gravel pit in the Montmagny area. Most of the early
hydrocarbon exploration in Quebec focussed on the St. Lawrence Platform and on the Gaspé Belt. The Lower
Paleozoic Appalachians did not receive significant attention until a late 1960’s exploration seismic survey by Shell
Canada on a foothill-style concept. This led to the successful drilling of the Saint-Flavien gas field. Few other
exploration wells have been drilled in the Humber Zone of Quebec, most of which did encounter gas shows. Of
interest are three holes drilled in the Riviére du Loup area (Parke wells), which documented a significant porous
reservoir unit (water-filled). This reservoir unit is currently evaluated for underground gas storage. Finally, some
shallow water wells in the eastern Quebec stroked natural gas in fractured deep marine clastic unit.

Source Rocks. Liquid hydrocarbon fluid inclusions have been reported in fracture-filling quartz cements in
Cambrian - Lower Ordovician coarse-grained submarine fan deposits, methane inclusions are more common (Chi et
al., 2000). Source for these hydrocarbons is uncertain. A detailed isotopic analysis of the gas in the Saint-Flavien gas
field points to a thermogenic origin with emplacement following the maximum burial (St. Antoine and Héroux,
1993). At the Appalachian structural front, the best-known source rock is the Upper Ordovician Utica Shale with
TOC values reaching 3wt% and HI up to 154 (Bertrand, 1991). The organic matter is of Type I/II algal origin. The
more or less coeval black shales of the Ruisseau Isabelle Mélange in Gaspé have TOC values up to 3.6wt% (Roy,
2004). Recent study of Lower Ordovician Rivieére Ouelle Formation indicates that relatively thick shale intervals
have a fair source rock potential (TOC up to 1.6wt%; Bertrand et al., 2003b). These potential source rocks are too
mature to generate extracts for geochemical analysis; they are assumed to have had a fair gas potential. However,
facies correlative Lower Ordovician shales in western Newfoundland have sourced the oil reservoirs there (Fowler et
al., 1995).

Maturation and generation. Surface maturity data indicate a northeasterly decrease from the US border
(sterile; reflectance (Ro) of kergonens > 3%) towards Quebec City (oil window — condensate; Ro = 1.3%) (Bertrand,
1991). Conversely, a general north-easterly increase is noted from the Quebec City area towards the Gaspé Peninsula
(dry gas to sterile; Ro > 2%) (Chi et al., 2000). In the few wells that were studied, a depth related maturation increase
is observed. Evidence for transported burial maturation is indicated by significant maturity jumps from one tectonic
slice to the other and at the transition between the St. Lawrence Platform and the Appalachian basin. The presence of
units with lower maturity values in the lower nappes of the structural stack is a likely scenario. The available burial
history scenarios indicate that the Utica Shale entered in the oil window during in Late Ordovician; these source
rocks were significantly buried beneath syn-orogenic Taconian flysch, it is only in the Quebec City area that the
shales are still in the dry gas zone.

Migration and accumulation. Migration of hydrocarbons in the Appalachian basin is documented. In the
Saint-Flavien gas field, the gas accumulation formed after maximum burial and is assumed to be late Taconian in age
(Bertrand et al., 2003a). Combined fluid inclusions and organic matter maturation studies show a strong correlation
between type of hydrocarbon inclusions (oil, methane), homogenization temperature of aqueous inclusions and Ro
of autochthonous organic matter (Chi et al., 2000). This suggests that in most cases, some migration occurred during
or near maximum burial. Late fractures commonly host hydrocarbon fluid inclusions in diagenetic phases (silica,
calcite), solid petroleum residue (impsonite) and gas shows; this supports a late tectonic scenario of migration
through fractures.

Reservoir facies. The main target reservoir consists of fractured intervals in tectonic slices of shallow water,
intertidal to shallow subtidal facies of the Beauharnois Formation (Beekmantown Group) (Bertrand et al., 2003a).
Depositional facies include peritidal dolostones and various open marine limestones. Evidence for local episodic
subaerial exposure and carbonate dissolution is minor. Reservoirs formed where burial and hydrothermal
dolomitization formed thick intervals that were preferentially fractured during tectonic emplacement (Bertrand et al.,
2003a). The calcite-cemented fractures were later (post or late emplacement) dissolved forming the reservoir. The
lateral and vertical distribution of the reservoir is highly variable and compartmentalization occurred through
faulting.

Secondary target reservoirs are found in the thick Cambrian-Lower Ordovician coarse-grained submarine fan
deposits. The “green sandstone” unit of the Saint-Roch Group (Lower Cambrian) is typified by open secondary
porosity (water-filled in the Parke wells) related to significant dissolution of feldspars. The Kamouraska Formation
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quartz arenite (Lower Ordovician) is characterized by bitumen that coats both primary pore space as well as open
late fractures (gas shows in shallow water wells in eastern Québec and hydrocarbon inclusions in late silica cement).

Other potential targets are hydrothermal dolostones in tectonic slices of the Middle Ordovician carbonate
platform facies (Black River and Trenton groups equivalents), thick sand sheets in passive margin (Upper Cambrian
Saint-Damase Formation) and flysch (Middle Ordovician Tourelle Formation) submarine fans.

Porosity and Permeability. In the Saint-Flavien gas field (Béland and Morin, 2000), the Beauharnois reservoir
has porosity (fracture and minor intercrystalline) ranging between of 2.8% to 15% (average of 6%). Permeability
varies between of 0.1 mD to 70 mD (average of 4 mD) in a 3.5 m average pay zone at 1500m. DST in Parke wells
suggest local high permeability in the Cambrian sandstone.

Traps and seals. The Saint-Flavien gas field is hosted in a large open anticline cut by secondary extensional
and reverse faults that provide excellent closures (Bertrand et al., 2003; Castonguay et al., 2006). The presence of
hydrothermal dolomites suggests that diagenetic seals are also likely in tectonic slices of platform facies (Bertrand et
al., 2003). Late-Middle to Upper Ordovician shales of the flysch succession could likely form good stratigraphic
seals above various carbonate reservoirs. Deep coarse-grained submarine fans are also involved in fold and thrust
structural traps; deep marine shales (locally potential source rocks) likely provided impermeable caps.

Exploration plays. At the Appalachian structural front, current exploration play is focussed on the Saint-
Flavien model: fault-imbricated tectonic slices of the shallow marine Ordovician dolomitized (hydrothermal?)
platform (Beekmantown / Black River-Trenton groups). Recent seismic acquisition program by the MRNQ in Gaspé
indicates the presence of such imbricated platform units with roll-over anticlines and duplexes at relatively shallow
depth (1 sec). Either Lower (Riviére Ouelle Formation) or Upper Ordovician (Utica and Ruisseau Isabelle shales)
source rocks fed the potential reservoirs. In Gaspé, surface maturation of the deep marine allochthons in the Humber
Zone is high; no information on the maturity level of the intercalated platform slices is available. In the hypothesis of
transported maturation, this type of play is still viable.

A secondary exploration play occurs in the passive margin submarine fans. Thick successions of very coarse-
grained facies are known in the Lower St. Lawrence Valley. Significant secondary porosity through either
dissolution of metastable aluminosilicates or fractures is documented. The succession is stratigraphically and
structurally interstratified within potential source rocks that could also provide excellent seals. The fold and thrust
belt tectonic scenario provides multiple tectonic traps that are imaged in recent seismic surveys.
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STOPS 1 to 7. The Promontoire de Québec thrust sheet

Rocks of the Promontoire de Québec thrust sheet were folded and thrust over the autochthonous platform during
the Taconian orogeny (St-Julien, 1995) (Figs. 1 and 12). Structurally, the Promontoire de Québec thrust sheet
represents the lowest thrust unit of the allochthonous zone. It is structurally overlain by the Pointe de Levy and
Sainte-Pétronille slices as well as the Chaudiére thrust sheet. To the south the Foulon fault separates the Promontoire
de Québec thrust sheet from the Chaudiére thrust sheet.

The Promontoire de Québec thrust sheet is made up entirely of rocks of the Citadelle Formation that has been
divided into two units, a first unit consisting of alternating limestone and mudshale and a second unit that includes
different levels of mélange type rocks and olistostromes. The first unit of the Citadelle Formation is made up of
argillaceous limestone and mudshale, and more rarely sandstone and siltstone, dolomitic limestone and pyrite-
bearing black shale. The argillaceous limestones are massive and frequently contain bitumen. The overall thickness
of this unit is estimated at 900 meters along the section that runs parallel to Champlain boulevard (St-Julien, 1995).
The second unit of the Citadelle Formation includes conglomerates, olistostromes, mélange type rocks and debris
layers that can be found at different levels throughout the formation. Numerous discontinuous lenses of 30 cm to 5 m
thick limestone conglomerates can be observed in the north-east part of the thrust sheet, along Saint-Vallier, Cote
d’Abraham et Arago-ouest streets, as well as in the underground parking at Place d'Youville, suggesting that these
conglomerates are indeed interlayered with the massive argillaceous limestones of the first unit. Variably sized
(from 2 to 10 ¢cm) subrounded to round calcarous limestone, bioclastic limestone calcarous sandstone and limestone
clasts are cimented by a calcarous matrix. Some clasts are in fact larger fragments of massive argillaceous limestone
up to 1.5 meters in size and typical of unit 1 of the Citadelle Formation. Olistostromal layers represent the main
facies of the second unit of the Citadelle Formation. These layers are made up of different lithotypes of variable size,
from a few cm to a few meters in length. This facies is recognized mostly along Céte de la Montagne and Cote
Dinan, as well as along Sault au Matelot, Sous le Cap, Dambourgés and de la Canoterie streets. Outcrops from Cote
de la Montagne to Céte-du-Colonel-Dambourges consist of the same stratigraphic layer whereas those along De la
Canoterie street and Cote Dinan are stratigraphically lower, suggesting indeed that there are at least two separate
layers of olistostromes in the Citadelle Formation (Gayot, 2002). The olistostromal layers can be followed for more
than a couple hundred meters and their thickness is estimated at approximately 15 meters. Contacts between unit 1
and unit 2 can be either conformable, unconformable or faulted. Numerous field evidence such as soft-sediment
deformation features, syn-sedimentary faults and dragged bedding along fault planes suggests that rocks of the
Citadelle Formation were deposited in an extensional basin on the outer shelf in the immediate foreland of advancing
nappes. Thus, the outer shelf was dissected by extensional faults defining local topographic highs from which were
shed debris flows into fault-bounded basins. Tectonic instability and subsidence of the outer shelf are attributed to
flexural extension of the North-American margin during the Taconian orogeny (Kirkwood et al., 2000).

The Québec Promontory thrust sheet is characterized by regional NNE-SSW trending anticlines and synclines
(Fig. 13). A well-developed, steeply-dipping first-phase cleavage (S1) and local folds (F1) are observed throughout
the thrust sheet. Fold axes strike N185°, parallel to the regional NNE-trending folds and plunge 45° towards the
SSW. Along the escarpment next to the Champlain boulevard, the stratification is oriented towards the SE near the
Gare Maritime, becoming nearly vertical below the Citadel and plunging toward the NW in the Du Petit Champlain
street sector. Many faults occur within the Promontoire de Québec thrust sheet. Major NNE trending thrust faults,
such as the Logan's fault are mainly present to the north. Low-angle thrust faults cut through the steeply-dipping,
overturned limbs of the regional anticlines and synclines and can be observed mainly along the southern part of the
thrust sheet along Champlain boulevard. Numerous normal faults also occur within the thrust sheet. They consist of
a set of regularly oriented and continuous NE-trending subvertical faults. Two other sets of small scale normal faults
are also present throughout the thrust sheet. Although their orientation is quite variable along both limbs of the
regional syncline, they consistently trend NW and SE when restored to their original orientation after unfolding of
the strata. These faults are in fact high angle normal faults that developed early on during deposition of the Citadelle
Formation in the foreland basin (Kirkwood et al., 2000).
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pulse suggests a 3 to 4 km maximum burial depth for rocks of the Promontoire de Québec thrust sheet that we equate
with thrusting of the rocks over the autochthonous margin and/or overthrusting by the Chaudiére thrust sheet.

Departure from INRS-ETE, 490 de la Couronne Québec, at 8h30 (a few underground pay parking lots are
available within a short distance)

STOP 1. St-Vallier St.

» tinerary: walk along the walls of the Old Québec City starting at the outcrop located on St-Vallier street
beneath the now-removed overpass of the Dufferin-Montmorency highway. The outcrop shows the following
Sfeatures:

e  Stratigraphic sequence of the Citadelle Formation
e Normal faults and fractures
e  Geochemistry of veins

STOP 2. Cote Dinan

» tinerary: From St-Vallier, continue east towards Céte Dinan just below the Hétel Dieu hospital. The outcrop
shows the following features:

e  Stratigraphy of the Citadelle mélange unit
e Soft sediment deformation
e  Fractures, cleavage, faults

STOPS 3 to 7. Cote-du-Colonel-Dambourgés, Sous-le-Cap, Sault-au-Matelot and De la Montagne street and
Champlain boulevard

» tinerary: From Céte Dinan turn right (east) along Céte de la Canoterie and follow the walls of the Old City
along Céte-du-Colonel-Dambourges and Sous-le-Cap street. Continue south along Sault-au-Matelot street to
De la Montagne street. Proceed along Notre-Dame street to the east cliff below the Chdteau Frontenac on
Champlain boulevard. The outcrops show the following features:

e Stratigraphy of the Citadelle Formation
¢ Normal faults and fractures, Taconian thrust faults
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shallow marine platform is recorded from southeastern USA (Knox and Beekmantown groups: Mussman and Read,
1986; Read, 1989) to southern Quebec (Beekmantown and Philipsburg groups: Lavoie, 1994; Salad Hersi et al.,
2002; 2003) up to western Newfoundland (St. George Group: James et al., 1989; Knight et al, 1991). From that
erosion, coeval major limestone conglomerates were deposited on the continental slope (James and Stevens, 1986;
James et al., 1989; Lavoie, 1997; Lavoie et al., 2003; Salad Hersi et al., 2003).

These Arenig conglomerates mark the end of the passive margin and the inception of the Taconian foreland
basin along the continental margin of Laurentia. It is noteworthy that this transition is coeval with the Sauk —
Tippecanoe sequences boundary for the cratonic successions (Sloss, 1963).

Outcrops

We will examine two outcrops at this locality; the first one is immediately behind the main cemetery building (a
small cliff) whereas the second one is adjacent to the easternmost apartment building that you see on the cliff to the
north of the parking lot. In both cases, these are private properties and we ask you to act accordingly.

The first outcrop is a 6 meter-wide cliff face that exposes a limestone conglomerate. The conglomerate consists
of crudely-bedded conglomerates with beds ranging from 50 cm up to 2 meters in thickness (Fig. 15a). Thinner
conglomerate beds with interbedded fine-grained sandstone to siltstone/mudstone beds are seen near the stratigraphic
top of the succession. The conglomerate is commonly clast-supported and the matrix is fine sand. The conglomerate
consists of unsorted, small (mm) to large (up to 1.5 meter in diameter) limestone fragments. The large fragments are
angular with irregular margins that testify for little traction transport and remobilization, whereas some of the small
clasts are more sub-angular to sub-rounded. The clasts are dominated by micritic limestone with also abundant
wackestone to packstone mollusc-rich calcarenite. Some dolomite clasts are present in subordinate number.

The second outcrop is adjacent to the apartment building on the cliff to the north of the cemetery. There, the
outcrop is 15 meters long by 4 meters large and includes one major block of 10 x 4 meters (Fig. 15b). This large
block consists of micritic limestone with irregular patches of intraclastic calcarenite and calcirudite. The micritic
limestone is a thrombolite with a growth framework that consists of a framework of cryptomicrobial material in
particular of Renalcis and Epiphyton commonly forming layers with thin isopachous crusts of fascicular-optic calcite
cement crust of most likely marine origin. The irregular-shaped cavities in the thrombolite are interpreted as growth
cavities in the organic framework that are filled by material derived from the bio-mechanical erosion of the organic
framework. These cavities are commonly metric in visible size and are characterized by abundant biota in particular
large-sized molluscs. Locally, parts of the block are irregularly dolomitized (work in progress). The large block is
encased in limestone and siliciclastic conglomerate similar to the one of the outcrop at the entrance of the cemetery.
In the conglomerate, there are alternating clast- and matrix-supported layers. Clasts are dominated by micritic
limestone some of which are clearly thrombolitic in origin, other clasts in decreasing abundance are: bioclastic and
intraclastic calcarenite, algal laminites (locally strongly dolomitized), monogenic limestone conglomerate, sandy
limestone and sandstone/siltstone. The clastic clasts are autochthonous and represent eroded fragments of the
background sediments.
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STOP 10. St-Nicolas — Pointe-Aubin

The northern limb of the Pointe Aubin syncline consists of a 10-20 m wide fault zone made up of a series of
tectonically juxtaposed thrust slices, including distinct lithological facies and blocks of variable size and lithology,
such as green silicified siltstone, bituminous mudstone, dolomitic limestone and red shale with calcarenite interbeds
(Fig. 16). St-Julien (1968) included these fault slices in his polygenic chaotic unit and Globensky et al. (1993) later
assigned them to the Pointe Aubin Formation. In outcrop, individual fault slices consist of tightly folded beds and
sometimes highly fractured competent beds displaying internal continuity. The fault slices are of variable size,
ranging from a few meters to a few hundred of meters in length along-strike (Fig. 17¢), and are affected by faults and
fractures fragmenting them into smaller blocks, with precise shapes, sharp outlines, and an evident triaxial geometry.
All fault blocks have a common trend and a strong bed-parallel preferred orientation. The finer-grained matrix
surrounding the blocks is tectonized and displays a scaly texture occurring in small cm- to tens-cm thick corridors
that are parallel to the preferred alignment of the blocks. Large blocks can be lozenge-shaped, highly fractured with
numerous conjugate fault planes and disposed within 10-20 meters wide corridors parallel to thrust faults. Thrust
faults with down-dip striae can be recognized along the margins of the blocks. Strata within the blocks are
occasionally tightly folded with axial traces parallel to the regional cleavage.

Disruption, imbrication and thrusting of the Taconian foreland basin sequence are responsible for the
development of chaotic units within the turbiditic sequence of the Caradocian Les Fonds Formation (Fig. 18). These
chaotic units have been termed olistostromes or tectonosomes on the basis of field criteria and following Pini’s
(1999) classification. Olistostromal units containing blocks of the middle mudstone (Utica Shale) and upper turbidite
units (Ste-Rosalie Group) of the foreland basin and spanning the Caradocian N. gracilis, C. americanus, O.
ruedemanni and C. spiniferus graptolite zones were deposited and incorporated in the Les Fonds Formation.
Disruption of more competent beds of the flyschic sequence and fault stacking and slicing of older rock units
occurred along major thrust faults, and now form structurally aligned corridors or tectonosomes. Graptolites and new
chitinozoan data from both olistostromes and tectonosomes indicate older ages (early Late Ordovician) than the
flysch units of Sainte-Rosalie Group (mid Late Ordovocian). Lithological, stratigraphic and structural criteria
indicate that tectonosome slices are imbricated foreland basin rocks that are correlative to the Black River, Trenton,
Utica, Sainte-Rosalie and Lorraine groups of the Laurentian platform. Thermal maturation data indicates that
disruption of the autochthonous sequence, and folding and thrusting of the entire foreland basin sequence must have
occurred shortly after their deposition. Contrary to what had been suggested, blocks in the olistostromes and
tectonosomes were not derived from the allochthonous Chaudiére thrust sheet, even though it presently marks the
southern contact with parautochthonous zone. Imbrication of the foreland basin sequence must have occurred before
emplacement of the Chaudiére thrust sheet.
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Higher beds can be observed at a very short distance to the north (approx. 20 m). There the section lacks the
basal sandstone and Solenopora-rich calcirudite facies. A thinner coarsening-upward succession overlies the
irregular Precambrian basement, this succession is similar to the one previously described with the exception of a
thinner middle calcarenite interval. Of interest is the presence of two mound-shaped bioherms that are seen in the
small cliff along the river (Fig. 22¢). Note the draping of adjacent beds (bryozoan-rich packstone calcarenite —
calcirudite) which suggest some small synoptic relief on the seafloor. These mounds consist predominantly of lime
mud with a relatively abundant (approx 35%) well-preserved bryozoan fauna. Accessory fauna is given by crinoids,
molluscs and few brachiopods. Polished slabs of the unit reveal the presence of pelletoidal crusts (cryptomicrobial?)
locally surrounding and connecting the bryozoans therefore providing a bind for the structure (Ndzangou, 1997).
Burrows are locally present; they are filled by burial calcite cement (Ndzangou, 1997).

Go back to the parking lot along the trail. Walk to the stairs that bring you down to the lower level at the toe of
the fall. While descending, you will see grey and greenish siltstone and mudstone with fine sandstone laminae of the
Upper Ordovician Lotbiniére Formation (Belt and Bussiéres, 1981). This flysch unit belongs to the Sainte-Rosalie
Group. Flysch sedimentation records the rapid foundering of the carbonate platform as the continental margin was
collapsing as the result of westward migration of the Taconian allochthons, this deepening-upward trend occurred at
a time of global glacio-eustatic sea level lowering.

At the base of the stairs, walk towards the fall (and be ready to get splashed), at a small observatory facility, to
your right, you will see in a gully, the contact between the upper part of the platform succession (Neuville
Formation, upper beds of the Trenton Group) and the overlying black shale of the Upper Ordovician Utica Group
which underlies the Lotbiniére Formation. Both the uppermost beds of the Trenton Group (lime mudstone calcilutite)
and the shale of the Utica have high TOC content (between 1% and 3%, Bertrand, 1991) and can be considered as
good hydrocarbon source rock, in particular for the black shale with high Hydrogen Index (150-250) and low
Oxygen Index (Ol of 15-30). The Utica shale is the assumed hydrocarbon source rock in the current round of
exploration in southern Quebec, it has been recognized as the source rock for the Saint-Flavien gas field (50 km
south of Quebec City; Bertrand et al., 2003) and its potential as a shale gas play is currently under evaluation.

STOP 3. Chiateau Richer

0.0 km Departure from parking lot at the base of the fall
0.0-4.2 km Highway 40 East, towards Mont Ste-Anne, exit at Church entrance at Chdteau Richer
4.2-4.8km At stop, turn left on Avenue Royale, turn right at Rue du Couvent
4.8-5.0 km Entrance of the Chdteau Richer Municipal machinery parking lot

Outcrops at this stop expose the upper part of the platform succession (Neuville Formation, upper beds of the
Trenton Group). Rocks of the Neuville Formation consist of beds of lime mudstone calcilutite. Although the Chateau
Richer area is located in the autochthonous zone of the Appalachians where the rocks are thought to be horizontally
lying and undeformed, the exposures show imbrications and numerous faults. Fault planes are mostly subparallel to
bedding planes although some are at higher angles to the bedding planes (Fig. 23). Fault surfaces display by both
normal and reverse slickenlines. The geometry of the fault surfaces, fault rocks and relative chronology of
slickenlines indicate that high-angle normal faults were reactivated by thrusting during the Taconian compressive
event.
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are nicely exposed on bedding planes. Up to 15 species of Codiaceans and Dasycladaceans green algae have been
reported from this locality (Guilbeault and Mamet, 1976). Moreover, even if not a faunal element, small beds of
oolitic grainstone are present in the upper beds of the Black River Group. All these elements (fauna and particles) are
common and characteristic of tropical warm-water carbonate environments, not surprisingly given the low
paleosouthern setting of that part of Laurentia in early Late Ordovician (Scotese and McKerrow, 1991). A drastic
turnover occurs within the Sainte-Anne Formation where all corals, stromatoporoids and green algae disappear to be
replaced by a dominant red algae, bryozoan and crinoid faunal assemblage. Not a single oolite can be found in the
shallow and agitated marine facies of the Sainte-Anne and Deschambault formations, Moreover, major elemental
analysis of the carbonates has revealed a major increase of P,O; content at that contact, with the Trenton facies
showing up to 10 times the level of P,Os compared to the immediately underlying Black River facies (0.03% vs
0.3% for the Black River and Trenton, respectively; Lavoie and Asselin, 1998). All these elements were used by
Lavoie (1995) and Lavoie and Asselin (1998) to propose that in early Late Ordovician, upwellings of deep-marine
nutrient-rich cool to cold waters were recorded along the paleo-southeastern seaboard of Laurentia and resulted in
the faunal and particle turnovers.

END OF THE SATURDAY TRIP
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INTRODUCTION

The Lac Piché Anorthosite is the newest member of the “CRUML belt.” CRUML is an acronym (Chateau-
Richer, St-Urbain, Mattawa, Labrieville) for a group of distinctive andesine-bearing anorthosite bodies that are
arranged almost linearly over a distance of 250 km northward from the outskirts of Québec City (Dymek et al.,
2001; see also a general discussion on anorthosites by Ashwal, 1992). The Lac Piché Anorthosite and its encasing
rocks have been mapped, and a great deal of petrochemical, geophysical, and geochronological data have been
acquired. The field trip, to be held on Friday, 5 October, 2007, will be limited to 18 participants (the capacity of the
two vans rented for the occasion; the roads are not suitable for the family sedan). Departure will be from the
parking lot at Pavillon Pouliot, Université Laval, at 7:00 a.m. sharp. Lunches and a detailed guidebook will be
provided. The vans will be back at the starting point before 6:00 p.m.

FIELD TRIP STOPS

The field trip consists of eleven stops (Fig. 1; if the trip runs behind schedule, Stop 6 will be omitted). Lunch,
at the spectacular Chutes (falls) de la Riviére Noire, will follow Stop 5 and will be under a roof (in case of snow).
With the exception of Stop 1, the trip will be within the boundaries of the Forét expérimentale Montmorency. The
circuit within the Forét, on poor to atrocious unpaved roads, is 52 km, with a driving time of a little under two hours.
Taking out an hour for lunch, this leave just over half an hour per stop. Some stops will be shorter, but we hope that
others will generate lively discussion and be longer than the allotted average.
STOP 1. A hilltop (elev. ~965 m) at a Hydro-Québec communications tower is sited on fresh and recently dated
mangerite. An excellent sampling site. From this stop, participants will have a fine overview (if weather allows) of
the topographic setting of the Lac Piché Anorthosite.
STOP 2. The “Discovery Outcrop” of the Lac Piché Anorthosite. The sole roadcut exposure of the field trip.

STOP 3. Fresh Lac Piché Anorthosite with many interesting features well exposed. A fine site for sampling
pristine andesine anorthosite.

STOP 4. “Tiger-striped norite” and labradorite anorthosite at the roof of the Lac Piché Anorthosite.

STOP 5. Leuconorite and oagnite (in what resembles an Inca fortress) overlying the anorthosite. OAGN is an
acronym for oxide-apatite gabbronorite.

STOP 6. Mangerite in a vast exposure flush with the ground surface.
STOP 7. Two varieties of mangerite and their consanguinous (?) relationship.
STOP 8. Oagnite, fresh, and the more typical rotted rock.

STOP 9. Late granite, chemically distinct from the mangerite and not related to the anorthosite.
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STOP 10. Gabbro; along with the late granite, one of the four units in the Forét unrelated to the anorthosite. The
others, not seen on this field trip, are “featureless gneiss”, and fine-grained gneisses and granofels (metavolcanic
rocks?).

STOP 11. Jotunite (hypersthene-bearing monzodiorite), which in many places in the Forét lies between the
anorthosite and mangerite—a relationship commonly seen elsewhere in the CRUML belt. This stop is at a

belvedere (lookout) which affords a fine view of the entire extent of the Lac Piché Anorthosite as well as Lac Piché
itself (again, weather permitting).
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Fabric measurements and the occurrence of Precambrian erratics in the overlying Johnville Till demonstrate that
this till is a product of Laurentide ice. Following deposition of the Johnville Till, free drainage conditions toward the
St. Lawrence River were established in the region. This event is recorded by the nonglacial fluvial sediment facies
of the Massawippi Formation. Pollen spectra from lacustrine facies in this unit indicate the presence of a boreal
forest in the region during the later time of deposition of the Massawippi Formation (McDonald and Shilts, 1971).
Radiocarbon ages obtained from disseminated organic debris concentrated from lacustrine sediments of the
Massawippi Formation throughout the Appalachian region of Quebec are beyond the limit of the method. The most
complete facies record of the Massawippi Formation yet known from the Appalachians is exposed at several
sections along the Riviére des Plante that will be visited in the course of this field trip.

The Chaudiére glaciation which follows the Massawippi interglacial interval is recognized as a complex event.
During its early phase, referred to as the “’Maritime Ice Cap’’ phase by Shilts (1981), local ice advanced from the
east or northeast and deposited the lower portions of the Chaudiére Till. In many exposures of the Chaudiére Till,
this lower till grades imperceptibly upward into a till with characteristics (fabric, composition) of tills deposited by
Laurentide ice that flowed southward off the Canadian Shield. It is thought that this transition marks the
displacement of ‘Appalachian’’ ice by Laurentide ice (McDonald and Shilts, 1971) or far less likely, a complex
history of shifting ice-flow directions within an Appalachian-based ice cap (Parent, 1987). Directional and
compositional data collected from the Chaudiére Till at the Riviére des Plante and Ascot River sections, as well as
observations made at surface localities are taken as evidence that, at the onset of the Chaudiére glacial phase, an
independent ice cap developed in the northeastern Appalachians, in Maine and/or New Brunswick. Evidence for
southwestward ice flow some time prior to the subsequent (Lennoxville) ice advance comes also from the presence,
at the surface, of Devonian granite erratics displaced southwest of their known outcrop (McDonald, 1967,
McDonald and Shilts, 1971). They occur as scattered surface boulders at a number of localities outside of prominent
late Wisconsinan southeast-trending Lennoxville dispersal trains, documented by Shilts (1973), Shilts and Smith
(1989), and Parent (1987).

The end of the Chaudiére glaciation was marked by a short-lived retreat of Appalachian and Laurentide ice to
the Appalachian front. Glacier ice in the St. Lawrence Valley impounded glaciolacustrine waters in the northward-
flowing Chaudiére and St. Frangois valleys, resulting in deposition of locally thick glaciolacustrine and deltaic
sediments of the Gayhurst Formation. Only a rather unsatisfactory radiocarbon age of >20,000 yr B.P. (GSC-1137;
McDonald and Shilts, 1971) has been obtained thus far from disseminated organic debris in the generally
unfossiliferous sediments of the Gayhurst Formation, which is thought to be Middle Wisconsinan in age.

The last major advance of Laurentide ice resulted in deposition of the Lennoxville Till, the surface till of the
region. The dominant ice flow direction during the Late Wisconsinan was towards southeast, as the ice margin
reached Long Island, New York and the coast of New England. Dispersal trains are evidence that it is this phase of
ice flow that is at the source of most of the glacial transport in the surface till (Shilts, 1981). The retreat of
Lennoxville glacier was from south to north in the Chaudiére Valley up to St.-Georges, and several lobate ice
margin positions have been documented for retreat (Fig. 1). Down valley from St. Georges-de-Beauce, the late
glacial erosional record becomes increasingly complex. Indeed, a spectacular reversal of ice flow is deduced from
hundreds of striated outcrop where northward striae are cross-cutting the Late Wisconsinan SE flow, this resulting
from the formation of the Quebec Ice Divide, an east-northeast-trending feature that extends eastward into the state
of Maine, where it is called the North Maine Ice Divide. Not much glacial transport towards the north seems to have
taken place, as late glacial, northward moving ice was already loaded by dispersal trains that had been formed
earlier.

This Quaternary stratigraphic framework has been developed through several decades of extensive field work,
including geophysics and geochemistry programs as well as systematic drilling and trenching by the researchers of
the Geological Survey of Canada. An account of how this stratigraphy came into existence is found below, as a
personal contribution by the senior leader of the field trip. Recently, a new phase of field and laboratory
investigations has been initiated. Indeed, the Ministére de I’Environnement et du Développement Durable du
Québec is funding a major hydrogeological program covering the entire Chaudiére Valley drainage basin. Among
other information to be produced is a drift thickness map (Fig. 3) which is the basis for a 3 D model. This is the
subject of a PhD thesis by Olivier Caron from Université du Québec a Montréal. Also, over the last years, Michel
Lamothe and Sanda Balescu, both from the UQAM Lux laboratory, have carried out a luminescence dating program
aimed at assessing an absolute chronology for the stratigraphic framework. Sediments from Riviere Grande Coulée,
Riviére des Plante, and the type section exposures of the Gayhurst Formation, as well as samples from the late
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A SHORT HISTORY OF THE DEVELOPMENT OF GLACIAL STRATIGRAPHIC MODELS IN THE
QUEBEC APPALACHIANS: A PERSONAL PERSPECTIVE - 1964-1994

Contribution by W. W. Shilts
Hlinois State Geological Survey

As a glacial geologist with a research career spanning much of the time between the development of the first
modern Quaternary stratigraphic models for the Quebec Appalachians to those available in present literature, I have
a personal perspective on the historical development of Pleistocene stratigraphy in the northern Appalachians.
Before working in Quebec, [ worked in Vermont on mapping and stratigraphic research, and for that reason feel that
I can shed some light on historical linkages among ideas developed on both sides of the international border — ideas
that have been freely transferred back and forth for almost four decades. This account is not complete. It reflects my
work primarily and that of my close colleagues and contemporaries. Much recent work by Bouchard, Gauthier,
Lamothe, LaSalle, Ochietti, Parent, and their students and colleagues is not discussed here because it does not
materially alter the general picture I am presenting in this account. Parent’s 1987 thesis and papers based on it
should be reviewed by interested readers, however, as they present a model of ice flow history that is in many ways
at odds with that presented here, particularly with respect to interpretation of the Highland Front Moraine complex
and the significance of the westward-trending striae in the upper St. Fran¢ois River valley. Likewise, I have not
discussed the detailed erosional stratigraphic work of Genes, Kite, Lowell, and Newman in northwestern Maine,
which, particularly in the 1980s, produced a picture of late-glacial ice flow history which is complimentary to the
sequences developed in Quebec in the “70's.

The 1950s and 1960s: the first modern stratigraphic models and the search for Appalachian Ice Caps

In the 1950s, Nelson Gadd (Gadd, 1955) and Paul Karrow (Karrow, 1957), among a few others, carried out
systematic mapping and stratigraphic studies of the central St. Lawrence lowlands of Quebec and of the
Appalachians to the south (Gadd, 1955, 1971). Gadd concluded that there had been at least two major glacial phases
in the St. Lawrence lowlands, deposits of which are separated by nonglacial organic beds and peat older than the
limit of radiocarbon dating, i.e. >52,000 years B.P. He named the till of the youngest event, which he considered to
be ‘classical” Wisconsin in age, the Gentilly Till, and he named the till deposited during the older phase Bécancour
Till; the fluvial, lacustrine, and organic beds separating the two tills were referred to collectively as the St. Pierre
beds. The original simple stratigraphy described by Gadd and Karrow in their University of Illinois Ph.D. theses on
the Quaternary history of the St Lawrence Lowlands set the stage for development of the complex stratigraphic
framework and glacial history that are recognized today in the Quebec Appalachians. In the early 1960s, D. P.
Stewart and Paul MacClintock were involved in an ongoing project of the Vermont Geological Survey to map the
glacial deposits of the state at a scale of 1:62,500, compiled at 1:250,000, and to provide a Quaternary stratigraphic
framework for the state. This work is best represented by two important publications, one describing a stratigraphic
model for northern Vermont (Stewart and MacClintock, 1964) and one integrating mapping and stratigraphic studies
in one comprehensive volume, accompanied by a map (Stewart and MacClintock, 1969).

During the latter stages of Stewart and MacClintock’s work, the Geological Survey of Canada (GSC) initiated a
similar project in the Sherbrooke area, just north of the Vermont border. On both sides of the border, numerous
natural and artificial sections exposing deposits representing several glacial/nonglacial cycles provided an
opportunity to begin to construct a Quaternary stratigraphic framework for the northern Appalachians, based on
interpretations of depositional environments of various sediment facies exposed. In 1964, R. E. Behling (Behling,
1965) carried out a detailed study of a series of well-exposed sections along Stannard Brook in northern Vermont,
adding interpretive detail to the general stratigraphic framework published that year by Stewart and MacClintock
(1964).

The summer of 1964 also marked the beginning of the GSC Sherbrooke project, assigned to B. C. McDonald, a
Canadian Ph.D. student of R. F. Flint at Yale University. Because of Flint’s long-standing interest in the possibility
of the existence of and expansion of late-glacial ice caps located in the northern highlands of New England (Flint,
1951), McDonald’s thesis was primarily designed to seek out and document evidence of northward flow from the
hypothetical New England ice caps into southern Quebec. Flint’s (and McDonald’s) interest was in part driven by
brief, sketchy reports of northward trending striae and northward dispersal of erratics in the area west of Sherbrooke
and in the vicinity of Thetford Mines, Quebec (Clark, 1937; Cooke, 1937). Also, Robert Chalmers, in the 1890s,
had recorded widespread, northward-trending striae in the Chaudiere River valley, east of Sherbrooke (Chalmers,
1898). Thus, McDonald expended considerable effort in analyzing directions of striae, fabric of till, and dispersal
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patterns of distinctive erratics, eventually producing a thesis that at the time was a North American model for the
integration of diverse quantitative data for determining ice flow history and correlating stratigraphic units
(McDonald, 1967).

In the summer of 1964, McDonald, having discovered several multiple till sections along Ascot River and in
several other places near Sherbrooke, visited Stewart and MacClintock in the field in northern Vermont to review
their key sections and to evaluate the criteria on which they based their stratigraphic interpretations. Briefly, Stewart
and MacClintock had concluded that deposits of four glaciations were preserved in sections in northern Vermont.
Their chief tool for stratigraphic correlation was till fabric, and neither buried soils nor datable organic material had
been found to place the glacial deposits within a temporal framework. They found that a widespread till sheet, lying
beneath a surface till and generally separated from it by glaciolacustrine sediments in northern Vermont, had a fabric
trending NE-SW, in contrast to the tills above and below it, which had fabric trending consistently NW-SE, parallel
to the regional direction of striations and consistent with the trends of major dispersal trains in northern New
England (Flint, 1957). Stewart and MacClintock had named the surface unit with NW-SE fabric ‘Burlington Till’
and the next lower unit ‘Shelburne Till,” with its characteristic NE-SW fabric.

McDonald, primed by the work he observed on his brief visit to Vermont, returned to the Sherbrooke area and
began a detailed fabric study of his best-exposed, multiple-till sections along Ascot River. He noted the same
sequence of flow directions in successive till sheets as had Stewart and MacClintock and discovered, in addition,
organic-rich, nonglacial (glaciolacustrine) beds beneath a thick subsurface till with the predominantly NE-SW fabric
at its base. Though adopting till fabric as his primary correlation tool, McDonald made careful observations of the
distribution of distinctive provenance indicators, both within tills and among surface erratics. He was able to show
that, in addition to strongly developed SE-trending dispersal trains of ultramafic, granodioritic, and syenitic erratics,
these erratics were also displaced as far as tens of kilometers southwest of their source outcrops. The southwestward
dispersal patterns were severely attenuated by reworking during later southeastward flow of the last glaciation. At no
place in the Sherbrooke map area did McDonald find any indication of the hypothetical northward flow. By the time
he finished his thesis in 1967, McDonald had concluded, on the basis of what was and still must be regarded as
unequivocal evidence, that glaciers had not flowed into Quebec from Vermont in late glacial time.

Flint had originally wanted McDonald to map in the Lac Megantic area, Quebec, because of its proximity to the
highest parts of the White Mountains of New Hampshire and Maine, where well-developed cirques marked the
former presence of mountain glaciers. Because of the political priorities of the day, the original map area had been
extended westward to the more densely populated Sherbrooke area by the GSC, who was funding the project. It was
planned that McDonald would begin mapping in the Sherbrooke area, using those results for his Ph.D., and would
then move eastward along the international boundary to the western border of Maine, always looking for evidence of
northward ice flow into Quebec. In 1966, his thesis research completed, McDonald began mapping eastward into the
Riviére Eaton drainage basin in the vicinity of La Patrie, Quebec. This mapping project was in support of a
hydrogeological research project being carried out by the Quebec provincial government as a part of their research
contribution to the International Hydrological Decade (1965-1975). In the course of this mapping, McDonald and
his students made detailed observations of numerous multiple till sections discovered along the Eaton River and its
tributaries (McDonald, 1969). He also recorded abundant striation and dispersal evidence of southward to
southeastward flow of the last ice sheet, southwestward flow of the ice sheet preceding the last, but no evidence at
all of northward flow from the White Mountains, which form the southern border of the Eaton River map area.

When McDonald was assigned to play a significant role in “Operation Winisk,” the 1967 GSC multidisciplinary
project to map and work out Precambrian, Phanerozoic, and Pleistocene stratigraphy of the Hudson Bay Lowlands,
the southeastern Quebec project area was turned over to the author to finish mapping the eastern part of the original
map. This mapping of the upper Chaudiére River valley was to serve as the basis for a Ph.D. dissertation at Syracuse
University (Shilts, 1970). Like McDonald, I carefully searched the international border regions for any signs of
northward flowing ice and systematically recorded and collected data on the numerous stratigraphic sections that
were exposed along the Chaudiére River and its tributaries. Using techniques learned from McDonald and during
two summers (1964, 1966) mapping for the Vermont Geological Survey, I documented major ice flow directions
and confirmed the presence of the same general depositional stratigraphy that had been described earlier by
McDonald, MacClintock, and Stewart. As in the Sherbrooke area, no evidence was found of late-glacial ice flow
from New England into Quebec, but westward flow from glacial centers in Maine-New Brunswick during the early
phases of flow of the penultimate ice sheet was confirmed by fabric, westward boulder displacement from the
Attean Quartz monzonite of Maine, and compositional disparities between the surface and lower tills. As in the
Sherbrooke area, the later phases of flow of the penultimate ice sheet were inferred to be southeastward, from a
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evidence did not indicate any late-glacial northward flow from New England. In the same paper, they presented
paleogeographic reconstruction of the main phases for interstadial Glacial Lake Gayhurst, into which were deposited
several facies of the Gayhurst Formation, which separates Lennoxville Till from the earlier Chaudiére Till. They
further suggested that the lake was confluent across a low col at La Guadeloupe within the St. Frang¢ois and
Chaudiére drainage basins. The various nonglacial, organic-rich sediment facies overlying Johnville Till were
collectively named the Massawippi Formation and were correlated with all or part of the St. Pierre beds. The picture
of depositional stratigraphy presented by McDonald and Shilts in 1971 has persisted more-or-less intact to the
present day with some minor modifications as noted later. It should be emphasized that it grew from and was
strongly influenced by a stratigraphic model worked out by Stewart and MacClintock and their colleagues in the
early 60s, a model that was subjected to some criticism by other New England workers at the time it was proposed.

In 1971, however, an important discovery was made that added a wealth of detail to the understanding of events
that occurred during the last glaciation and vindicated in an unexpected way Flint’s original ideas about the
importance of the evidence of northward-flowing ice in Quebec. Robert Lamarche of the Ministére de I’Energie et
des Ressources of Quebec, while mapping bedrock in the Thetford Mines region, noticed that a widely dispersed,
unequivocal set of striations indicating northward flow was superimposed on striations indicating southeastwardly
flow. He invited McDonald and the author to look at the evidence with him, and we agreed that there could be no
doubt that the last ice movement in the area between Thetford Mines and St. Georges-de-Beauce, to the east, was
northward, as first suggested by Chalmers (1898) in the 1890s. As a result of Lamarche’s work (Lamarche, 1971,
1974), McDonald and Shilts, with Gadd’s help, prepared a map and paper describing the regional pattern and timing
of reversal of glacial flow for the first time (Gadd et al., 1972). In this paper, it was suggested that an independent
Appalachian ice cap, formed when ice south of the Appalachian front was cut off from its Laurentide source, was
isolated south of the St. Lawrence River as a result of redirection of late glacial ice flow down the St. Lawrence
River and estuary.

With these observations was born the concept of “erosional stratigraphy,” the technique of reconstructing by
intercomparison among hundreds of bedrock outcrops a complex series of glacial flow events from cross-cutting
relationships of striations on individual outcrops. Erosional stratigraphy differs from conventional stratigraphy in
that individual flow events do not necessarily leave behind recognizable glacial sediments, so that the number of
erosional events may far exceed the number of depositional events that can be easily recognized. Erosional events
may reflect internal rearrangements or shifting of ice flow centers within a continuous ice sheet, and not necessarily
flow direction changes associated with retreat, readvance, or reconstitution of ice sheets.

The 1980s: Mineral exploration and Quaternary stratigraphy

In 1985, 1:50,000-scale mapping and stratigraphic studies of the glacial geology of the lower Chaudiére and
Etchemin River valleys were undertaken in support of placer gold exploration research. The areas mapped joined the
already mapped Lac Megantic area (Shilts, 1981), and extended northward from that area for 45' of latitude along
the Maine border and westward almost to Quebec City. In this area, detailed striation measurements were made on
over 900 outcrops in an attempt to understand the paleogeographic implications of the erosional stratigraphy
originally described by Lamarche (1971, 1974) and later by Lortie (1977). In the middle Chaudiére-Etchemin
valleys, it was possible to map seven distinct striation events or phases, from oldest to youngest: (1) southwestward,
(2) southeastward (135° + 5°), (3) east-southeastward (100° + 10°), (4) southeastward (135° £ 10°), (5) northward
(000° + 10°), (6) northwestward (340° = 10°) or northeastward (030° + 15°), and (7) east-southeastward (090-110°).
Most of these phases are documented by hundreds of multiple-striation outcrops, and the first stop on this field trip
will provide an opportunity to observe and discuss the age and extent of these erosional phases. Systematic mapping
of the erosional stratigraphy in this area and adjacent areas in Maine and Quebec has added rich detail to the general
picture provided by the depositional stratigraphy that was established almost 4 decades ago. It has provided insights
into the disintegration style of this sector of the Laurentide Ice Sheet (LIS) by providing details of the reversal of
flow and eventual isolation of an Appalachian ice cap caused by calving of the ice sheet in the lower St. Lawrence
estuary as glacioeustatic sea level rose, forming a reentrant in the ice front. Finally, it documents the significance of
parts or all of the Highland Front Moraine (Gadd, 1964) as the terminal deposit of a readvancing LIS just before it
retreated north of Quebec City, allowing the Champlain Sea to flood the upper St. Lawrence, Lake Champlain, and
lower Ottawa River valleys.

During the latest phase of mapping in the lower Chaudiére Valley, a unique and complete Quaternary sequence
of sediments was discovered along Riviére des Plante, northeast of Beauceville, Quebec. In three of four sections
found along a half-kilometer reach of Riviére des Plante, in sifu organic beds, correlative with the Massawippi
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Formation (McDonald and Shilts, 1971) were found above Johnville Till and beneath compositionally distinct
outcrops of Chaudiére and Lennoxville Till in sections exposed by flooding in 1988 and 1989. These sections are
thoroughly described in the notes accompanying the field trip guide. In the course of this program, a systematic
drilling project was carried out during which 42 boreholes were cored. Lithologic logs and geochemistry of the
glacial sediments in these boreholes have been used to document a model for the surface concentration of gold in the
Riviére Gilbert placer as well as for the other placer regions of Southeastern Québec (see LaSalle, 1980 for a
detailed list of sites; Shilts and Smith, 1988). The lack of discontinuity between the gold-bearing regolith and the
sediments related to the advance of the Johnville glacier would suggest that the lithostratigraphic sequence shown on
Fig. 2 may indeed sum the entire Quaternary history for this region.

In summary, as a result of the research carried out in Southern Quebec over the past 40 years, the stratigraphic
picture of the Quaternary of the Vermont and Quebec Appalachians has been enriched and enhanced by new studies
of organic beds from well-exposed sections in the Chaudiére Valley and by detailed reconstruction of erosional
stratigraphy. The modern picture is like a color photograph of the old “black and white” stratigraphy of the 1960s —
same picture, better focus and richer detail.

THE FIELD TRIP: FROM ST. GEORGES TO VALLEE JONCTION

The list of stops comprises a) a striated bedrock exposure in St. Georges-de-Beauce, b) a buried mid-Wisconsin
subaqueous outwash fan along the west bank of the Chaudiére River Valley, just a few km south of St. Georges, c)
the spectacular Riviére des Plante sections with the last-interglacial Massawippi sequence, and d) a late glacial
subaqueous outwash fan at Vallée-Jonction, representing the last evidence of active ice in this part of the Chaudiére
Valley.

ROAD LOG

Kilometer

0.0  Starting from Auberge Benedict Arnold at 18255, boulevard Lacroix, St-Georges de Beauce, Québec,
G5Y 5B8, turn right on Highway 173

5.0  Turn right at red light, and park near the Canadian Tire store, (500 rue 107, St. Georges de Beauce, G5Y
8K1); the outcrop is near the southwest corner of the store, at the south side of an open field.

STOP 1. St. Georges-de-Beauce multiple striation site (30 MINUTES)

More than 900 bedrock outcrops, ornamented with glacial striations, have been examined in the Chaudiére
Valley over the past 20 years, and more that % of these outcrops have sets of striae recording at least two discrete
and distinct directions of glacial flow. This particular outcrop was selected for the field trip from among the
hundreds studied because it is easily accessible and because it records not only the major southeastward to eastward
flow directions of the main Lennoxville glaciation, but also the northward flow associated with the formation of the
Quebec Ice Divide, an east-northeast-trending feature that lies about 1015 km south of this site. Additionally, this
outcrop of the Devonian Famine Formation comprises relatively rare bedrock lithologies for this part of the
Appalachians and lies at the leading edge of a major thrust fault. The outcrop, itself, is composed of fossiliferous
limestone of Devonian age, lying conformably on an arenaceous pebble conglomerate. This cratonic material was
caught up along the leading edge of the northwestward-verging La Guadeloupe thrust fault, which marks a major
contact between two terranes and is traceable in Quebec from Lac Memphremagog on the Quebec/Vermont border,
northeastward to Lac Fronti¢re on the Quebec/Maine border, a distance of over 260 km (160 miles). In several
places along its trace, it forms the lowest point between major drainage basins, and the valley of the Riviére Famine,
which joins the Chaudiere at this point, lies in a depression in front of the fault for its entire length. In Ste Justine,
Quebec, about 30 km to the northeast, drainage in the valley is directed eastward via Riviére Daquaam into the St
Jean River from an imperceptible divide on the valley floor. The divide separates the Famine and Daquaam
drainages which are both underfit streams lying in the same valley, the south side of which is formed by the face of
the La Guadeloupe fault. The significance of the valley is that it served as a major outlet to Glacial Lake Gayhurst,
as well as earlier and later glacial lakes, any time a Laurentide Ice Sheet advanced into the Appalachians, blocking
northward flowing drainage of the southern tributaries of the St. Lawrence River. There is further discussion of
Glacial Lake Gayhurst at stops 2 and 4.

This outcrop, which has relatively unweathered, glacially polished facets, carries two prominent sets of
striations. On its north-facing side, it carries the main, regional southeasterly set, 120 degrees (regional range is
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normally 100-120, depending on outcrop shape), formed during the Lennoxville glaciation. The second set, which
relates to the late glacial reversal of flow, also during the Lennoxville glaciation, is oriented at 010 degrees, marking
northward flow from the late glacial Quebec Ice Divide. Uneroded ‘tails’ of rock on the lee side of pebbles in the
conglomerate and lack of the 010 striae on the north-facing side of the outcrop confirm both the sense and relative
ages of the two phases of ice flow. This sequence is repeated on literally hundreds of other outcrops north of the ice
divide in this region.

Merging data from hundreds of outcrops like this one has led to the development of a regional erosional
stratigraphy. At each striation site, a chronological identifier was assigned to each direction encountered, whether or
not direction and age relationships were unequivocal. However, the large number of outcrops that bear multiple
striations with clear directional indicators and unequivocal age relationships make the relative age determinations
very reliable. It was noted that in this region, as in the Sherbrooke area, there was very little evidence of even minor
deflections of flow by either large-scale or small-scale topography. Although instances of as much as 90° of flow
deflection were noted on individual outcrops, these instances were extremely rare, occurring on less than 1 percent
of the outcrops examined.

There are seven distinct striation events or phases documented from this area, and they are, from oldest to
youngest: (1) southwestward, (2) southeastward (135° £ 5°), (3) east-southeastward (100° £ 10°), (4) southeastward
(135° £ 10°), (5) northward (000° = 10°), (6) northwestward (340° & 10°) or northeastward (030° + 15°), and (7)
east-southeastward (090-110°). The sites where striations corresponding to each of these phases were recorded are
shown on Figures 5 through 14.

The least common striation direction in the Chaudiére-Etchemin region is southwestward (phase 1). Because of
its rarity and because it is found in one case on a surface protected from younger southeastward striating events, it is
believed that the southwestward glacial direction may represent ice flow associated with till deposited during the
early phase of Chaudiére glaciation. Any glacial striae that might be preserved from older glacial events (Johnville
glaciation), would be either deeply buried and inaccessible or not easily resolvable, due to the difficulty of observing
clear, cross-cutting relationships and the likelihood that they would have azimuths similar to those of striations cut
during the later late-Chaudiére and Lennoxville glaciations.

The southeastward directions can be divided into four groups: phase 2 early southeastward (135° + 10°); phase
3 east-southeastward at 100° (& 15°); phase 4 later southeastward at 130° (+ 5°) and phase 7 southeastward
readvance. This fourth southeastward set of striae (phase 7) is thought to have formed when Laurentide ice
readvanced to the Highland Front Moraine position and up the Chaudiére Valley during a late glacial pulse (Blais,
1989; Shilts and Blais, 1989). It postdates the various sets of striae formed during the northward flow phase of
remnant Appalachian ice (see Bouchard et al., 1987; Lortie and Martineau, 1987). North of a line approximating the
Highland Front Moraine System, a southeastward flow phase, probably associated with the readvance, seems to
have erased much evidence of northward flow. Based on cross-cutting relationships, the southeastward striae both
precede and postdate the 100°, phase 3 flow. If not a product of an early Lennoxville local phase of flow, the earlier
southeastward phase may date from the Laurentide (latest) phase of Chaudi¢re glaciation. It has been identified only
south of the Quebec Ice Divide (see below), suggesting that the post 100° southeastward and various northward
flows have largely erased it or made it hard to recognize north of the ice divide. The divide, being a late glacial
feature, obviously could have no significance in delimiting an earlier flow phase. The later southeastward striae
(phase 4) may represent ice flow from the earliest position of the Quebec Ice Divide, near the Appalachian front
south of the St. Lawrence River. The ice divide eventually migrated southward to the St. Georges area, at which
point it provided a symmetrical equilibrium profile for the remnant ice cap.
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Sediments of Glacial Lake Gayhurst, a large proglacial lake dammed at the margin of the retreating Chaudiére
Glacier and the later, advancing Lennoxville Glacier, are widely exposed in sections and have been encountered in
numerous boreholes. It is assumed that Lake Gayhurst never drained during the interval between the two
glaciations, since no evidence of weathering or subaerial erosion has ever been identified in any of the numerous
exposures of or boreholes through Gayhurst sedimentary sequences. The Gayhurst Formation sediment package
comprises fine-grained, rhythmically laminated sequences that vary in thickness from 0 to >100 m over short
distances and thick (>50 m) sequences of sand and/or gravel deposited in subaqueous fans or deltas. These sediment
facies commonly are interrupted at irregular intervals by silty to stoney diamictons representing mudflows from the
base of the deeply submerged ice front.

Interpretation of the paleogeography and depositional environments of the Gayhurst Formation and of older and
younger lacustrine sediments is constrained by the altitudes of possible outlets for ponded drainage in the Chaudiére
River valley: (1) 427 m a.s.l. southward into the Dead River basin of Central Maine; (2) 397 m (£) mainly via
Daquaam and Famine rivers, eastward into the St. John River basin of northern Maine; and (3) westward into the St.
Frangois drainage basin via a col at ~305 m altitude in La Guadeloupe, Quebec (Fig. 4). One or the other of these
outlets functioned each time ice advanced south of the St. Lawrence River or retreated toward it, damming
northward drainage in the Chaudiére and adjacent valleys.

Fine-grained sediments deposited in lakes dammed by advancing glaciers consist of evenly laminated sequences
with uniformly thin (<1cm), graded couplets containing sparse and isolated ice-rafted debris. In contrast, those
deposited by retreating glaciers are irregularly bedded in graded couplets of variable thickness (<1 ecm->10 ¢m), and
commonly are interbedded with 1 cm to 2 m-thick beds and lenses of diamicton. The contrast in sedimentation styles
is related to the predominance during retreat of density underflows, in which thin sheets of sediment-laden
meltwater exited glacier conduits at or near the lake bottom and pooled, perhaps even daily, in closed, proglacial
depressions near the ice front. The interbedded diamictons represent slurries of basal glacial debris, released at
irregular intervals by thawing of the nearby, deeply submerged ice front and subsequently flowing or slumping onto
the lake bottom. In contrast, during glacial advances, sediment was more evenly dispersed distally as overflows or
interflows, deposited some distance from the ice front, accounting for their tendency to be draped over irregular
surfaces, their uniformly thinly laminated character, their small amount of ice rafted debris, and their lack of
diamictons.

Subaqueous fans consisting of irregularly bedded sand and gravel, often draped over coarse gravels of an esker
core, were deposited at retreating conduit mouths in valleys and grade outward and upward into thick, fine-grained,
laminated sequences. At this site, all of the sediment assemblages of the Gayhurst Formation, except for the fine-
grained, thinly laminated distal facies, were exposed by excavation at one time or another. A substantial subaqueous
fan, deposited at the mouth of a conduit in the retreating Chaudiére glacier, was, as was its late-glacial analogue at
Vallee Jonction (Stop 4), draped over an esker that was deposited in the conduit and was exposed on the lake bottom
as the conduit mouth(s) migrated with the northward-retreating ice front. Most of those coarse deposits have been
removed for aggregate at this site, but some of the finer sand facies, interrupted by clay drapes, typical of
subaqueous fan deposits, remain. Deposits of the Lennoxville Glaciation have obscured the morphology of this fan,
but, based on exposures in sections and on borehole records, the fan is thought to extend, discontinuously southward
in the Chaudiére Valley for 7-8 km from this site. For additional descriptions of subaqueous fans and their
morphology, see the discussion for the subaqueous fan at Vallee Jonction, which we will visit at Stop 4.

Kilometers

0 Turn around and drive along the 6™ Avenue

3.2 Turn right to cross the Chaudiére River

3.7  Turn left on the 1* Avenue and keep driving on Highway 173 (north).
25.7 Turn right, along the road Route du Golf (after Beauceville)

33 Turn left at Mr Gagné (910 Route du Golf)

This is a good 20 minutes walk to the next stop, along trail. If time is a constraint, vans will be used for
transportation. We should take food on the way as this is a nice place to have lunch.
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Pre-Johnville sediments. From these exposures and from several stratigraphic boreholes drilled nearby, two
Pre-Johnville units have been identified. The first is a thick yellowish regolith that is preserved in pockets along the
des Plante and similar, nearby Riviére Chaudiére tributaries. The regolith was mined extensively in the 19" and
early 20" centuries for the detrital gold that it contained. Compositionally, this regolith is characterized by extremely
low nickel concentrations, high arsenic concentrations, high concentrations of kaolinite, abundant pseudomorphs of
goethite after pyrite, virtually no mineral grains, such as epidote and garnet, typical of bedrock in the high-grade
metamorphic terranes of the Canadian Shield, and in some samples, abundant secondary siderite. With these
compositional characteristics, it is difficult to think that any glacial event could have affected this region before the
regolith was formed. Consequently, it is likely that the Johnville Glaciation (see below) was the first glacial event to
influence this area and that the older glacial events that are identified elsewhere in North America, particularly in the
Midwest, did not impinge on this part of the Appalachians. This is a paleoclimate conundrum of some significance.

Immediately overlying the regolith in many nearby boreholes and underlying the Johnville Till at these sections,
is a glaciolacustrine unit of evenly bedded, laminated silt and clay. In boreholes to the south, in the Riviere Gilbert
drainage basin, the base of the lacustrine unit has low nickel concentrations, indicating no influence of ultramafic
provenance, but about half way up the section, the sediments show an abrupt enrichment in nickel from 30-50ppm to
over 150 ppm, suggesting that the Johnville glacier, which deposited the overlying till, was pumping ultramafic-rich
rock flour into the proglacial lake as the first glacier to pass over the ophiolitic complex that crops out north of
Riviere des Plante (Shilts and Smith, 1988).

At sections A and B, the regolith is not exposed, but the glaciolacustrine unit forms the bottom of both sections,
and the interglacial fluvial deposits of the Massawippi Formation, lie in channels cut into it. At the base of section
B, the silty clay is so deformed that it is virtually structureless and massive, but at the downstream end of section A,
the highly deformed unit passes laterally into a deformed, laminated silty clay that can be traced downstream into a
virtually undeformed, laminated sequence

The presence of the highly deformed silty clay lying beneath interglacial peat and undeformed laminae of the
younger Massawippi Formation was difficult to understand until the base of these sections was washed clean by the
floods of 1989. The flooding revealed that the Johnville Till had been removed from the site of the present sections
by interglacial fluvial erosion that cut down through it and into its underlying, deformed, proglacial lacustrine
deposits (Fig. 16; see discussion of the appearance of Johnville Till in a window through interglacial slump deposits
at section B, below).

Johnville Till. Johnville Till (McDonald and Shilts, 1971) was at one time exposed in a window through a
paleo-slump deposit (see below) near the base of section B. It is presumed to have been deposited by a
southeastwardly flowing glacier as observed elsewhere in the Chaudi¢re and St-Frangois valleys. Johnville Till at
section B is very compact, grey and sandier than at section D. Although we will not visit it on this excursion,
Johnville Till at section D has a yellow-brown hue and contains none of the fresh sulphide grains (mainly pyrite)
that are ubiquitous in unweathered tills of all ages in this part of the Appalachians, which would indicate that the
colour might be related to weathering processes. However, Johnville Till does contain 10-15% kaolin (C. de Kimpe,
1990, pers. comm.), a component that is derived from reworking of the yellow-brown, preglacial, gold-bearing
regolith that is preserved in pockets beneath Riviére des Plante and in nearby buried bedrock valleys (Shilts and
Smith, 1988). In boreholes within 20 km of these sections, tills immediately overlying the regolith were tan or
brown and contained abundant kaolinite due to reworking of the regolith. The yellow-brown, lowermost
(presumably) Johnville Till from the boreholes contained both unaltered pyrite and pseudomorphs of goethite after
pyrite, the latter being common in the regolith.

Besides its distinctive colour and high kaolin concentrations, the geochemical and lithological composition of
Johnville Till at both section D and B is characterized by high concentrations of nickel, chromium, cobalt, and other
ultramafic components. The clay (<2 micron) fraction commonly contains over 1000ppm nickel, not surprising
considering that over 40% of the erratics in Johnville Till at this site are ultramafic rocks.

Massawippi Formation. In three of the four Riviére des Plante sections, organic beds were exposed by

flooding in 1988 and 1989. These beds lie stratigraphically below Chaudié¢re Till and above Johnville Till. They
include fluvial gravel infilling shallow channels cut into the highly deformed and compacted laminated silty clay
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described above. They are overlain directly by undeformed, laminated silty clay which contains traces of organic
debris.

Because of imperfect exposures of the bases of these sections, Shilts and Smith (1987) and Shilts and Blais
(1989) were unable to interpret correctly the stratigraphic relationships of the exposed organic beds to the subjacent
glacial and nonglacial sediments. As a result of significant erosion caused by major flooding in 1989, the modern
slump covering the lower portions of all these sections was stripped and, for the first time, stratigraphic relationships
became evident. In sections A and B it could be seen that the main organic deposits, compressed peats and organic
silt, rested in fluvial channels and on the floodplain of an ancestral Riviére des Plante. During the Massawippi
interglacial, the ancestral stream had cut down through Johnville Till and into the glacially deformed, clayey
glaciolacustrine sediments underlying it, forming a floodplain about 2 m above the modern one. The present-day
section has been cut back into the interglacial, Massawippi-age section, the latter having been covered with cobbly
scree similar to the slump deposits that cover parts of the modern sections.

A stony diamicton, although appearing to be physically above the Massawippi Formation organic beds, is
actually an almost vertical cover of slump or colluvium that rested on the interglacial section face, covering and
obscuring Johnville Till and deformed, pre-Johnville lake sediments, alike. Examination of sparse, disseminated
organic detritus from the stony diamicton led Matthews (1987, p. 170) to state that it contained “A rich fossil insect
and plant assemblage that clearly resembles St-Pierre assemblages from the classic localities...” He concluded that
during Massawippi time, this part of Quebec was covered by a spruce forest that contained some larch and a species
of Alnus typical of northern boreal forests. Furthermore, the deposits contain a larger number of insect taxa than the
classic St-Pierre localities, including several species that do not presently occur in southern Quebec.

Macrofossils, extracted with difficulty from the highly-compressed peat collected in 1989 from section B, were
examined by Dr. Lynn Ovenden who stated that “All of the plants ... are common in boreal fens, and occur in a
broad latitudinal zone from northern New England to northern Quebec. The lack of diversity and the interwoven,
highly organic nature of the peat indicates (that it is) an in situ peat deposit. The mosses suggest a fairly calcareous,
ground-water fed wetland, and the abundance of needles and wood suggest that larch and black spruce occurred in
the fen.” (Ovenden, pers. comm., 1989). This peat is significant in that it is one of very few in sifu peat deposits
found in the Appalachians and represents subareal conditions at this site within the Sangamon Interglacial interval,
during which the Massawippi Formation was deposited.

In summary, the organic detritus in sections B and D generally suggests that the region was somewhat cooler
than present during at least the latter part of the Massawippi interval ( Matthews, 1987) and that these beds correlate
with at least part of the St-Pierre nonglacial interval of the nearby St. Lawrence Lowlands. Organic remains in the
glaciolacustrine facies that overlie the peat and fluvial deposits contain evidence of arctic flora and fauna, as do
several nearby organic horizons in Massawippi (?) glaciolacustrine sediment at Vallée-Jonction (LaSalle et al.,
1977), Riviere du Moulin (Matthews et al., 1987), Riviére Abenakis (Matthews et al., 1987), and Riviére de la
Grande Coulée (McDonald and Shilts, 1971; Matthews et al., 1987). Tundra conditions apparently prevailed in this
area as the Chaudiére glacier impinged on local drainage, ponding lakes in the Chaudiére Valley.

During preliminary examination of macrofossils from samples collected in 1989 from new exposures of peat
and organic silt, seeds of plants presently found in and south of the Riviére des Plante were identified. Much more
paleoecological work remains to be done, but these observations support the inference that the Massawippi
Formation is interglacial in age, and that the tundra and boreal fauna and flora usually associated with lacustrine
sediment deposited late in the Massawippi interval represent conditions prevailing just prior to the onset of
Chaudiére glaciation.

Overlying the peat, colluvium, and alluvium is a thin-bedded, laminated silty clay. Where well-exposed and
undisturbed in section B, this unit can be seen to contain small (<1 cm-diameter) dropstones and balls of till within
its upper laminae. For the most part, the laminated sequence is overlain with sharp contact by Chaudi¢re Till, which
at some spots in this section has deformed the laminae immediately beneath the contact and at others has caused
virtually no deformation. The laminated sequence is also well-preserved at section A. The clay “winter” layers in
this laminated sequence range from grey to maroon in colour, with maroon dominating. The maroon hues result
from the incorporation of finely divided specular hematite, created by glacial erosion of red slates and shales in the
St. Lawrence lowlands and Appalachian hills to the north of the sections. The overlying Chaudiére Till also has a
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distinctly maroon tint, presumably because of incorporation of the lacustrine sediments of the Massawippi
Formation.

Massawippi Formation summary. At this site the Massawippi Formation includes all of the major nonglacial
and proglacial facies that might be expected during glacier-free intervals at altitudes above marine limit in this part
of the Appalachians. Deformed glaciolacustrine sediments, deposited in a lake dammed by the Johnville Glacier,
and Johnville Till, which overlies them, are covered by or have inset into them a variety of fluvial, palludal, and
colluvial facies, representing a period of free drainage toward the St. Lawrence. These nonglacial deposits are
overlain in turn by sediments deposited in a lake dammed by the advancing Chaudiére glacier, which ultimately
deposited Chaudiere Till.

Chaudiére Till. Chaudiere Till forms a prominent bed across sections A and B, where it lies with sharp contact
on the upper glaciolacustrine member of the Massawippi Formation. In section D, it is intercalated with Johnville
Till and with deformed Massawippi laminated sediment and organic-rich gravels in a series of thrust plates. In
sections A, B and D, Chaudicre Till ranges in colour from grey to grey with a mauve or maroon tint and is
distinguishable from Johnville Till in section D by virtue of the tan colour of the latter.

Two dimensional fabrics in Chaudiére Till at sections A and B seem to strike WNW-ESE at the base swinging
to NNE at the top (Poliquin, 1987). In section D the entire Chaudiére and pre-Chaudiere sediment sequence is
intercalated in thrust plates dipping toward 005°, a direction compatible with the maxima of several fabrics
measured in sections A and B. Elsewhere in SE Quebec, fabric of Chaudiére Till tends to vary from WSW at the
base to SE at the top. In the Chaudiere Valley, fabric, measured in the few sites where Chaudiére Till has been
identified, ranges from SSW to 110°, the latter also being the direction of striae on the surface of Chaudiére Till
buried by overlying Gayhurst Formation sediments at Riviere Samson (Shilts, 1978).

On Riviére des Plante, Chaudiére Till is impoverished in ultramafic clasts and in trace elements typically
enriched in ultramafic outcrops, compared to underlying Johnville Till and overlying Lennoxville Till. These
sections are located just a few hundred metres southeast of ultramafic bedrock within an ophiolitic complex that
crops out along the northwest side of Riviére des Plante valley. The low concentrations of ultramafic debris in
Chaudi¢re Till at these sections provides strong support for a WNW to WSW to SSW sequence of shifting ice flows
during the first part of the Chaudiére glaciation, because only a south to east flow trajectory would have transported
ultramafic erratics from the local outcrops across these sections. An additional source of low concentrations of
ultramafic debris in Chaudiére Till is probably sediment reworked from the underlying, ultramafic-rich Johnville
Till. In sections analyzed by Poliquin (1987), ultramafic clasts, Ni, Cr, and Co also tended to be enriched near the
top of the till, supporting the inference that ice flow was southerly to southeastwardly at the time the uppermost
debris was deposited.

Elsewhere in SE Quebec, the shift of fabric and composition evident in Chaudiére Till is taken as evidence that,
at the onset of the Chaudiére glacial phase, an independent ice cap grew in the eastern Appalachians, in Maine
and/or New Brunswick. That ice cap was eventually overwhelmed by southeastwardly advancing Laurentide ice.
The geological setting of these sections is such that such a history of ice flow is strongly supported both by fabric
and by the unique constraints derived from till compositions. It should be pointed out that Chaudiére Till also
contains a very small percentage of Precambrian crystalline erratics, presumably derived from the Canadian Shield
north of the St. Lawrence River. Elsewhere in this region it has been reported that Chaudiére Till is devoid of such
erratics, an observation that is often interpreted to mean that no Laurentide Ice was involved in Chaudiére
deposition. Poliquin (1987) has suggested that the crystalline erratics in Chaudiére Till on Riviére des Plante were
derived from underlying Johnville Till and Massawippi Formation sediments or were transported by Laurentide Ice
from the Canadian Shield during the later phases of Chaudiére deposition. It is not possible to say which of these
possibilities is most compelling, and it is likely that both contributed to the presence of Precambrian clasts in
Chaudiére Till.

Gayhurst Formation. Because the Riviere des Plante sections are well below the lowest altitudes of Glacial
Lake Gayhurst, the Gayhurst Formation at these sites consists primarily of its deep-water, laminated facies. At
section D, the laminated facies is interbedded with several till-like diamictons, ranging in thickness from a
centimeter to over a meter. These are interpreted as mud flows of englacial debris that melted from the submerged
ice front and flowed as slurries from near its base. The intercalation of mudflows and laminated sediments is
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characteristic of the Gayhurst Formation throughout the Chaudiére Valley (Shilts, 1981; see comment in this
publication under Stop 2). The mud flows characteristically have conformable, horizontal contacts with enclosing
silt-clay laminae and are thus differentiated from beds of till, which usually have erosive basal contacts and an
irregular upper surface shaped by processes associated with the release from ice of the debris of which the till is
composed.

At sections B and A, the Gayhurst Formation is a thin, discontinuous, laminated sandy-silt with gravel and
diamicton lenses. Whether it was partially removed by the overriding Lennoxville glacier or was not deposited to
any great thickness is not known.

It is characteristic of deep water facies of the Gayhurst Formation to vary from thicknesses of <1 meter to over
100 meters over short distances in boreholes and sections farther south in the Chaudiere Valley. This is probably
because the main source of sediment in the lake was focused on specific areas of the lake bottom by subglacial
drainage exiting from ice tunnels. This internal drainage is thought to have injected large quantities of basal debris
into the lake as dense, bottom-hugging slurries (density underflows) in cycles of short, perhaps even diurnal,
duration. These underflows, exiting at specific localities at or near the interface between the glacier base and the
lake’s bottom, preferentially would have filled depressions and would have left little or no sedimentary record over
the positive features of the lake bottom. Mud melting from the basal, debris-rich zones of the ice would have flowed
into the depressions at irregular intervals along with the water-sorted slurries of cold, rock-flour-laden meltwater.

Lennoxville Till. Lennoxville Till caps all the sections along Riviére des Plante. It is grey, weathering brown or
tan, compact, cobbly till with some lenses of gravel and numerous sub-horizontal partings that give it a fissile
appearance where washed by water. The gravel lenses are thought to be dewatering channels cut into stagnant, basal,
debris-rich ice from which till was released by meltout. Most of the structures seen in tills of this region are thought
to have formed as a result of the release of debris by slow meltout, and not by lodgment. Prominent, section-wide
beds of laminated silty sand and silty clay occur within the Lennoxville Till, particularly in section B. These are
thought to have been deposited in standing water beneath the glacier when it lifted periodically off its base,
admitting lake water, during deglaciation. Along Riviére Fraser, a Riviere des Plante tributary joining just
downstream from these sections, a clay-rich surface till appears to overlie laminated lake sediments which, in turn,
overlie Lennoxville Till, so some of the uppermost parts of the sections may be part of that sequence. A
glacial/proglacial sequence that appears to overlie Lennoxville Till has been observed elsewhere in the Chaudiere
Valley and is thought to be related to the late-glacial southward readvance (erosional phase 7) of lobes up the
Chaudié¢re and adjacent valleys that followed the northward (erosional phases Sand 6) reversal of ice flow.

Lennoxville Till has fabric reflecting the southeastwardly flow direction of its depositing glacier, and, like the
JohnvilleTill, it is rich in ultramafic clasts and geochemical indicators of ultramafic provenance. Because of
similarities to the Samson River section (Shilts, 1978; Paul, 1987) has divided the Lennoxville Till into upper and
lower members at section B on the basis of the presence of water-sorted sediments that occur as continuous bands in
the middle of the Lennoxville sequence in both sections. At section B, two 7 m (£)-thick till beds are separated by a
2 m-thick complex of laminated silty clay, sand, diamicton lenses, and carbonate-cemented gravel. The lower part of
the lower member of Lennoxville Till is grey, but becomes brown near the contact with overlying sorted sediments.
The upper member is compact and oxidized to a tan-brown color. The great apparent depth of oxidation in sections
B and D is probably related to the oxidizing power of groundwater flowing through the numerous sorted layers and
lenses in the till.

Near the surface of sections A and B, there is some evidence of minor washing or reworking of the till, but no
clear evidence of any significant post-Lennoxville glaciolacustrine or glaciofluvial sedimentation.

Till-coated ultramafic clasts. At this section, as well as at several other sections in Quebec and Vermont, the
modern colluvium and alluvium at the base of the section is littered with cobbles and boulders that appear to be
composed of cemented till. When these clasts are broken open, they can be seen to be cored with one or more
ultramafic erratics, usually clasts of serpentized peridotite. The ultramafic erratics have apparently reacted with the
matrix of the enclosing till to form some sort of cement. Tills in which this phenomenon has been noted range from
slightly calcareous (<4% total matrix carbonate) in Quebec to non-calcareous in southern Vermont.
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Kilometers

0 Turn around and drive back westward along the Route du Golf

7.3 Turn right on Highway 173

26.3 In Vallée-Jonction, turn left on Highway 112 to cross the Chaudicre River
27  Turn right, along the road “Chemin de I’Ecore Nord”

30.5 Entrance to gravel pit. Leave the cars on the side of the road.

STOP 4. A late-glacial subaqueous fan — Vallée-Jonction (1 HOUR)

Glacial Lakes in Chaudiére Valley. The northward-draining Chaudiére Valley was filled with lakes any time
ice advanced up it and across the Appalachian Front. Because of the relief of the terrain on either side of the valley,
only a limited number of lake outlets were possible. The lowest of these could have carried water westward from a
lake standing at about 305 meters a.s.l. Though no evidence of erosion by overflow channels is evident in a col at
this altitude near La Guadeloupe, Quebec (Fig. 3), it is possible that a lake could have existed at 305 m (%),
particularly in late glacial time. Water draining from such a lake ultimately would have reached the Atlantic Ocean
along a tortuous route via the Riviere Saint-Frangois Valley, Lake Champlain basin, and Hudson River. The lack of
any evidence of meltwater deposition or erosion at this altitude, however, suggests that any time the Chaudiére
Valley was blocked, the Saint-Frangois Valley to the west was blocked too, forming a large lake that covered both
basins to altitudes well above the La Guadeloupe col.

The next lowest outlet in the Chaudiére basin is along the eastwardly trending valley presently occupied by
Riviére Famine, which flows westward into the Chaudiére at Saint-Georges, and Riviére Daquaam, which flows
eastward into St. John River. This valley is a classic overflow channel with a wide, flat bottom, steep sides, and two
under-fit rivers flowing in opposite directions from a barely discernible divide on the floor of the valley. It has
already been established that this valley carried meltwater eastward into the Atlantic via the St. John River valley
during the existence of Glacial Lake Gayhurst, just prior to the Lennoxville readvance. It is probable that it carried
late glacial drainage, too, but the record of nearshore deposition in late glacial lakes is too poor to allow any link to
be made between the col and lake levels.

The only other major outlets that controlled lake levels in the Chaudiére Valley proper (many local high-altitude
lakes may have been ponded in its eastern, westward-flowing tributaries) are two cols, each at approximately 429 m
altitude east and southeast of Woburn in the Arnold River valley south of Lac Mégantic (Fig. 3). These outlets only
functioned when ice stood south of the lower, Famine-Daquaam outlet.

Ice front deposits: Vallée-Jonction subaqueous fan. Several ice-contact sand and gravel deposits lie in the
Chaudiére Valley and appear to mark ice front positions from the Appalachian Front at least as far south as Saint-
Georges. They all bear structures indicating southerly paleo-currents and lie well below altitudes of any of the
higher two outlets discussed above. The most impressive of these is the kettled, flat-topped mass of sand and gravel
which has been dissected by the modern Chaudiére River at Vallée-Jonction, where we will stop.

An apparent paradox was created concerning these deposits at the time that northward ice flow was first
documented in Quebec (Lamarche, 1971). These features, obviously built southward into proglacial lakes from the
fronts of southward-flowing, northward-retreating ice masses, were surrounded by highlands with hundreds of
outcrops on which northward or westward pointing striae clearly postdate the southeastward striae of the
Lennoxville glaciation. The paradox was pointed out by Gauthier (1975), by Lortie (1977), and during the Friends of
the Pleistocene excursion in 1982 at a stop to observe similar ice-contact sediments in the Saint Frangois Valley to
the west.

Shilts and Blais (1989) concluded that the ice front deposits in the Chaudiére Valley, at least as far south as St-Georges,
were deposited by a narrow lobe of thin ice that readvanced from a Laurentide ice front that had lain more or less passively
against the northwest facing flank of the Appalachians from the time that the Laurentide and Appalachian residual ice masses
separated until a time at or near the final melting away of the last vestiges of the residual Appalachian ice in the highlands.
The readvance probably marks a regional climatic deterioration that caused increased alimentation of the eastern Laurentide
Ice Sheet, resulting in augmented flow of ice southward across the St. Lawrence River. While not vigorous enough to
penetrate very far into the foothills of the Appalachians, it was strong enough to push lobes up the major valleys, such as the
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St-Frangois, Chaudiére, and Etchemin. This may have been the first of several such minor readvances that are marked
immediately to the north by such deposits as the fossiliferous St. Nicholas till and the St. Narcisse Moraine.

The deposit at Vallée-Jonction is the largest of the ice front deposits that mark the retreat of a late glacial
Chaudi¢re Valley lobe. Morphologically, it has a smooth, delta-like foreslope and a level to gently rolling surface
with numerous undrained depressions (kettles). To the north it becomes hummocky and passes into a ridge
interpreted as an esker, deposited in the conduit that supplied sediment to the fan. On the east side of the valley, only
a small remnant of the deposit was left after postglacial down cutting by the Chaudiére River. This eastern remnant
has been so thoroughly excavated for aggregate that its original morphology is impossible to determine.

The sediments that compose the subaqueous fan are coarse sand and gravel in large-scale foreset beds that dip
gently southward and carry southward paleo-current indicators in associated smaller bed forms. In the pits on the
eastern side of the valley, the coarse debris can be seen to have prograded over laminated silt and clay which has
been deformed by the loading. In pits in the northern part of the deposit, bedding is much more chaotic, being
faulted and deformed by ice collapse. Lithologically, the gravel has very low concentrations of ultramafic clasts
even though the valley sides adjacent to the deposit are characterized by high concentrations of ultramafic erratics,
according to Gadd (1978). The erratics on the valley sides were presumably transported northward from ultramafic
outcrops northeast and southwest of the Chaudi¢re River at Rivi¢re des Plante. This suggests that in the lowest parts
of the valley, ultramafic-poor debris carried southward by the readvance either covered or diluted ultramafic-rich
drift deposited during northward flow.

This landform and deposit can be thought of as a late-glacial analogue of the buried subaqueous fan of the
interstadial Gayhurst Formation, visited south of St-Georges at Stop 1. At least one other buried subaqueous fan has
been found in the region and is inferred to have been deposited deep below the present floodplain of Riviére
Samson, an eastern tributary that is confluent with Rivieére Chaudiére about 50 km south of St Georges. That fan
would have been deposited during the retreat of the Johnville glacier, a conclusion drawn from examination of cores
recovered from a deep drilling project in the Riviére Samson valley.
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Abstract

Stone production began at the end of the 19™ century in the Riviére-a-Pierre area, located 100 km (62 miles)
northwest of Québec City. Today, with 17 quarries in operation, this area is the most important producer of
dimension stone in Québec. Production is from the pinkish grey, brownish grey, and greenish grey farsundites and
quartz mangerites of the charnockitic Riviére-a-Pierre Plutonic Suite. The first stop on the field trip is at the terraced
Dumas & Voyer #4 quarry, where stone is extracted from six production benches. The stone is known as Dark
Caledonia, and a part of the production is transformed in the Bordures Polycor plant, which will be visited during
stop 2.

Résumé

La région de Rivicre-a-Pierre est située a 100 km au nord-ouest de la ville de Québec et ’exploitation de la
pierre a débuté a la fin du XIX® siécle. De nos jours, cette région est le centre d’extraction de pierre dimensionnelle
le plus important au Québec avec 17 carrieres en activité. Les roches exploitées sont des farsundites et des
manggérites quartziferes gris rosé, gris brunitre et gris verdatre de la Suite plutonique de Riviére-a-Pierre, une suite
de roches charnockitiques. Le premier site visité est la carriére Dumas & Voyer # 4 qui est exploitée en terrasse et
posséde six gradins de production. La variété de pierre extraite est connue sous le nom commercial de Calédonia
Foncé (Dark Caledonia) et une partie de la production est transformée a I’usine Bordures Polycor qui fait I’objet du
second site visité.

INTRODUCTION

The Riviere-a-Pierre area is located 100 km (62 miles) northwest of Québec City (Fig. 1). Quarrying began in
the late 19" century, and this area has since gained an international reputation for the quality of its stone. Nowadays,
it is the most important extraction centre for dimension stone in Québec with 17 quarries in activity. This is due to
the aesthetic and physical qualities of the stone and the massive aspect of outcrops.

The stone is extracted to produce panels and slabs for multiple uses, such as veneer for building exteriors, tile
fabrication, and custom-finished products. Other applications include monuments, stairs, and curbstone, and it was
formerly used as paving stone.

A RICH HISTORY

In the beginning, quarrying was related to the improvement of the road system. In 1885, the railway connecting
southern Québec to the Lac-Saint-Jean area, and which passed through the village of Riviére-a-Pierre, was
completed. This led to the beginning of stone extraction at the cottage industry scale. The first major production was
probably carried out by Fortunat Voyer and Joseph N. Perron in 1894. The Langelier building in Québec City is an
example of a structure built with pink “granite” quarried by Fortunat Voyer.

At the beginning of the 20" century, two new pink “granite” quarries were in operation near Riviére-a-Pierre.
The stone in the piers of the Québec Bridge came from one of these quarries. At the time, more than two thousand
wagonloads of stone were shipped to the bridge. From 1920 to 1960, new pink “granite” quarries were put into
production. In 1934, a block extracted from Auguste Dumas’ quarry was used to build the monolithic cross in Gaspé
commemorating Jacques Cartier. The cross, weighing more than 42 tonnes, was transported by train. A

" The term “granite” is used in a general sense in the stone industry for all types of quarried stone.
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quartz mangerite (Boreal Green variety). On outcrop surface, the rock is typically altered to a rusty-brown color. A
porphyritic, coarse-grained, greenish grey farsundite (Atlantic Green variety) also occurs.

Black “granite”

Black “granite,” produced mainly between 1894 and 1960, is composed of meta-igneous rocks belonging to the
La Bostonnais Complex. The term includes gabbro, pyroxene diorite, granodiorite, and tonalite. These rocks are
massive or gneissic and are locally migmatitic. They are medium grained and light bluish grey to dark grey in color.
At the Scotstown quarry, the rock consists of 46% oligoclase (Any), 4.5% microcline, 29% quartz, 10.5% biotite,
and 8% green hornblende (Mattinson, 1952). Commercially known as Blue-Grey Granite and Dark Blue Pearl, these
varieties were produced from three major and six small-scale quarries. The stone was mainly used to produce
monuments, curbstone, paving stone, and dimension stone.

Lithogeochemical analyses

Geological mapping and data collected as a result of quarrying in the Riviére-a-Pierre Plutonic Suite have
allowed at least three facies to be distinguished on the basis of the dominant color of feldspar (Table 1). Rocks of
these facies, and more particularly those of the green facies, possess distinctive geochemical signatures.

Pink facies rocks, located mainly at the southwestern border of the pluton at Riviére-a-Pierre, have SiO,, K,O,
and Na,O contents greater than those of the green facies. Green facies rocks are characterized by TiO,, P,Os, CaO,
and MgO contents greater than those of pink and brown facies rocks. However, not all green facies rocks have the
same characteristics. At the Deer Brown quarry, greenish grey farsundite (Atlantic Green variety) is extracted from
an approximately 70 meter-wide lens in contact with brownish grey farsundite (Deer Brown variety). The transition
between the two facies is gradual over a width of two meters. On outcrop surface, the two facies have the same
appearance and alteration color and are very difficult to distinguish. The Atlantic Green variety possesses a chemical
composition similar to that of the Deer Brown variety but is chemically distinct from the other green “granites” of
the Riviére-a-Pierre Plutonic Suite; this difference confirms its specific character (Bellemare, 1999). In the area, four
other quarries present the same transitional characteristics: Fletcher (Newport and Abbey Rose varieties), Marmite
(Forest Green, Atlantic Green, and Atlantic Blue varieties), Atlantic Blue (Atlantic Blue and unexploited green
“granite”), and Boca (Canadian Caledonia variety and a greenish grey farsundite similar to the Atlantic Green
variety).

ROAD LOG
Distance in kilometers (miles)
0.0 (0.0) Start at the intersection of De 1’Eglise and Principale streets (in front of City Hall) in Riviére-a-
Pierre. Go north on Rue Principale.
1.21 (0.75) Turn left and take the bridge across Pierre River.
1.45 (0.9) Turn right onto Rue Lac Vert.
3.62(2.2%) Turn right onto Réserve de Portneuf road # 1.
4.51(2.8) Turn right and take the quarry road.
6.28 (3.9) Stop 1, Dumas & Voyer # 4 quarry.

STOP 1. Dumas & Voyer quarry # 4

Development was first carried out in 1969 by prospectors Léo and Roger Lavoie. Commercial quarrying began
in 1988 by the company Dumas & Voyer Ltd., which in 1994 became a division of Groupe Polycor. Production here
has intensified over the past years, and the quarry has become the main site of extraction site for the company in
Riviére-a-Pierre (Fig. 3). The quarry is developed in terraces and is located on the southeastern slope of a 100 m
high hill. It consists of 6 production benches, where the height of the walls ranges from 3.5 to 5.5 m. In 2007, the
monthly production from quarry # 4 is approximately 900 cubic metres of commercial blocks, with a recovery ratio
of 25%. The site is equipped with 3 mobile loaders and 7 hydraulic drill units (2 Tamrocks from Finland and
5 Apaches designed in Québec). If need be, quarry # 3 is operated to satisfy additional demand.
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Table 1. Lithogeochemical analyses® of varieties from the Riviére-a-Pierre Plutonic Suite

Quarry | Variety | Lithofacies | SiO, | ALO; |FeOst |[MgO [ CaO [Na,0 |K,0 | TiO, |MnO | P,0s

Pink facies

Newport Abbey Rose | Farsundite | 68.80 [13.40 |4.64 0.69 1256 330 434 [0.77 1010 ]0.32

Dumas & Voyer | Pinkish Farsundite | 68.00 | 13.20 |5.75 0.81 2.21 3.14  |4.15 0.92 0.11 0.38

# 1 Grey

Granit Riviére-a- | — Farsundite | 66.11 | 13.98 |5.20 081 |[2.48 |3.05 |493 (087 0.1l 0.32

Pierre

Brown facies

Deer Brown Deer Brown | Farsundite | 69.70 | 14.00 | 4.60 0.74 238 |3.01 420 [0.73 }0.07 |0.28
D.D.

Dumas & Voyer | Caledonia Farsundite 68.90 | 13.40 |5.23 0.72 1271 3.28 4.12 0.83 0.09 0.34
#3and2

Deer Brown Deer Brown | Farsundite [ 67.70 | 13.80 [4.85 0.71 2.76 346  14.07 [0.78 0.09 1032

Colombia 13 Nara Brown | Farsundite 66.20 | 14.50 |5.20 0.78 2.82 3.27 4.55 0.82 0.11 0.33

Dumas & Voyer | Caledonia Farsundite 66.10 | 13.90 |5.39 0.78 [2.69 3.08 4.51 0.87 0.10 0.32
#3and?2

Green facies in lens

Deer Brown Atlantic Farsundite 67.50 | 13.80 [4.86 0.71 2.69 3.17 4.25 0.78 0.09 0.32
Green

Lacroix et Fils 1 | Atlantic Farsundite | 66.10 | 15.00 |5.52 0.78 |3.53 3.55 344 ]0.89 0.08 0.40
Green

Green facies

Martineau et Riviére-a- Quartz 64.10 | 16.40 | 5.62 095 1470 |3.86 290 093 0.08 0.57

Deschambault Pierre Green | mangerite

Lacroix et Fils 1 | Forest Green | Quartz 63.50 | 11.30 | 10.90 146 |4.32 2.80 2.17 1.88 0.17 0.73

mangerite

Colombia 7 Prairie Quartz 57.70 | 15.90 [9.36 1.50 |5.97 3.76 2.46 1.57 0.16 1.05

Green jotunite

2 Results are in wt.%: X-ray fluorescence — pearls.

Sales are increasing in Asia, with over 7000 cubic metres exported in 2006 to Xiamen and Shanghai in China,
Taiwan, and South Korea. Approximately 4000 cubic metres are sold to Groupe Polycor’s facilities and a dozen
external clients for the production of landscaping slabs and stones. The latter production is decreasing strongly with
the decline in curbstone sales to the United States and as a result of the decrease in the relative value of the
American dollar.

The dominant rock, the Dark Caledonia variety, is a porphyritic farsundite of the Riviére-a-Pierre Plutonic
Suite. The stone is coarse grained and has a brownish grey color. The brown feldspar phenocrysts are 1-3 cm long
(Fig. 4). The rock is similar to the Dark Caledonia variety from the Dumas & Voyer # 3 quarry. The main
detrimental characteristics are local concentrations of black minerals, inclusions of mafic gneiss and quartzite,
pegmatite dikes, and the local absence of dark minerals.
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INTRODUCTION

This field trip will focus on the structure of Cambrian-Ordovician rocks of the Laurentian margin (Humber
zone) in the Beauce region south of Quebec City. It represents a regional section from the less
deformed/metamorphosed external Humber zone to the polydeformed and metamorphosed internal Humber zone,
which have been variously affected by Middle to Late Ordovician (Taconian), Silurian-Early Devonian and Middle
Devonian (Acadian) tectonism. A stop in a new quarry will provide exceptional exposure of the Sainte-Marguerite
Complex, a series of slivers of Grenvillian lithologies caught up along the Richardson fault zone. We will examine
different structural features in the hanging wall and footwall of major faults along the Chaudiére River transect, and
discuss their implications regarding the tectonic evolution of the Laurentian margin in that segment of the
Appalachian orogen. The field trip aims to be a forum for discussion of current interpretations of the
tectonostratigraphy and structure of the paleo Laurentian margin along the strike of the Northern Appalachians.

GEOLOGICAL SETTING

The Early Paleozoic rocks of the southern Quebec Appalachians have been divided into two main
tectonostratigraphic zones (Figs. | and 2; Williams, 1979, 1995a and references therein). East of the Cambrian-
Ordovician rocks of the St. Lawrence platform and Appalachian foreland basin is the Humber zone. It represents
rock units of the ancient continental margin of Laurentia that have been detached from their basement, principally
displaced northwestward, and tectonically thickened and metamorphosed during the Middle to Late Ordovician
Taconian orogeny (St-Julien and Hubert, 1975). This orogenic event was the result of the attempted subduction of
the Laurentian margin and the accretion of various ophiolitic complexes and associated oceanic terranes (Pinet and
Tremblay, 1995; Tremblay and Castonguay, 2002), collectively named the Dunnage zone, or resulting from the
collision and the accretion of peri-Laurentian microcontinental terranes (Waldron and van Staal, 2001). In the
Canadian Appalachians, the surface boundary between the Humber and Dunnage zones is known as the Baie Verte-
Brompton line, which is loosely defined by a linear zone of discontinuous serpentinites and dismembered ophiolites
(Williams and St-Julien, 1982). The Dunnage zone lies tectonically over the Humber Zone and is overlain by Upper
Silurian (Pridolian) and Devonian rocks of the Gaspé Belt (Bourque et al., 1995), mainly occurring in the
Connecticut Valley-Gaspé trough (Tremblay and Pinet, 2005).

The Humber Zone (Fig. 2) forms a classical foreland-hinterland succession of parautochthonous and
allochthonous rock units that have mainly been deformed and metamorphosed during the Taconian orogeny, but that
were also variously affected by Silurian-Early Devonian and Middle Devonian (Acadian) tectonism (Pinet and
Tremblay, 1995; Castonguay et al., 2001a, 2007). The Humber zone is subdivided into external and internal zones
based on contrasting structural and metamorphic characteristics (Williams, 1995b). The external Humber zone
consists of latest Paleoproterozoic to Middle Ordovician siliciclastic, carbonate, and mafic volcanic rocks that are
deformed into a series of imbricate northwest-directed thrust sheets comprising the Taconic allochthons. In Québec,
these thrust sheets have traditionally been termed as “nappes” (St-Julien and Hubert, 1975). Rock units have attained
the prehnite-pumpellyite to subgreenschist facies of metamorphism (Glasmacher et al., 2003). The internal Humber
zone (Hibbard et al., 1995) is made up of greenschist facies rocks, roughly distal lithologic facies of the external
zone that are mainly regrouped into lithodemic units, the Sutton and Bennett Schists, which respectively occur
within the Sutton Mountains (SMA) and the Notre-Dame Mountains (NDMA) anticlinoria (Fig. 2; Tremblay and
Castonguay, 2002; Castonguay and Tremblay, 2003). The latter structures are the result of complex superimposed
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protracted cooling of the internal zone from Ordovician to Silurian times is unlikely and that the ages correspond to
distinct tectonometamorphic events (Castonguay et al., 2001a).

Southeast of the St-Joseph fault, Middle Ordovician muscovite ages (40Ar/39Ar, 469-461 Ma; Whitehead et al.,
1996; Castonguay et al., 2001a) are preserved in Acadian structural outliers of Laurentian metamorphic rocks (Figs.
2 and 3). These Ordovician muscovites show no Silurian overprint and are concordant with the high-temperature
amphibole ages of the Notre-Dame Mountains anticlinorium (Fig. 4). Detrital muscovites with “*Ar/*’Ar ages greater
than 945 Ma (Castonguay et al., 2001a) are found in very low grade continental rocks surrounding both the ophiolite
and the underlying internal-zone rocks in the hanging wall of the St-Joseph fault and the Baie Verte-Brompton line.
This suggests that these rocks have escaped intense Appalachian metamorphism and were subsequently juxtaposed
to metamorphic units by extensional faulting. In southern Quebec, the Acadian metamorphism is dated at 385-375
Ma by muscovite “*Ar/*’Ar ages in the southern part of the Dunnage zone (Tremblay et al., 2000).

In the external Humber zone, the timing of emplacement of the Taconic allochthons is based on faunal control
(Fig. 4) and on recently acquired K-Ar data on thrust-related fault rocks (Glasmacher et al., 2003; Sasseville et al., in
press). Graptolites in mélanges at the base of thrust nappes indicate emplacement ages from latest Middle
Ordovician to Late Ordovician (Nemagraptus gracilis Zone to Corynoides americanus and Orthograptus ruedemanni
zones; St-Julien and Hubert, 1975). Foreland limestones and synorogenic flysch deposits record the Late Ordovician
deepening of the foreland basin. K-Ar data obtained on clay fraction from various fault rocks define four age groups
at: (1) ca. 490 Ma, (2) 465 to 450 Ma, (3) ca. 410 Ma, and (4) ca. 355 Ma. Sasseville et al. (in press) attribute the
first two age groups to Taconian deformational pulses (D; and D), the third group to Late Silurian-Early Devonian
extensional deformation (D;), and the fourth age group as characterizing the Acadian compression (D,). This dataset
challenges the traditional view of a gradual and in sequence NW propagation of faulting across the external Humber
zone.

STRUCTURAL EVOLUTION

The proposed structural evolution of the Laurentian margin is shown in Figure 5 (Tremblay and Castonguay,
2002). The Taconian stage (ca. 480 to 445 Ma) involves stacking of northwest-directed thrust nappes (Fig. SA). D,
deformation progressed from east to west, from ophiolite emplacement and related metamorphism in the underlying
margin during the early stages of crustal thickening, to the piggyback translation of accreted material toward the
front (west side) of the accretionary wedge. Obducted oceanic crust remained relatively undeformed except for
minor tectonic slicing. Underplating of the overridden margin and foreland (westward) translation of metamorphic
rocks because of frontal accretion have led to progressive exhumation of deeper crustal levels of the orogen (hence
preserving Ordovician isotopic ages), parts of which are now preserved below the ophiolite in the downthrown side
of the St-Joseph fault. Out-of-sequence imbrication is documented in the external zone during the Late Ordovician
(Sasseville et al., in press).

D; deformation began in latest Early Silurian time (ca. 430 Ma), and lasted until the Early Devonian (ca. 410
Ma; Fig. 5B). In the internal Humber zone, Dj first consisted of ductile southeast-directed shear zones defining a
major upper plate-lower plate (UP-LP) boundary, i.e., the Bennett-Brome fault, and culminated with normal brittle-
ductile faulting along the St-Joseph fault. The upper plate is made up of a folded stack of Dy, nappes of deformed
and metamorphosed rocks of the Taconian accretionary wedge and includes metamorphic rocks that retain
Ordovician ages. Low- and high-angle normal faulting was probably activated in Late Silurian-Early Devonian time
and crosscut the UP-LP boundary, which led to the juxtaposition of metamorphic rocks from different crustal levels
on both sides of the St-Joseph fault, i.e., rocks units of the Notre-Dame Mountains and Sutton Mountains anticlinoria
in the up thrown side were brought against rock units belonging to both the external and internal Humber zone in the
downthrown side (Figs. 2 and 5). East of the St-Joseph fault, the D; event thus accounts for the presence of low
grade lithologies (analogous to the external-zone rocks), their juxtaposition with ophiolites or underlying
metasedimentary rocks, the presence of southeast-verging recumbent folds (originally interpreted as gravity nappes
by St-Julien and Hubert, 1975). In the external Humber zone, the kinematic change in the tectonic regime during the
Silurian-Early Devonian resulted in normal faulting and is interpreted to culminate in the extensional collapse of the
foreland belt, coeval with SE-directed tectonic transport occurring in the hinterland (Sasseville et al., in press). D; is
coeval with tectonism that is associated to the Salinic or Salinian orogeny in correlative terrains of Atlantic Canada
(Dunning et al., 1990; Cawood et al., 1995).
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e The Richardson nappe, the southern termination of which occurs near Sainte-Marie de Beauce, is
dominantly constituted of green sandstone, locally red, with silty interbeds, and subordinate green and purple
slate beds, which are correlated to the Lower Cambrian Armagh Group (correlative to the St-Roch Group;
Lebel and Hubert, 1995).

¢ Southeast of the Bennett fault, the section corresponds to a periclinal structural depression between two
anticlinoria, where only upper levels of the internal Humber zone are exposed.

o The Rosaire Group occupies the southeastern part of the study area, northeast of the axial
termination of the NDMA, and along the hanging wall of the St-Joseph fault (Fig. 3). It comprises
monotonous successions of interbedded white to medium gray quarztites and medium to dark gray
phyllites, both locally greenish. Occasional quartzitic siltstone and feldspathic metasandstone also
occur. The matrix of some quartzite beds is dolomitic, especially in the southeastern part of the
study area. Metamorphism increases from northeast to southwest within the Rosaire Group along
the NDMA axis, so that rocks generally become richer in chlorite, and sericite is gradually
transformed into muscovite.

o The Caldwell Group occurs mostly to the southeast of the St-Joseph fault, either in its immediate
footwall or as structural windows through the Rosaire Group. The Caldwell Group is made of
alternating succession of purplish red and green feldspathic sandstone and slate, with minor
quartzite beds. Regionally, volcanic rocks are also present at the base of the succession. Southeast
of the St-Joseph fault (i.e., hanging wall), rock units of the Rosaire and Caldwell groups are faintly
metamorphosed and have preserved primary structure, which marks a strong contrast with similar
units along the footwall of the fault.

o The Bennett Schists are thought to represent distal lithologic facies correlative to the Rosaire, Caldwell and
Oak Hill groups that have been polydeformed and metamorphosed at the greenschist facies, to locally
epidote-amphibolite facies. The metasedimentary rocks consist of quartzite, phyllite, and quartz-albite-
muscovite-chlorite+biotite schist. Metavolcanic rocks consist of chlorite-epidote-actinolitethornblende
(locally barroisite) schist with local amphibolite.

Structure

The Chaudiére nappe is limited by the Foulon fault, a major thrust fault cutting underlying fabrics and
delineating a klippen that represents the upper most thrust sheet of the Taconic allochthons overlying the foreland
fold and thrust belt (Fig. 2; St-Julien, 1995). Its emplacement has been interpreted as out of sequence in relation to
the underlying thrust sheets. The footwall of the Foulon fault is marked by the Riviére Etchemin Mélange, a chaotic
unit of tectonic origin containing sheared fragments and blocks of neighboring units in a shaly matrix (Lebel and
Hubert, 1995; St-Julien 1995)

The Sainte-Hénédine nappe is exposed in the core of a regional-scale F; fold, which is clearly delineated by the
Richardson fault (Figs. 2 and 3). Based on similar lithostratigraphy and equivalent structural position, the Sainte-
Hénédine nappe may be the lateral continuation and trailing edge of the Bacchus nappe exposed mainly on the Ile
d’Orléans.

The Richardson nappe is underlain by the Richardson fault, which is a major Dy, thrust that is marked by a
tectonic mélange (Riviére Boyer mélange; Lebel and Hubert, 1995) and the Sainte-Marguerite Complex (Fig. 3;
Valli¢res et al., 1978). The latter represents a series of thrust slices made up of high-grade metamorphic rocks that
have been interpreted as Grenvillian basement caught up within the fault zone. The Richardson fault outlines a series
of overturned F; folds that occur in the hanging wall of a southeast-directed shear zone, which is interpreted as the
northeastern extension of the Bennett fault (Figs. 2 and 3; Pinet et al., 1996a, 1996b; Castonguay et al., 2001b). In
Ste-Marie area, the Richardson fault is truncated by this shear zone (Figs. 2 and 3). The latter is better delineated to
the southwest where it juxtaposes parts of the Oak Hill Group in its hanging wall against the higher grade Bennett
Schist in the core of the Notre-Dame anticlinorium. Along the northwestern portion of the internal zone (i.e., NW
limb of the NDMA), the S; crenulation cleavage is northwest-dipping and is attributed to southeast-verging
structures. Across the axis of the anticlinorium, the S; fabric is a southeast-dipping cleavage paired with an
anastamosing network of brittle-ductile low- and high-angle normal faults and associated boudins and folds
genetically related to the St-Joseph fault (Figs. 2 and 3; Pinet et al., 1996b).

95



B1-10 CASTONGUAY, PINET, AND TREMBLAY

As mentioned earlier, the Chaudiére River area (Figs. 2 and 3) is located between two anticlinoria with
opposing plunges, northeast of the periclinal termination of the NDMA. There, D,_, and Dj; fabrics are folded and
wrap around the axis of the anticlinorium. At the crest of the structure, most fabrics are sub-horizontal and folds are
recumbent. In that area, the sub-vertical S, cleavage and upright open F, folds are occasionally observed. Dy fabrics
do, however, become apparent and more penetrative to the southeast and southwest.

Along the southeast limb of the anticlinorium, the fabrics mainly dip southeastward and increasingly affected
by moderate to steep southeast-dipping brittle-ductile shear zones that have been interpreted as footwall structures
related to the St-Joseph fault (Figs. 2, 3, 7 and §; Pinet et al., 1996b). The latter occur near the village of St-Joseph-
de-Beauce; it represents a steep SE-dipping normal fault juxtaposing lithologies of contrasting structural and
metamorphic characteristics. The St-Joseph fault is better delineated to the southwest where it is outlined by sheared
and folded serpentinite slivers that comprise parts of the Pennington sheet.

ROAD LOG

The field trip is a section between Quebec City and St-Joseph-de-Beauce, principally along the Chaudiére
River Valley, with complementary stops to the southwest (Figs. 2, 3 and 7). It focuses on the structural
characteristics of the external and internal Humber Zone. Stops are located in Figures 3 and 7. Figure 8 illustrates an
idealized structural cross-section of the transect.

STOP 1. The external humber zone: Thrust faults and folds of the Chaudiére nappe

Location. From Quebec City or from highway 20, take highway 73 South. After ca 7 ki, take the exit 124 (Saint-
Etienne-de-Lauzon), and turn left on chemin St-Grégoire for ca. 1.2 km. At the intersection with route 171 (route St-
André), turn left and drive for ~6 km. There is a park-rest area on the left side of the road (“Parc du détroit de la
Chaudiere”). The outcrop is along the Chaudiére River just behind the rest area.

Geological setting. The Cambrian and Early Ordovician passive margin sedimentation in the Québec reentrant is
mainly recorded by siliciclastic slope and rise deposits preserved in the Humber zone (Fig. 2). Sedimentary facies
consist of four principal successions; 1- Lower - Middle Cambrian red and green shale, green feldspathic sandstone
and some carbonate; 2- Upper Cambrian black mudslate, white quartzite and polymictic conglomerate; 3- Lower to
Middle Ordovician red, green and black mudstone with subordinate feldspathic sandstone and limestone
conglomerate (slope deposits); 4- Upper Middle Ordovician flysch deposits.

In this region, the external Humber zone is bounded to the NW by Logan's line, and by the Bennett fault to the
SE (Fig. 2). Within the external zone, the regional deformation is mostly characterized by west-directed thrust faults
and folds, and by a regionally-developed cleavage (S,.,).

Field description. The lithologies exposed at this outcrop are part of the Lower to Middle Cambrian Sillery Group
(Breakeyville Formation) and consist of a sequence of green sandstone, locally up to 2-3 meters thick, interbedded
with red mudslate and minor, thinly-bedded limestone (Fig. 9). The outcrop exposes a series of thrust faults and
related folds within the Chaudiere nappe. Thrust faults are sub-horizontal or slightly inclined to the east or southeast,
and marked by cm- to meter-thick zones of cataclastic breccias and brittle/ductile deformation. The shear-related
foliation is well-developed and is hosting down-dip striations and slickenlines. Locally, well-developed C/S fabrics
clearly indicate west- to NW-directed fault kinematics. Asymmetrical tight to isoclinal folds are nicely exposed in
the hanging wall of thrust faults (Fig. 9). K-Ar data from various fault rocks of this locality yielded ages between
471+£9 Ma and 451+8 Ma (Fig. 9), which are interpreted as the age of the main movement along these faults
(Sasseville et al., in press).
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Geological setting. Along the Chaudiére River transect (Figs. 2, 3 and 7), the Chaudiére nappe structurally overlies
different rock units belonging to various nappes. This outcrop is located within the Ste-Hénédine nappe (Lebel and
Hubert, 1995; St-Maxime nappe of St-Julien, 1995) that is essentially made up of red, green and gray slates and
siltslates with subordinate sandstones and polymictic conglomerates that are attributed to the lle d’Orléans Group
(Lebel and Hubert, 1995; Castonguay et al., 2001b) or Sainte-Hénédine Formation (St-Julien, 1995). This locality is
situated in the inverted footwall of the Richardson fault a northwest-directed Dy, thrust fault (Tremblay and Pinet,
1994). Along the Chaudiere River valley, the Richardson fault is folded (inverted) and overprinted by D;
deformation.

Field description. From NW to SE, exposed lithologies are: (1) purplish-red and green siltstone and slate; (2)
polymictic conglomerate with quartz pebbles and limestone clasts. Quartz fragments are well-rounded with a
maximum size of 2-4 cm, whereas limestone fragments are angular, grey to black in color, and up to 1 meter in
diameter; graded-bedding clearly indicate an inverted polarity; (3) dark grey siltstone and slate with lighter grey
quartzite beds; the transition with unit 2 is gradual and several conglomeratic horizons are present at the base of
unit 3.

The dominant fabric is the NE-trending S, foliation that is overprinted by a NW-dipping crenulation cleavage
(regional S;), which is associated with SE-verging folds. Structural relations between the various fabrics and the
inverted polarity of the sequence indicate that this site is located on the eastern flank of an overturned F; anticline.

Regional implications. Fabrics and structures, formed during the emplacement of Taconian thrust nappes (D,.;),
have been overprinted by D; SE-verging folds and backthrust faults during the Silurian (Pinet et al., 1996a;
Castonguay et al., 2001b, Castonguay and Tremblay, 2003).

STOP 3. The Sainte-Marguerite complex: Fault slices of Grenvillian affinities

Location. continue on highway 73 north and take the (next) exit 101 (Scott). Turn right on route 173 and drive for
ca. 1 km. Turn right on rue Desjardins towards Sainte-Hénédine. At the village, turn right on route 275 (rue
Langevin) to Sainte-Marguerite. Drive for ca. 4.5 km and turn left on a quarry access road. The access road is
marked by big cement blocks; a truck scale/weighing facilities can be seen from the main road. The quarry is located
at the end of the road ca. 2 km. Note the access road conditions may not be suitable for small vehicles.

Geological setting. In the late 1970s, a series of slices of high-grade metamorphic rocks was recognized along the
Richardson fault (Fig. 3 and 10; Valliéres et al., 1978; Lebel and Hubert, 1995), a major D, thrust fault of the
Québec allochthons. These tectonic slices, known as the Sainte-Marguerite Complex, include granitic gneisses with
pegmatitic dykes and amphibolite that are interpreted as Grenvillian basement. Valliéres (1978) obtained an Rb/Sr
age on biotite of 954 + 40 and K/Ar ages on amphiboles of 835 + 7 to 900 + 7 Ma. They interpreted these results as
representing the minimum age of Grenvillian metamorphism at ca. 900 + 50 Ma. More recently, Castonguay (2000)
obtained an Ar/Ar data on a single-grain of biotite that yielded a plateau age of 949 + 4 Ma, thus corroborating the
former data.

Field description. This is a relatively new quarry and, thus, only preliminary geological observations are available.
This quarry provides excellent exposures of the various and spectacular rocks assemblages of the Sainte-Marguerite
Complex. Overall, a strong strain and metamorphic gradient may be observed across the outcrop, but locally,
differentiating fabrics and structures of Appalachian and Grenvillian origin is tenuous. Three different lithologic
packages can be observed, from northwest to southeast:

1) Green and red phyllitic slate, siltslate, sandstone, and quartzitic conglomerate belonging to the typical
sedimentary succession of the Ile d’Orléans Group (Lebel and Hubert, 1995). These lithologies are brecciated
and sheared, and exhibit 2 fabrics: a sub-vertical S, foliation (here mostly sub-parallel to Sp) and a NW-
dipping (ca. N240°/35°) S; cleavage, axial-planar to SE-verging F; folds.

2) A median zone made up of sigmoidal-shape tectonic blocks with steep east-dipping contacts. As a whole, the
zone consists approximately of 30% of quartzite, 20% of red phyllite and 50% of «greenish» rocks. These rocks
are strongly recrystallized, sheared and more metamorphosed than the previous packages. They commonly show
two different generations of tectonic fabrics. A stretching lineation is weakly developed and only locally visible.
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STOP 4. The internal Humber zone: The crest of the Notre-Dame Mountains anticlinorium

Location. From the quarry access road, turn left and drive 1.4 km toward the village of Sainte-Marguerite. Turn
right on route 216 (route St-Martin) toward Ste-Marie and drive for ca. 8 km. Turn left on rang St-Gabriel Nord, and
drive for 3.5 km, then turn right on route Carter. Drive 1.2 km, turn right and take highway 73 south. Continue on
Highway 73 south for ca. 11 km. The stop is a road cut on the highway (Fig. 7).

Structural setting. Four generations of structures occur along the Notre-Dame mountains anticlinorium (NDMA).
The regional foliation is a NW-SE striking S., composite schistosity, axial-planar to F, isoclinal folds and which is
associated with NW-SE trending stretching lineation. D, fabrics and structures are folded by tight to isoclinal F;
folds that are associated with a S; fabric that vary from a weakly-developed crenulation cleavage to a penetrative
foliation. Regional F; folds are SE-verging and are associated to SE-directed fault and shear zones. All structures are
affected by NE-SW trending, upright open folds (F,) associated with the final development of the NDMA. An axial
planar S, fracture to a crenulation cleavage is observed across the anticlinorium.

Field description. The outcrop exposes lithologies of the Rosaire Group. It consists of dark grey, massive quartzite
beds and black and rusty pelitic phyllite. Quartz veins are abundant both in the quartzite and the pelites. The
dominant schistosity is subhorizontal and axial-planar to recumbent folds. A discrete but well-developed series of
SE-dipping normal-sense shear planes is also observed.

Regional implications. Foreland (D.,) and hinterland (D;) verging structures are refolded by NE-SW trending
upright open folds (F,) that have been attributed to the Acadian development of the Sutton and Notre-Dame
mountains anticlinoria (Tremblay and Pinet, 1994). The NDMA detfines a doubly-plunging anticlinorium in the core
of which are found the highest grade metamorphic rocks of the region (the Bennett Schists). In the Thetford-Mines
area, the anticlinorium is bounded by folded D; backthrust faults and by the St-Joseph fault to the east. The
Chaudiere River area is, however, located NE of the periclinal termination of the NDMA, and exposes shallower
levels of the Taconian orogenic wedge than those cropping out within the anticlinorium.

STOP 5: The internal Humber zone: Extensional structures in the footwall of the St-Joseph fault
Location. Continue on highway 73 South. The next stop is a road cut located ca. 3 km south of stop #5 (Fig. 7).

Structural setting. In the Chaudiére River area, the St-Joseph fault (Pinet et al., 1996D) is interpreted as a major
normal fault. The fault strikes NE-SW and separates correlative rock units that have recorded different structural and
metamorphic histories. Metamorphic rocks of the footwall are characterized by polyphase structural fabrics. Rock
units of the hanging wall are less metamorphosed and generally display less strain than those of the footwall; they
are found in normal or inverted position (Fig. 8). The most striking evidence for SE-directed normal motion comes
from several quarries located in the Thetford Mines area, along the NW-SE trending branch of the Pennington
ultramafic sheet. We will observe well-developed extensional fabrics that are found in the footwall of the St-Joseph
fault.

Field description. In this outcrop, two rock packages are recognized, (1) to the NW, light grey to greenish siltstone
and sandstone that are attributed to the Caldwell Group, and (2) to the SE, black pelite and quartzite that belong to
the Rosaire Group. Near the contact between these units, a 1.5 meter-thick high strain zone is marked by numerous
quartz veins, Well-developed extensional fabrics are exposed SE of the contact, and consist of asymmetrically
boudinaged quartz veins and meter- to decimeter-spaced, SE-dipping (30-70°) brittle-ductile shear zones (Fig. 11).
Quartzite beds are clearly affected by SE-verging folds that are associated with an axial-planar schistosity. The
relationship between SE-dipping shears and folds is ambiguous. The folds can be interpreted either as overprinted
backfolds, or as structures genetically related to normal faulting. Crosscutting relationships shown by the dominant
foliation with both the extensional and sheared quartz veins, however, suggest that all these structures have been
generated during a SE-verging deformational event.
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Acadian Dy). These rocks have been mainly metamorphosed during the Taconian orogeny (M,,). Subsequent events
have variously recrystallized and retrogressed the Taconian paragenesis.

Field description. In this outcrop, two rock packages are recognized and are separated by a thin serpentinite sliver
associated with the Pennington Sheet. Northwest of the serpentinite, quartz-sericite pelitic schist and metasiltstone
are attributed to the Rosaire facies of the Bennett Schists. To the right of the sliver, quartz-chlorite-sericitetbiotite
schist and quartzofeldspathic metasandstone are associated with the Caldwell facies. Two generations of structural
fabrics can also be observed. A steeply-dipping S, schistosity represents the metamorphic differentiation or
layering and a weakly to moderately developed crenulation foliation (S;), roughly oriented N280°/25°. S5 is axial-
planar to close to tight F5 folds. An intersection lineation (L,.3) is locally well-defined. This locality is located near
the NE termination of the NDMA, where the structure is more strongly influenced by the NE plunge of the regional
F4 folds.

“Ar/*’ Ar analyses from metamorphic rocks of this locality yielded a plateau age of 422.3+0.8 Ma on muscovite
and 420.5+£0.6 Ma on biotite (Castonguay et al., 2001a) which have been attributed to the maximum age of D;
overprint on the M, metamorphic paragenesis.

Regional implications. Although locally strongly overprinted, the synmetamorphic D, structures of the internal
Humber zone are correlated to the NW-directed thrust sheet emplacement in the external Humber zone. This phase is
associated to the Taconian Orogeny. In the internal Humber zone, the age of peak or near-peak metamorphism is
dated at 465+5 Ma (Castonguay et al., 2001a). The Ds phase is associated to SE-directed tectonic transport and
metamorphic retrogression between 430-410 Ma. D, structures (sub-vertical crenulation cleavage, doubly-plunging
open to close folds and final formation of regional-scale anticlinoria) are related to the Acadian orogeny. In this area,
the Acadian overprint is constrained at ca. 387-376 Ma.

STOP 10. Ultramafic rocks of the internal Humber zone: The Pennington Sheet

Location. Continue on rang /1 for ca 1.2 km. The outcrop is located in the farm field on the left side of the road
(Fig. 3).

Structural setting. The Pennington Sheet delineates an early (D) fault zone within the Bennett Schist. The NW-
SE trending branch of the Pennington Sheet is characterized by mylonitized and brecciated serpentinite that is
affected by the regional D5 and D, structures, whereas the SE portion of the ultramafic sheet is truncated by the St-
Joseph fault. Similar serpentinite sheets outlining early faults have been recognized elsewhere in southernmost
Québec (Colpron, 1990; Rose, 1993), Vermont (Stanley and Ratcliffe, 1985) and in the Newfoundland Humber zone
(Hibbard, 1983).

Rocks adjacent to the Pennington Sheet belong to the Rosaire and Caldwell groups and to their metamorphic
equivalents in the Bennett Schist. These rocks consist of quartzite, pelitic schist, and quartz-albite-muscovite-
chlorite+/-biotite schist.

Field description. At this locality, the contact between the Pennington Sheet and adjacent metamorphic rocks can be
observed. Host rocks are graphitic schists, quartzites and micaschists which are characterized by isoclinal folds,
coaxial with well-developed quartz rods and a mineral lineation. The ultramafic sheet is a foliated ophiolitic
mélange. Most fragments are serpentinized dunite and harzburgite. The outcrop locally shows nice examples of
progressive tectonic brecciation. As in the previous stops, two generations of structural fabrics can be observed.

Regional implications. The geometry and tectonic significance of the Pennington Sheet are still not well
understood. On map scale, these ultramafic rocks make complex fold patterns and it is not excluded that the sheet
has been folded by D, structures as well. The link between the Pennington Sheet and the Thetford-Mines ophiolitic
complex is not clearly established. According to the actual knowledge of the regional geology, we believe that
structures such as the Pennington Sheet are most probably related to pre- to syn-D; ductile shearing within the
Laurentian margin.
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This marks the end of the Field trip. There are two itineraries to drive back to Quebec City. You may either
drive back to Vallée Jonction and take highway 73 north (the fast and easy way) or, for the back country route,
continue on rang 11 through the village of St-Pierre-de-Broughton. Turn left on rang 16 toward route 271. At the
intersection, turn right on route 271 and drive to St-Jacques-de-Leeds. At the intersection, turn right on route 269.
Follow route 269 (which eventually becomes route 116) for ca. 47 km to St-Etienne-de-Lauzon. Here you may turn
left on chemin Lagueux (at the traffic lights) to reach highway 20 or to return to the Parc de la Chaudicre, turn right
on rue du Pont (route 171) which becomes chemin Ste-Anne Est and route St-André and drive for ca. 3.7km. Turn
left on chemin St-Grégoire and drive ca. 2 km. Take highway 73 north and take exit 130 toward Parc Chute de la
Chaudiére.

Cheers
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Université¢ Laval, Québec, QC G1K 7P4, Canada
Thomas Clark, Ministére des Ressources naturelles et de la Faune, Québec, QC G1S 4X4, Canada

INTRODUCTION

The Portneuf-Mauricie Domain is located north of the city of Trois-Riviéres (Québec, Canada), in the south-
central part of the Grenville Province (Fig. 1). This domain consists of metasedimentary rocks and metatuffs of the
Montauban Group (1.45 Ga; Nadeau and van Breemen, 1994), which are intruded by plutons of the La Bostonnais
Complex (1.40-1.37 Ga; Nadeau and van Breemen, 1994). This assemblage was formed in a magmatic arc setting
(MacLean et al., 1982; Nadeau et al., 1992; Bernier and MacLean, 1993; Gautier, 1993; Nadeau and van Breemen,
1994; Corrigan, 1995; Corrigan and van Breemen, 1997; Nadeau et al., 1999). The sequence was injected by
differentiated mafic-ultramafic intrusions hosting several Ni-Cu+PGE (platinum group element) deposits; of these,
the Rousseau and Lac Nadeau deposits will be visited during this field trip (Fig. 1). The intrusion containing the Lac
Nadeau showing (West zone) has been dated at 1396 +6/-5 Ma by the U-Pb method on zircons (Sappin et al., 2004).
This age, interpreted as an emplacement age, falls within the age range for the La Bostonnais Complex. The mafic
and ultramafic rocks hosting the Lac Nadeau and Rousseau deposits have a magmatic arc trace-element signature as
indicated by negative anomalies in HFSE (Ta, Hf, Zr, Ti) relative to REE (Sappin et al., 2006a; Figs. 2a, 2b). The
arc-related geodynamic setting of the Portneuf-Mauricie Domain’s Ni-Cu+PGE showings is unusual for such
magmatic sulfide deposits. A few relatively recently discovered Ni-Cu-PGE deposits in the world are currently
interpreted to be associated with magmatic arc settings. An understanding of the origin of this new type of deposit—
the Ni-Cu-PGE deposits of the Portneuf-Mauricie Domain are good examples of this type—is necessary for
effective exploration for Ni-Cu-PGE. Also, sulfides in Portneuf-Mauricie Domain deposits have the particularity of
showing relatively high concentrations of base and precious metals compared with sulfides in many other
Grenvillian deposits. The Ni, Cu, PGE, and Au contents of sulfides (recalculated to 100% sulfides) are as follows:
8-16 % Nijg (i.€., Ni at 100% sulfides), 5-9% Cuygq, 3-65 g/t (Pd+Pt)10, and 1-30 g/t Au,go (Sappin et al., 2005).

DEPOSIT DESCRIPTIONS
Lac Nadeau deposit

The Lac Nadeau deposit comprises three mineralized zones: (1) the West zone, corresponding to the Lac
Nadeau showing (sensu stricto); (2) the East zone; and (3) the Kéno zone (Fig. 3; Sappin et al., 2004). The
mineralized zones are located in three, genetically associated mafic to ultramafic plutonic bodies, separated on
surface by country rocks. Three rock assemblages make up the contiguous country rocks of the three intrusions
(Fig. 3): (1) a unit of mainly granodiorite and diorite, (2) a unit of mainly leucocratic granite, and (3) a unit
composed mainly of biotite paragneiss and quartzite. The external contacts of the three intrusions are generally
parallel to the foliation in the country rocks (Fig. 3). These mineralized intrusions are not tabular with regular
layering, as interpreted by Poirier (1988); rather, they are zoned. The three intrusions result from multiple injections
and perhaps mingling of different magmas, intruded in no particular order. They are composed mainly of lherzolite
(£ plagioclase), plagioclase-bearing harzburgite, websterite (+ olivine, + plagioclase), plagioclase-bearing
orthopyroxenite, gabbronorite (£ olivine, + quartz), norite (£ quartz), and quartz-bearing gabbro. Mafic rocks are
most abundant. Locally, the rocks of the three intrusions show partially preserved cumulate textures. Olivine and
plagioclase are essentially cumulus minerals, but they also locally intercumulus in olivine-rich gabbronorite. By
contrast, orthopyroxene and clinopyroxene are intercumulus minerals, but in olivine-rich gabbronorite they may be
cumulus.
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ranges between Fo70 and Fo83 (Sappin et al., 2006b). The parent magmas were fairly well differentiated, and their
source was probably the mantle (Sappin et al., 2006b).

Unfortunately, the West and East intrusions will not be visited during this field trip because of problems of
accessibility. We will however see the Kéno intrusion and, aided by typical mineralized samples from the other two
intrusions, will make comparisons among them. The Kéno intrusion has the particularity of displaying, at least
superficially, a different structural context than the West and East intrusions. The external contact of the mafic-
ultramafic intrusion is, as in the West and East intrusions, parallel to the foliation in the paragneiss. However, the
Kéno intrusion is deformed as an open, synformal fold plunging at a small angle to the north (Fig. 3). The Kéno
pluton is not zoned, layered or banded, but we can see some evidence of multiple injections, as in the other two
intrusions.

Rousseau deposit

The Rousseau showings are hosted in the Lac a la Vase intrusion, a mafic-ultramafic body elongated in an E-W
direction (Fig. 4). This intrusion is about 3 km long. Its width varies between 1.8 km in the central section to 800 m
at its eastern end. In the north, west, and south, the pluton is bounded by an assemblage, rarely gneissic, of
monzonite-monzodiorite (+ quartz, £ pyroxene) and granite. Pyroxene-bearing diorites (rarely gneissic) occur to the
northeast. A locally gneissic assemblage of granite and granodiorite, quartzite, and late quartz-bearing diorite occurs
to the southeast and the southwest. The Lac a la Vase intrusion is mostly concordant with the country rocks.

The Lac a la Vase pluton is zoned (Fig. 4). The outer zone is mainly mafic and is composed of leucocratic to
melanocratic gabbronorite and norite. However, it also contains minor plagioclase-bearing websterite and
hornblendite. These rocks are locally amphibolitized. The core of the intrusion contains two main olivine-bearing
zones composed essentially of ultramafic rocks. One of the zones (150 m by 150 m) is located in the western part of
the intrusion and the other (~800 m by 400 m) in the central part. The olivine-rich rocks include lherzolite, wehrlite,
and harzburgite (all = plagioclase); mesocratic and melanocratic olivine gabbronorite and olivine norite; and olivine
orthopyroxenite and websterite, both of which may contain plagioclase. All rocks in the intrusion show quite well-
preserved cumulate textures, with cumulus olivine and intercumulus plagioclase. In the olivine-free rocks,
orthopyroxene and clinopyroxene are cumulus minerals. However, in the olivine-rich rocks, these pyroxenes can be
cumulus or intercumulus. The mafic and ultramafic rocks of the intrusion show abundant evidence of multiple
magmatic injections. In the outer zone, the ultramafic rocks crystallized from magmas that were younger than those
from which the mafic rocks crystallized; in the core zone the opposite order prevailed.

The Lac a la Vase pluton contains four Ni-Cu showings called the Rousseau showings (Fig. 4). The first is
located in the western part of the intrusion, more precisely at the northern contact of the western olivine-bearing
zone. This showing is hosted in olivine- and plagioclase-bearing websterite. The second showing is also located in
the western part of the intrusion, just northeast of the first. The sulfides occur in olivine- and plagioclase-bearing
orthopyroxenite. In these showings the sulfides are net textured. The third showing is located at the north end of Lac
a la Vase. There, disseminated sulfides occur in a meter-scale dike of plagioclase-bearing meta-orthopyroxenite
injected into gabbronorite. Locally, the sulfides are net textured. The fourth showing occurs on the south shore of
Lac a la Vase in olivine metawebsterite. The sulfides in this showing occur as “droplets™ and locally as disseminated
aggregates. All four showings contain 3 to 7% sulfides composed of pentlandite, chalcopyrite, pyrrhotite, and pyrite.
The sulfides in the Rousseau showings are closely associated with olivine-rich mafic and ultramafic rocks. The
relatively high olivine forsterite content (Fo82—Fo088) in these rocks indicates that they crystallized from relatively
primitive, MgO-rich, mantle-derived magmas (Sappin et al., 2006b).

Participants on this field trip will observe the multistage character of the mafic-ultramafic intrusions containing
the Lac Nadeau and Rousseau showings. They will examine the styles of mineralization. An important aim of the
field trip is to present the deposits in light of some of the characteristics of world-class Ni-Cu deposits: (1) an
association with MgO-rich magmas, favoring the crystallization of olivine; (2) sulfide-bearing country rocks; (3)
evidence of interaction between the magmas and the country rocks; and (4) common multiple intrusions of magma,
suggesting that the sulfides could have reacted with and been enriched by other pulses of magma after their
formation.
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ROAD LOG
Distance (in km)
0.0 Start at the parking lot of the town park of Riviére-a-Pierre, on Rue Principale. This park is located between
the town hall and the St-Bernardin church. Turn right onto Rue Principale.
0.6 At the Y intersection, continue on Rue Principale.
2.0 At the end of Riviére-a-Pierre do not turn right. Cross the railroad track and continue on route 367 south.
9.2 Turn right onto a gravel road indicated “Camp Kéno.”

17.4 Straight ahead. Do not turn right to Association Recréative Abenaki.
18.4 Straight ahead. Do not turn right to St-Alban.

20.2 At the Y intersection, keep right.

21.5 Turn left into the Camp Kéno parking lot and park your car here.

STOP 1. Parking lot, Camp Kéno (40 min)

This stop is located in the country rocks hosting the Kéno mafic-ultramafic intrusion, in a unit of mainly
granodiorite and diorite. Here, we are in the axial zone of the synclinal fold affecting the Kéno intrusion. The
outcrop is located at the north end of the Camp Kéno parking lot (Fig. 5a). It is oriented NE-SW and measures
approximately 15 m x 4 m. The main unit is medium- to coarse-grained biotite granodiorite, cross-cut and
interbanded with pegmatite. The granodiorite is porphyritic, porphyroclastic, foliated (orientation of the foliation is
variable), and gneissic. The pegmatite is banded, boudinaged (Fig. 5b), and porphyroclastic. This assemblage,
including the gneissosity, is folded (Fig. 5¢). Much of the deformation was absorbed by the pegmatite. Rippling on
the outcrop probably resulted from the folding (Fig. 5¢). Locally, the granodiorite contains centimeter- to decimeter-
scale enclaves of fine-grained, foliated, granoblastic diorite, which are locally porphyritic in plagioclase. Rarely, the
granodiorite contains centimeter- to meter-scale enclaves of fine-grained, foliated, granoblastic biotite paragneiss.

Assimilation by the mafic magma of sulfide-bearing country rocks would have led to contamination of the
magma by sulfur, thereby causing saturation of the magma in sulfide. This is a characteristic that is common to
major magmatic sulfide deposits. Here, the country rocks are not mineralized, so they are not a good source of
sulfur; therefore, the sulfur originated elsewhere.

In order to identify assimilation of the host rocks by the magma, we use field and geochemical evidence. The
field evidence suggesting interaction of magma and country rocks will be examined at Stop 2. The geochemical
evidence includes the comparison of sulfur isotope ratios (8°*S) and selenium-sulfur ratios (Se/S x 10°) in samples of
country rock and mineralized mafic-ultramafic rock (Sappin et al., 2006b). In the case of the Lac Nadeau and
Rousseau showings, the 5**S values from the country rocks are similar to the §*'S values from the mineralized
mafic-ultramafic rocks. The 8**S values from the country rocks are also typical of mantle values. The Se/S ratios
from the country rocks are less than or equal to the ratios from the mineralized rocks. Thus, we cannot demonstrate
unambiguously from these geochemical data that the sulfur in the showings originated from assimilation of country
rocks.

Distance (in km)
0.0 Exit the Camp Kéno parking lot at its north end and turn right.
0.01 Take the trail named “Sentier de la Paix” and walk 200 m generally in a NW direction.

STOP 2. Camp Kéno, “Sentier de la Paix” (15 min)

This stop displays the contact between the Kéno intrusion and the country rocks. The study of the contact zone
between the intrusion and the country rocks is important for identifying evidence of interaction between the silicate
magma and the country rocks. Such evidence informs us about the contamination of the magma by crustal rocks
and/or about the assimilation of sulfur by the silicate liquid. Both mechanisms are essential for the formation of
world-class Ni-Cu£PGE deposits.

To the northwest, the outcrop is composed of fine- to medium-grained gabbronorite containing plagioclase
interstitial to orthopyroxene and clinopyroxene. To the southeast, we observe gneiss composed mainly of quartzite
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Figure 12. Sketch (plan view) of the outcrop at Stop 6.

The metanorite is mesocratic and medium to very coarse grained. Locally, the rock composition changes to
plagioclase-bearing orthopyroxenite and orthopyroxenite. Orthopyroxene is cumulus and plagioclase is interstitial
(Fig. 13). In places, we can see euhedral plagioclase crystals probably resulting from an early crystallization in
another magma. The norite contains injections of fine-grained pyroxenite with irregular, curving contacts,
suggesting magmatic interpenetration. The olivine gabbronorite is melanocratic, coronitic (Fig. 14), ophitic (with
oikocrysts of plagioclase containing olivine, orthopyroxene, and clinopyroxene), and medium-grained. The
plagioclase lherzolite and lherzolite are medium grained, ophitic, and ophitic, with oikocrysts of orthopyroxene and
clinopyroxene containing olivine (Figs. 15a, 15b). The lherzolite (+ plagioclase) contains several pockets of
monomineralic cumulate (plagioclase or pyroxene). These pockets were extracted from a deeper magma chamber by
the magma associated with the lherzolite. The lherzolite also contains a decimeter-scale enclave of metasomatized
rock rich in calc-silicate minerals. This outcrop attests to the local presence of thick magmatic layering within the
zoned Lac a la Vase intrusion and to the dynamic magmatic processes occurring in the magma chamber. The
evidence also suggests multiple magma pulses and perhaps magma mingling. These observations are very important
because, to obtain economic concentrations of Ni, Cu, and precious metals, it is necessary for the sulfides to react
with a large amount of magma, preferably more primitive, after their formation to enhance their metal
concentrations. Ni, Cu, and especially the PGE have partition coefficients (describing metal partitioning between
sulfide liquid and silicate liquid) favoring their concentration in the sulfide liquid: Dy; = 1000 (Arndt et al., 2005),
D¢y = 1000 (Naldrett et al., 1999), Dy ranges from 10* to 10° (Ballhaus et al., 1994; Peach et al., 1994; Fleet et al.,
1996).

The metanorite contains traces of pyrrhotite and pyrite, and the olivine gabbronorite contains 1% of pyrrhotite,
pentlandite, and chalcopyrite. The plagioclase lherzolite is also locally mineralized, with 1-2% of pyrrhotite,
pentlandite, and minor chalcopyrite.

Distance (in km)
0.0 Return to the trail. Turn left and walk west 400 m along the trail.
0.4 Walk southeast 90 m into the woods.

STOP 7. Rousseau showing, north shore of Lac a la Vase (30 min)

The Lac a la Vase intrusion contains several showings. The Rousseau showing, located at the northern end of
Lac a la Vase, is a good example of sulfide textures in olivine-free rocks.

This outcrop is composed of the same norite as in the marginal zone of the Lac a la Vase pluton. The norite here
is mesocratic and medium grained. It has an adcumulate texture, with cumulus plagioclase and a small amount of
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A TOUR OF THE CHARLEVOIX IMPACT STRUCTURE

by

Léopold Nadeau and Pierre Brouillette
Geological Survey of Canada, 490, rue de la Couronne, Québec, QC G1K 9A9, Canada

Abstract

Located less than 125 km east of Quebec City, the Devonian-age (ca. 342 £ 15 Ma) Charlevoix impact structure
is among the largest and the most accessible meteorite impact structures in eastern North America. The peripheral
ring trough, 54 km in diameter, forms a prominent open valley that locally reaches an altitude of 250 m. The highest
point in the valley is nearly 850 meters below the mean elevation, approximately 1100 m, of the external Laurentian
plateau and 550 m below the central uplift, “Mont-des-Eboulements,” which stands 780 m above sea level. Its
overall morphology matches that of a complex impact crater. Shatter cones, mylolisthenite injections and shock-
related planar deformation microstructures in quartz and feldspar are widespread, hence providing compelling
evidence for the extent of shock metamorphism.

The field trip provides an opportunity to enjoy the panoramic view of the peripheral trough and ring structure
from the central uplift, and to visit key outcrops showing shock-related features, including shatter cones, impact
breccias, and related fault zones.

Résumé

Localisée a moins de 125 km a I’est de la ville de Québec, la structure d’impact de Charlevoix, d’dge dévonien
(342 + 15 Ma), est parmi les plus grandes et les plus accessibles structures de ce type de I’est de I’ Amérique du
nord. La dépression annulaire périphérique, d’un diameétre de 54 km, forme une vallée évasée dont [’altitude atteint
localement 250 m. Cette dépression est en retrait de prés de 850 m par rapport au niveau moyen du plateau
laurentien dont Paltitude se situe autour de 1100 m, et de prés de 550 m par rapport au soulévement central, le mont
des Eboulements, dont I’altitude atteint 780 m. Sa physiographie correspond 4 celle d’un cratére de type complexe.
Les cones d’impact, les injections de mylolisthénite et les microstructures de choc dans le quartz et le feldspath sont
répandus, témoignant ainsi de I’importance du métamorphisme de choc.

Cette excursion offre 1’occasion d’apprécier la vue panoramique de la dépression annulaire périphérique a partir
du point le plus élevé du soulévement central, le mont des Eboulements, et de visiter des affleurements clefs
présentant des produits caractéristiques d’impact dont des cones-de-choc, des mylolisthénites et des bréches de faille
reliées a I’'impact.

PROLOGUE

This field trip to the Charlevoix impact structure is, so to say, “un retour aux sources.” [ was introduced as a
teenager, back in 1968, by Dr. Jehan Rondot to the geology of the Charlevoix region, shortly after his discovery of
the impact structure. This also marked my initiation to field geology, as an insect and mineral collector, and my first
encounter with a real geologist, with all the romantic imaginings that such a pioneer figure can trigger in a 14-year-
old boy’s eager mind.

My subsequent geological studies and professional work kept me away from pursuing study of the Charlevoix
impact structure. Accordingly, I am at best an educated geologist enthusiastic to communicate his modest
knowledge of this unusual geological feature. To this day, Drs. Rondot and Roy remain by far the experts on the
Charlevoix impact structure and, as such and circumstances permitting, either one would be a much more
knowledgeable leader for this field trip.

—Léopold Nadeau

125



B4-2 NADEAU AND BROUILLETTE

INTRODUCTION

The Charlevoix region displays a rich geological heritage. It is located at the present-day erosional limit of three
geological landmarks in central and eastern North America. A tapering fringe of Cambro-Ordovician sediments of
the St. Lawrence Platform intervenes between the Mesoproterozoic crystalline rocks of the Grenville Province of
southeastern Laurentia (to the northwest) and the thrust-accreted rocks of the Appalachian Mountain Belt (to the
southeast). In other terms, the Charlevoix region lies along the late-Neoproterozoic to Cambrian St. Lawrence rift
system, immediately inboard from the Appalachian front with thrust activity dating back to Upper Ordovician.
Orogeny-driven faulting and fault reactivation likely occurred through the Paleozoic and Mesozoic. Hence, the
Devonian-age meteorite impact event added on to an already compound geologic history, significantly weakening
the crust and making it more prone to subsequent seismic activity.

Given the turbulent geological history of the Charlevoix region, crosscutting and overprinting structural and
tectonic relationships in the area are in places difficult to decipher, and their full significant is somewhat debatable.
While evidence for a major impact structure is conclusive, the role of Iapetus rifting and subsequent Appalachian
telescoping in the development and reactivation of the fault network and in the preservation of the St. Lawrence
Platform sediment fringe is likely more important than initially anticipated.

PREVIOUS WORK AND REFERENCES

Readers are referred to the landmark contributions of Rondot (1995, 2000), Lamontagne (1987, 1999), Lemieux
et al. (2003), Roy (1979), Robertson (1975), and references therein, for a comprehensive review on the impact
structure, regional geology and stratigraphy, structural evolution, and recent seismic activity.

Lamontagne, M., 1987, Seismic activity and structural features in the Charlevoix region, Québec. Canadian Journal
of Earth Sciences, vol. 24, p. 2118-2129.

Lamontagne, M., 1999, Rheological and geological constraints on the earthquake distribution in the Charlevoix
seismic zone, Québec. Ph. D. thesis, Carleton University, Ottawa, Ontario, 353 p.
Lemieux, Y., 2001, Analyse structurale des failles supracrustales de la région de Charlevoix, Québec : la relation
avec I’impact météoritique. M.Sc. thesis, Université du Québec (INRS-Géoressources), Québec, QC, 71 p.
Lemieux, Y., Tremblay, A., and Lavoie, D., 2003, Structural analysis of supracrustal faults in the Charlevoix area,
Quebec: relation to impact cratering and the St-Laurent fault system. Canadian Journal of Earth Sciences, vol.
40, p. 221-235.

Robertson, P.B., 1975, Zones of shock metamorphism at Charlevoix impact structure, Québec. Geological Society
of America Bulletin, vol. 86, p. 1630-1638.

Rondot, J., 1995, Les impacts météoritiques a ’exemple de ceux du Québec. Publications MNH, 157 p.

Rondot, J., 2000, Charlevoix and Sudbury as gravity-readjusted impact structures. Meteoritics and Planetary
Science, vol. 35, no. 4, July 2000, p. 707-712.

Roy, D.W., 1979, Origin and evolution of the Charlevoix cryptoexplosion structure. Doctoral thesis, Princeton
University, Princeton, NJ, U.S.A., 528 p.

SUPPORTING FIGURES

The following set of figures provides an overall geological context and background information in support of
the field trip. The field trip stops are shown on the location map (Figure 1).

The tectonic setting of the Charlevoix impact structure is depicted in Figure 2. The Charlevoix impact structure
is opportunely sited on the St-Laurent fault and Logan’s Line, reworking a fringe of Paleozoic St. Lawrence
Platform sediments wedged between Precambrian Grenvillian basement and the Appalachian thrust belt.

Given its diameter of ~54 km, central uplift, and annular fault-bounded graben (peripheral ring trough), the
Charlevoix impact structure is classified as a complex crater (Figure 3 and 4). Development of such a structure can
be described as a three-stage process involving excavation, central uplift, and post-impact gravitational collapse. It
occurs “in a flash” compared to the long geological history of the region.
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STOP 3. Annular graben fault zone
388542 E, 5254685 N

The road section exposes nearly upright tilting of Paleozoic sediments in the hanging wall of one of the normal
faults bounding the annular graben. Note the abundance slickenside-ornamented fracture surfaces.

STOP 4. “Exotic” enclave of Ordovician limestone in faulted Precambrian basement
Cap-au-Corbeau — 390242 E; 5253338 N

This outcrop features spectacular mylolisthenite typical of the fault zones bounding the annular graben. The
steep southeasterly dipping fault zone comprises highly fractured Precambrian charnockitic basement gneiss. Clasts
are abundant and appear to be derived largely from the immediate wallrock.

Remarkable among the clasts is a metre-size “enclave” of Ordovician limestone. Emplacement of such an
“exotic” enclave within the fault zone may be the result of up-and-down fault readjustment whereby a slice of
overlying limestone is cut off, included, and moved within the fault zone. Alternately, such an enclave may have
been forcefully pushed down within the basement fracture zone.

The occurrence of clasts of welded, brecciated rock within the mylolisthenite matrix suggests protracted
cataclasis. Note the variability in clast size. The outcrop also features a sharply bounded, 20 cm wide breccia dike
intruding basement gneiss.

STOP 5a. Shatter cones in Ordovician limestone
Cap-aux-Oies — 407220 E; 5260868 N

Striated fracture surfaces typical of shatter cones are recognizable in places at low tide on limestone bed
surfaces. Note that they are preferentially developed in thick and more homogeneous beds. Cone axes generally
trend towards and fan around the center of the impact structure.

STOP 5b. Mylolisthenite dike and sill-like injections in Ordovician limestone
Cap-aux-Oies — 407445 E; 5260572 N

Outcrops along the beach feature numerous thin and variably oriented mylolisthenite dikes and sill-like
injections within Trenton limestone. Note the variability in clast content and size (up to 2 ¢cm), and in matrix colour
between injections. Intrusive boundaries are commonly irregular.

Light-grey mylolisthenite injections commonly feature more abundant and larger clasts and less regular
intrusive contacts than the thinner and darker injections. The presence of blue quartz fragments, presumably derived
from the crystalline basement, suggests the magnitude of breccia transport.

STOP 5c. Impact fracturing in Ordovician limestone
Cap-aux-Oies —- 407179 E; 5260365 N

This outcrop displays a number of impact-related, closely spaced minor faults and fractures. The occurrence of
mylolisthenite injections in such fracture zones confirms their origin.

STOP 5d. Duplication of the Ordovician sequence
Cap-aux-Oies — 406499 E, 5261276 N

Arkosic sandstone and limestone are duplicated after lateral telescoping due to the central uplift. Mylolisthenite

injections occur along faults. Shatter cones with well-marked striations are developed in more-argillaceous
limestone beds.
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STOP 6. Map- and mesoscopic-scale impact structures
Cap-aux-Oies to I’Anse-au-Sac

This group of stops is located ~6.5 km from the centre of the impact structure at Mont des Eboulements, near
the outer limit of shocked quartz metamorphism. Proceeding northerly along the beach from Cap-Corneille to
Pointe-au-Pére, the Ordovician sedimentary succession crops out in step-faulted contact with Precambrian
orthogneiss. While a number of northeast-striking fault segments are viewed as reworked splays of the rift-related
St. Lawrence fault zone, segments at high angles to the latter are attributed to the impact. In view of the widespread
occurrence of mylolisthenite dikes and shatter cones, the origin of minor faults and folds remains somewhat
contentious.

STOP 6a. Fault contact between Ordovician Trenton limestone and Precambrian basement
Cap Corneille — 408231 E, 5261944 N

The sedimentary succession is crosscut by variably oriented mylolisthenite dikes up to 15 cm thick.
Mylolisthenite injections are more difficult to recognize in basement gneiss. Also note the local occurrence of
vesicles in the dark-green-coloured breccia matrix and of a silicification fringe along the wallrock contact.

STOP 6b. Mylolisthenite dike in Ordovician limestone
408302 E, 5262033 N

This outcrop shows a mylolisthenite dike in Ordovician limestone near the contact with basement gneiss. The
dike is pinched and strikes nearly at right angles to the fault segments bounding the Ordovician sediments. Note the
presence of vesicles and the fluidal structure of the breccia.

STOP 6¢. Shatter cones in limestone
408378 E, 5262014 N

Striated fracture surfaces in limestone are evidence for shatter cones. The latter tend to be preferentially
developed in mechanically homogeneous and tenacious rock types. This is well illustrated by this occurrence, in a
20 cm thick limestone bed, of a truncated shatter cone defined by opposite and converging striated fracture surfaces.

STOP 6d. Fault bounded Cambrian quartzite
408573 E, 5262162 N

A fault-bounded, 30-meter bloc of contrasting Cambrian quartzite occurs encased in a fault play juxtaposing
Trenton limestone and quartz pebble conglomerate of the Cap-aux-Oies Formation. Note also the occurrence of
centimetre-size shatter cones.

STOP 6e. Brecciated basement gneiss within Ordovician sediments
Pointe au Pére — 408810 E, 5262647 N

The outcrop is located at the edge of a kilometre-size fault-bounded wedge of Precambrian basement
orthogneiss within Paleozoic sediments. The orthogneiss is brecciated and locally pulverized, forming a cataclastic
breccia. The fine-grained matrix comprises fragmental crystals derived from the wallrocks.

STOP 6f. Brecciated basement gneiss and mylolisthenite dikes
Pointe-au-Pére - 408950 E, 5263050 N

Mylolisthenite dikes carrying centimetre-size gneiss fragments also occur within flanking limestone. Among
them, one dike appears to be aligned with the cataclastic breccia in basement gneiss, hence supporting the
hypothesis of impact-driven brecciation and forceful emplacement. Note, however, that similar breccias also occur
along the St. Lawrence fault zone away from and unrelated to the impact structure.

133



B4-10 NADEAU AND BROUILLETTE

STOP 7. Impact-related fault contact between Precambrian basement and Paleozoic sediments
Ruisseau Jureux — 408721 E, 5265850 N

This stop is located in the northeast flank of the central uplift. Precambrian basement granitic orthogneiss
occurs in close proximity to Ordovician clastic sediments and limestones of the Cap-a-1’Aigle and Cap-aux-Oies
formations. The granitic orthogneiss features fractured surfaces with converging sheaf lineations defining decimetre-
size shatter cones.

STOP 8. Reworked contact between Precambrian basement granite and Cambrian quartzite
409002 E, 5266060 N

Mylolisthenite intervenes along the contact between Precambrian basement granite and overlying Cambrian
quartzite.

STOP 9. Appalachian deformation in Paleozoic platform sediments
Saint-Irénée — 409381 E, 5267941 N

Paleozoic sediments are fault bounded against Precambrian basement gneiss. Strata are moderately dipping
towards the northeast. Calcareous sandstone locally forms olistostromes, and the schistosity matches that of the St.
Lawrence fault.

STOP 10. Suevite-type dike
Gros Ruisseau — 408876 E , 5272811 N

This stop is located ~10 km from Mont-des-Eboulements. Basement gneiss is crosscut by a suevite-type breccia
marked by glassy black matrix and vesicles. Prehnite is the chief mineral in the breccia. The gneiss contains a
schistose cataclastic zone, | x 3 m in extent, with abundant chlorite and albitic plagioclase formed during retrograde
metamorphism.

STOP 11. Appalachian thrust faulting in Paleozoic sediments
Pointe-au-Pic — 414069 E , 5275492 N

This outcrop of Paleozoic limestone is located in the impact-related annular graben, a short distance from the
outermost foreland Appalachian thrust. While protected from erosion by their basal location in the annular graben,
the rocks show a number of foreland-directed minor thrust faults, which are manifestations of Appalachian
telescoping.

STOP 12. Shatter cones at the discovery outcrop
Saint-Hilarion — 395202E , 5268902 N

Shatter cones at this stop were discovered by Dr. Rondot in 1966, providing the first evidence for the
Charlevoix impact structure. They occur in Precambrian basement charnockitic gneiss at ~8km from Mont-des-
Eboulements. They lack a systematic preferred orientation due to post-impact isostatic fault readjustment along two
sets of moderate- to steeply dipping fractures oriented N162°, 64°SW dip and N78°, 56°SE dip. Prehnite occurs as
small, white-coloured mats within fractured gneiss. Note also the thin breccia injections.

END OF FIELD TRIP
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Isotope Lake Ontario St. Lawrence Valley Middle Estnary
stages
HOLOCENE Lake Lampsilis
Dryas I St. Narcisse Moraine
1 Champlain Sea Goldthwait Sea
Lake Iroquois Lake Candona

Port Huron Stade
Mackinaw Interstade

2 Port Bruce Stade
Erie Interstade Trois-Rivieres
WISCONSINAN | Nissouri Stade
Stade
Plum Point Interstade lake event? marine event
3 Cherry Tree Stade (3 glacial phases)
Port Talbot Interstade local glacial lake
4 Guildwood Stade
(former St. Pierre Les Becquets Lake
Sa Interstade) Interstade LaVerendrye
Cartier Sea
Lake
5b | SANGAMONIAN | Lake Scarborough Nicolet Stade Deschaillons | glacial lake
Sc Grondines Interstade
5d erosional surface

5¢ | climatic optimum | Lake Coleman

Guettard Sea

upper
6 ILLINOIAN

~

8 ILLINOJIAN s. 1.

Table 1: Main climatic events and environments since the Illinoian Stage, from the lower Great Lakes region to the middle
Estuary of the St. Lawrence River (compiled from several authors).

STOP 2. Section on the left bank of Riviére Jean-Larose

This outstanding section was first reported by LaSalle et al. (1977). Clet and Occhietti (1996) studied in detail
the rhythmites and sands below the till unit and the pollen content. Subsequent unpublished work was carried out
separately by Occhietti, Beaudin and Bhiry. From Clet and Occhietti (1996), this part of the section exposes at least
the complete non glacial succession from the Saint-Pierre Sediments to the Gentilly Till or its local equivalent
(Quebec Till of LaSalle, 1984).

Due to recent erosion, the lowermost transitional units are currently exposed. The gelifract content of the units
indicate local cold climatic conditions which followed the Becquets Interstadial (related to the Saint-Pierre
Sediments; Lamothe, 1989) and preceded the glaciolacustrine invasion of Lake La Verendrye (related to the Saint-
Maurice Rhythmites; Occhietti, 1990).
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Below is a tentative correlation chart of the units exposed at Stops 2 and 3.

Riv. Jean-Larose Facies St. Lawrence Valley
L Deltaic sand
K Marine clay Goldthwait Sea sediments
J Till Till de Gentilly
1 Coarse outwash Upper beds of Vieilles-Forges Sands
H Deltaic sand Lower beds of Vieilles-Forges Sands T @
G Glaciolacustrine rhythmites Distinct lithozone &
F Deltaic sand of %
E Prodeltaic sediments the ﬁ
D Fluvial sand Saint-Maurice 1 é
C Clay Rhythmites '-a-
B Sand and clasts of local origin Transitional lower beds : local
A Coarse cobble or distal fluvial sediments

Table 2. Origin and correlation of the units of the Riviere Jean-Larose sections with the classical units of the St. Lawrence
Valley.

STOP 3. Lateral upper section, right bank of Riviére Jean-Larose

This section (Fig. 7) is accessible from the road. It exposes the complete regional facies succession, from
deglaciation through marine invasion and regression, to exundation at the end of the Late Wisconsinan Stage. Shells
in the lower beds of the Goldthwait Sea clay were dated at 11,890 £ 90 BP (TO-10929) (A °C = 0 %o) (Laliberté,
2005).

Glacial style of a local lateral basin of the St. Lawrence Valley — the St-Tite basin near Mont Sainte-Anne —
and record of non glacial episodes during the Wisconsinan Stage

The Saint-Tite basin, which consists of the lower Rivi¢re Sainte-Anne valley and the Riviére Lombrette Valley,
contains a unique stratigraphic record of transitional glaciation—deglaciation phases in the region. During early
phases of glaciation, as glacier ice expanded and filled the St. Lawrence Valley, small glaciolacustrine water bodies
were impounded at relatively high elevations in lateral basins such as the Saint-Tite basin and this resulted in the
deposition of fine-grained rhythmites. Such rhythmites are exposed in the Riviére Lombrette section (Fig. 8) and a
few other sections in the Saint-Tite basin (Fournier, 1998).

A similar setting occurred during deglaciation, as a glacial lobe continued to occupy the estuary while the
southern edge of the Laurentian Highlands was at least partly deglaciated.
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STOP 6. The Riviére Lombrette section

This section, which was discovered by Fournier (1998), is located on the right bank of Riviére Lombrette. Due
to difficult hiking conditions, the section will be observed from the left bank of Riviere Lombrette. The section is
located at the margin of the Saint-Tite topographic basin, at an elevation between 370 and 350m ASL (1130-1060
feet), well above that of the post-glacial marine domain, and at the same elevation as the Saint-Léon Delta (stop 5).

The following units are exposed from the bottom to the top (Fig. 8):

—_

Lower calcareous varves (1 to 8%), containing pollen.

2. Lower calcareous till (4 to 6%), with Paleozoic clasts (6%) in the lower part but apparently without Paleozoic
clasts in the upper part. A till fabric (A and C axes) indicates ice-flow from WNW.

3. Coarse outwash deposits with no Paleozoic clasts.

4. Peat bed and wood debris (Picea, Larix) in stratified silty sand. The pollen content (M. Clet, unpublished report)
indicates a boreal forest. Macrofossils of Larix laricina, Viola sp., four species of Carex, and a few leaves of
Sphagnum suggest a peat bog environment (N. Bhiry, unpublished report).

5. The diamicton is mostly matrix supported and weathered. A till fabric in the intermediate zone indicates ice
flow from the north-northwest.

6. Upper non calcareous rhythmites, 40 to 80cm thick. The rhythmites are coarser at the base. The pollen content
indicates a Picea boreal forest. About 160 rhythmites were exposed.

7. Upper non calcareous till. The matrix-supported till is 9.6m thick; the matrix is silty in the lower part and sandy

in the upper part

The basal calcareous rhythmites and till, and coarse ablation till indicate an early glacial episode in the St.
Lawrence Valley. The glacier impounded a glacial lake in the basin and subsequently overrode the glaciolacustrine
clays. Sediments with organic matter and rhythmites record non glacial phases during the classical Wisconsinan
which could be the equivalent of non glacial phases recorded in the Trois-Rivieres area (Occhietti, 1980) and in the
Appalachian area of Québec (Shilts, 1981).

Wisconsinan ice movements along the southern edge of the Laurentian Highlands in the Mont Sainte-Anne
area

The Mont Sainte-Anne area and the adjacent local basin of St-Tite-des-Caps are located north of the limit
between the upper (fluvial) and middle (brackish) estuary of the St. Lawrence, and south and west of the higher
Laurentian highlands of the Parc des Laurentides and Charlevoix regions. In this original geomorphic setting, glacial
striations, till fabrics, and till provenance data (e.g., Paleozoic clasts over Shield terrain) provide evidence of
complex ice dynamics through time. From older to younger, the ice originated from:
- the Laurentide Ice Sheet (N to S flow during the Last Glacial Maximum, and later NNW to SSE and W to
E flows),

- the St. Lawrence Ice Stream (SW to NE flow),

- northward flow from ice in the St. Lawrence Valley, related either to the northern edge of the St. Lawrence
Ice Stream, or to the Appalachian northward reversal.

Maps of the different groups of oriented glacial striations in the area and in a part of southern Québec are
provided in a reprint (Occhietti et al., 2001) that will be handed out to fieldtrip participants.

The relative chronology of these ice movements will be discussed, with emphasis on the role of the St.

Lawrence Ice Stream. Northward-trending striations will be observed at stop 8, close to the Saint-Tite-des-Caps TV
relay station.
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years prior to the main Saint-Narcisse episode. The inferred timing of deglacial events in the region is presented in

Table 3.

OCCHIETTI, PARENT, AND LAMARCHE

Tentative correlation of events in the area of the St. Lawrence middle Estuary
during Late Pleistocene and Early Holocene

slow ice front retroat

Estimated | Charlevoix Lower Saguenay and Québec City - Climatic
aqe middle estuary Chaudiére River area
{"*C ka BP} phases
10-59.65 Laflamrme Sea invasion Stablg relatw.fe marine _Ievel Early Holocene
(St. Nicolas): eustatic rise
10.1-99  |Mars- Batiscan Maraine

Younger Dryas

Les Eboulements (north shore)

Loup area (south share)

106 late pha Narci Saguenay Lobe
: ! atcisse .
107 main episo : Tadoussac proglacial delta
iMoraine .
10.8 eatly phase} ice readvance
109 subratine fan St. Nicolas surge or readvance
1112 0.1 |northward and westward retreat Champlain Sea Invasion
western arm of Goldthwait Sea [western arm of Goldthwait Sea
Allerad
Rochette Moraine post-St. Antonin Moraine surge {Beauce Event: ice readvance
? Brulée Moraine ' or_;edevance a:]db in the Chaudiére/Etche min Dryag I
middle estuary lobe area?)
?
early incomplete deglaciation? |earlydeglaciation: Riviere du Baling

Table 3. Proposed correlation and timing of deglacial events in the Mont Sainte-Anne region.
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Abstract/Résumé

This field trip to the Ordovician Thetford-Mines ophiolitic Complex of southern Québec focuses on its
stratigraphic, petrologic, and structural characteristics; with a particular emphasis on pre- to syn-obduction structures
and associated lithological variations in the crust and mantle of the ophiolite, as well as its relationship to the
overlying sedimentary cover of the Saint-Daniel Mélange. / Cette excursion est axée sur la stratigraphie et la
caractérisation pétrologique et structurale du Complexe ophiolitique ordovicien de Thetford-Mines dans le sud du
Québec, avec un accent particulier sur les structures pre- et syn-obduction ainsi que les variations lithologiques
associées des sections crustales et mantelliques de ['ophiolite, ainsi que les relations avec sa couverture
sédimentaire du Mélange de Saint-Daniel.

INTRODUCTION

This field trip will visit an Ordovician ophiolite from the oceanic domain (Dunnage Zone) of the southern
Québec Appalachians: the Thetford-Mines ophiolite. A particular emphasis will be put on the characterization of
pre- to syn-obduction structures and associated lihological variations in the crust and mantle sections. Relationships
with the overlying sedimentary cover will also be examined, and serve as a template from which to understand
ophiolitic and supra-ophiolitic rocks of the Southern Québec Appalachians on a regional scale.

Previous field trips to the Thetford-Mines and Asbestos ophiolites include Hébert and Laurent (1977, 1979), St-
Julien and Hubert (1979), Laliberté et al. (1979), Laurent and Baldwin (1987), Hébert and Bédard (1998) and
Tremblay and Bédard (2006). The stratigraphical and structural analysis of the Thetford-Mines ophiolite presented in
this fieldguide results from detailed geological mapping and petrological work since 1991, with extensive work in
2000-2004 by graduate students under the supervision of both leaders (Schroetter, 2004; Bécu, 2005; Daoust, 2006;
Pagé, 2006; DeSouza, 2007). Comparison and correlation of structures from the Thetford-Mines ophiolite with
regionally extensive fabrics developed in rocks of the adjacent Laurentian continental margin (Tremblay and
Castonguay, 2002) allow ophiolitic structures to be subdivided into pre-, syn- and post-obduction phases. The
framework established for the Thetford-Mines ophiolite has been applied to the rest of the Southern Québec
ophiolitic belt, allowing along-strike, regional-scale lithological and structural correlations (Schroetter et al., 2003,
2005, 2006).

Our understanding of the ophiolite has benefited from numerous discussions with scientists involved in the
geology of southern Québec. The authors wish particularly to express their gratitude to Réjean Hébert, Roger
Laurent and the late Pierre St-Julien for introducing us to the area and sharing their knowledge during earlier field
seasons, to Bertrand Brassard (former director of the exploration department at Ressources Allican) for his inspired
contribution to the initiation of Thetford-Mines ophiolite project in 1999-2000, to Pierre Cousineau and the late
lamented Gifford Kessler for volcanological and sedimentological insights, and to the Thetford-Mines (Jean-Michel
Schroetter, Philippe Pagé, Valérie Bécu) and Lac-Brompton (Caroline Daoust and Stéphane DeSouza) teams of
graduate students for their passion for field geology, and their interest in ophiolites. It must also be remembered that
this document represents our own vision of the Southern Québec ophiolitic Belt, and that other interpretations exist.
We hope that this field trip will be a forum for discussion of ophiolite genesis, and about how they can serve as
analogues to modern and ancient oceanic lithosphere.
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THE SOUTHERN QUEBEC APPALACHIANS

The southern Québec Appalachians comprise three lithotectonic assemblages (Fig. 1): the Cambrian-
Ordovician Humber and Dunnage Zones (Williams, 1979), and the Silurian-Devonian successor sequence of the
Gaspé Belt (Bourque et al., 2000). The Humber and Dunnage Zones are remnants of the Laurentian continental
margin and of the adjacent oceanic domain, respectively. The boundary between the Humber and Dunnage Zones
corresponds (on the surface) to a zone of dismembered ophiolites and serpentinite slices defined as the Baie Verte-
Brompton line (BBL; Williams and St-Julien, 1982). The Dunnage zone is locally unconformably overlain by Upper
Silurian and Devonian rocks of the Gaspé Belt.

The Humber Zone is subdivided into External and Internal zones (Tremblay and Castonguay, 2002). The
External Humber Zone consists of very low-grade sedimentary and volcanic rocks (e.g., the Caldwell Group: Bédard
and Stevenson, 1999) deformed into a series of northwest-directed thrust nappes (Fig. 1). The Internal Humber Zone
is made of greenschist to amphibolite facies metamorphic rocks (the Sutton-Bennett Schists on Fig. 1) that represent
distal facies of the External Humber Zone units. The highest-grade metamorphic rocks occur in the cores of doubly-
plunging dome structures (i.e., the Sutton Mountains and Notre-Dame Mountains anticlinoria; Fig. 1). Regional
deformation phases include a S|, schistosity and syn-metamorphic folds and faults that were overprinted by a
penetrative crenulation cleavage (S; of Tremblay and Pinet, 1994). The latter is axial-planar to hinterland-verging
(southeast) folds and ductile shear zones rooted along the northwestern limb of the Internal Humber Zone (Pinet et
al., 1996; Tremblay and Castonguay, 2002; Fig. 1).

Amphibole and mica *’Ar/*°Ar ages from the internal Humber Zone vary between 431 and 410 Ma (Fig. 2).
Ordovician high-temperature step ages (462-460 Ma; Fig. 2) suggest that the geochronologic imprint of typical
Taconian metamorphism is only locally preserved (Castonguay et al., 2001; Tremblay and Castonguay, 2602). To
the southeast, the Internal Humber Zone is bounded by the Saint-Joseph Fault (Pinet et al., 1996) and the BBL,
which form a composite east-dipping normal fault system marking a boundary with less metamorphosed rocks in the
hangingwall (Fig. 1). East of the Saint-Joseph-BBL fault system, continental metamorphic rocks, which yielded
Middle Ordovician **Ar/*°Ar muscovite ages (469-461 Ma; Whitehead et al., 1995; Castonguay et al., 2001) are
locally exposed in the core of antiformal inliers.

The Dunnage Zone occurs in the hangingwall of the Saint-Joseph-BBL fault system and comprises ophiolites,
mélanges, volcanic arc sequences, and marine flysch deposits. In southern Québec it is made up of four lithotectonic
packages (Fig. 1): (1) the Southern Quebec ophiolites, with four main massifs, the Thetford-Mines, Asbestos, Lac-
Brompton and Mont-Orford ophiolites; (2) the Saint-Daniel Mélange; (3) the Magog Group forearc basin; and (4)
the Ascot Complex volcanic arc (see Tremblay et al., 1995 for a review).

THE SOUTHERN QUEBEC DUNNAGE ZONE

The ophiolites of the Thetford-Mines and Asbestos areas are characterized by well-preserved mantle and
crustal sections, whereas only the mantle and a thin veneer of lavas are exposed in the Lac-Brompton ophiolite. U/Pb
zircon dating from felsic rocks of the Thetford-Mines and the Asbestos ophiolites yielded ages of 479 = 3 Ma and
478-480 +3/-2 Ma, respectively (Fig. 2; Dunning et al., 1986; Whitehead et al., 2000). These three ophiolitic massifs
are dominated by magmatic rocks with boninitic affinities (with subordinate tholeiites), a feature which has been
attributed to their genesis either in a forearc environment (Laurent and Hébert, 1989; Hébert and Bédard, 2000;
DeSouza et al., 2006), and/or in a backarc setting (Oshin and Crocket, 1986; Olive et al., 1997). In contrast, only the
crust is preserved in the Mont-Orford ophiolite, which contains a greater diversity of magma types, interpreted as an
arc-backarc (Harnois and Morency, 1989; Hébert and Laurent, 1989; Laurent and Hébert, 1989) or arc-forearc to
backarc (Huot et al., 2002). The Mont-Orford ophiolite has a maximum age of 504 +/- 3 Ma (David and Marquis,
1994).
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TECTONIC EVOLUTION

In the northern Appalachians, the Taconian orogeny was historically interpreted as the result of a collision
between Laurentia and an island arc terrane that was formed over an east-facing subduction zone (e.g., Osberg,
1978; Stanley and Ratcliffe, 1985). The Acadian orogeny is considered to be the consequence of the accretion of
terrane(s) from the east by either a renewed tectonic convergence (Osberg et al., 1989) or by polarity flip of a
Taconian subduction zone (van Staal et al., 1998).

On the basis of age data for arc volcanism and ophiolite genesis in southern Québec, as well as similar
lithological and structural settings of ophiolites from southern Québec and western Maine, Pinet and Tremblay
(1995) proposed an alternative hypothesis for the Taconian orogeny. In their model, the Taconian deformation and
metamorphism of the Laurentian margin is attributed to the obduction of a large-scale ophiolitic nappe that predates
any collisional interaction with the volcanic arc.

The structural evolution of the Laurentian continental margin and adjacent Dunnage Zone of southern Québec
has been summarized by Tremblay and Castonguay (2002). The Taconian stage (ca. 480 to 445 Ma) involves
stacking of northwest-directed thrust nappes (Fig. 3a). D,_, deformation progressed from east to west, from ophiolite
emplacement and related metamorphism in the underlying margin in the early stages of crustal thickening, to the
piggyback translation of accreted material toward the front (west side) of the accretionary wedge. Obducted oceanic
crust remained relatively undeformed by this event except for minor tectonic slicing. Underplating of the overridden
margin, and westward (foreland) translation of metamorphic rocks because of frontal accretion, led to exhumation of
deeper crustal levels of the orogen (preserving Ordovician isotopic ages). These deeper crustal rocks are preserved
below the ophiolite in the downthrown side of the St-Joseph-BBL fault system.

D; deformation began in latest Early Silurian time (ca. 430 Ma), and lasted until the Early Devonian (ca. 410
Ma; Fig. 3b). **Ar/*’Ar age data suggest that D; began as ductile shear zones (i.c., the Bennett-Brome fault) defining
a major upper plate-lower plate (UP-LP) boundary, and culminated with normal faulting along the St-Joseph fault
and the Baie Verte-Brompton line (Fig. 3b). The upper plate is made up of a folded stack of Dy, nappes of deformed
and metamorphosed rocks of the Taconian accretionary wedge and includes metamorphic rocks that retain
Ordovician ages. Low- and high-angle normal faults were probably activated in Late Silurian-Early Devonian time
(Figs. 2 and 3b) and crosscut the UP-LP boundary, which leads to the juxtaposition of metamorphic rocks from
different crustal levels on both sides of the St-Joseph-BBL fault system. East of the St-Joseph-BBL fault sytem, the
D; event accounts for the presence of external-zone rocks, their juxtaposition with ophiolites or underlying
metasedimentary rocks, and the presence of SE-verging recumbent folds (originally interpreted as gravity nappes by
St-Julien and Hubert, 1975).

Acadian compression resulted in the folding of D;; and Dj structures and in the passive rotation and steepening
of high-angle normal faults (Fig. 3¢). Tectonic inversion of normal faults also probably occurred.
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related to tectonic denudation (oceanic core complex; Tremblay et al., 2006; Pagé et al., 2007). This would explain
problematic lava/mantle contacts in the area (Fig. 6).

STOP 3. Scenic view of mine Lac d’Amiante at Black Lake and syn-obduction two-mica granites

Location. Return to Coleraine and turn towards Thetford Mines on route 112. Drive for ca. 4 km and park at the
Belvedere. If time permits, we will drive down the hill to the 1" intersection and park on the right. Walk back 30 m
to a small stream and descend the slope. The 2-mica syn-obduction granites are well exposed there.

Field description. From the Belvedere, we can see the open pit mine in the upper mantle sequence of the Thetford-
Mines ophiolite. A closer examination of the open pit reveals the presence of light-coloured intrusions that are
foliated to unfoliated, and partly rodingitized granodiorites and granites (Laurent and Baldwin, 1987). These two-
mica granitoids are peraluminous, have high *’St/**Sr initial ratios and igneous zircons with low ***Pb/**Pb ratios,
and have yielded 469-+/-4 to 470-+/-5 Ma crystallization ages (Fig. 2; U/Pb on zircon, Whitehead et al., 2000) that are
similar to the age from the sole amphibolites, suggesting that the 2-mica granites were derived by the partial fusion
of continental margin sediments during emplacement of the still-hot ophiolite (Clague et al., 1985; Whitehead et al.,
2000).

STOP 4. Syn-oceanic deformational and intrusive features of the lower crust at Mamelon Nadeau

Location. Drive back to Coleraine. At the entrance of town, turn left (just after the local arena) onto Bisby Lake
road. Stay on the main gravel road for 4 km and park just in front of a cleared area on your left. The next outcrop is a
500 metres walk. It is located on top of the smaller and nearest hill to the north, called Mamelon Nadeau.

Field description. The location of this outcrop is shown on Fig. 13 (marked as 1.5). This map area has been
extensively described by Schroetter et al. (2003), and corresponding to their sector 1. Mamelon Nadeau is entirely
contained within the Dunitic Cumulate Zone (Fig. 13). From West to East, massive blue dunite with disseminated
chromite gives way (over 0.5 m) to a thick (100s of metres) reddish breccia composed of angular, 1-10 c¢m, clasts of
dunite, locally with chromitite beds within them, in an orthopyroxenitic stockwork (Fig. 14). The orthopyroxenite-
dominated veins can be understood in terms of conventional phase relationships, where melts segregating out of an
olivine-dominated cumulate rapidly cross the olivine/orthopyroxene peritectic and will only crystallize orthopyro-
xene. As the (poorly exposed) main fault plane is approached, sheared serpentinites appear in the dunite, culminating
in 2-3-m-wide serpentinite mylonites that mark the core of faults. These breccias and mylonites are cross-cut by
undeformed, tabular websterite and lherzolite intrusions (30-50-m-wide), that are oriented N-S, parallel to the main
series of faults. At the top of the Mamelon Nadeau, the rhythmically-layered dunite-chromitites are cut by shallowly-
dipping, E-W striking websterite dykes that lack chilled margins against their dunitic hosts, suggesting that these
rocks were still quite 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. On the same outcrop, these same websterite dykes
are chopped up into cm-scale horst-and-graben structures by a series of conjugate, steeply-dipping, N-S-striking
normal faults. 50 metres further north, another exposure shows these same dykes being sheared and boudinaged due
to the occurrence of another fault with a peridotite intrusion in its hanginwall (Fig. 14).

From this series of exposures, the history of syn-magmatic deformation can be divided into three increments
(E1 to E3; Schroetter et al., 2003). The early event (E1) corresponds to the localized development of a high-
temperature layering-parallel fabric (chromitite schlieren and isoclinal folds). Restoration to the horizontal of the
chromitite beds gives the websterite dykes and parallel faults of increment E2 a sub-vertical orientation. E2 faults are
thus interpreted as having originally been steeply-dipping, normal faults. The last increment of deformation (E3)
defines a horst-and-graben system marking a continuation of extension.
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GEOLOGICAL OVERVIEW

The Portneuf—Mauricie region, south-central Grenville Province, is located at the juncture between the
geologically and tectonically contrasting northeast and southwest segments of the Grenville Province (Fig. 1). Major
rock units include the Montauban group, the La Bostonnais Complex, the Grenville Supergroup, granulites of the
Me¢kinac-Taureau domain, and a variety of crosscutting plutons ranging from gabbro to porphyritic granite and
monzonite (Figs. 2 and 3).

The region comprises four contrasting lithotectonic domains (Fig. 1; Nadeau and Corrigan, 1991; Nadeau et al.
1992a). On the northwest, the structurally lowest Mékinac-Taureau domain makes up a broad crustal-scale dome
composed mainly of transposed and granoblastic, intermediate and felsic granulitic orthogneisses. One of the
orthogneiss bodies has yielded a U-Pb zircon crystallization age of 1.37 Ga. This dome is structurally overlain on its
south and east flanks by the allochthonous monocyclic Morin Terrane, and to the east, by the allochthonous
polycyclic Portneuf-Mauricie domain. These domains were intruded by a number of small gabbronorite intrusions at
1.07 Ga and by large masses of porphyritic granite and monzonite at ca. 1.06 Ga; the latter also underlie most of the
Parc des Laurentides domain farther east.

These domains exhibit contrasting geophysical signatures, reflecting the physical properties of the rocks, their
lithological makeup, metamorphic grade, and tectonic fabric. The Portneuf-Mauricie domain is singled out by a
strong, northerly elongated, positive anomaly on the Bouguer gravity map (Fig. 4). This anomaly comprises three
high points corresponding to gabbronorite intrusions, including the Lapeyrére Gabbronorite. The Mékinac-Taureau
domain exhibits a low and uniform magnetic relief, which differs from the uniformly high magnetic relief of the
Morin Terrane (Fig. 5). In contrast, the magnetic signatures of the Portneuf-Mauricie and Parc des Laurentides
domains are marked by pronounced oval-shaped magnetic high corresponding to granitic intrusions.

The Morin terrane comprises the anorthosite-mangerite-charnockite-granite suite (AMCG) of the Morin
Complex, emplaced at ca. 1.16 Ga, and stands out by an abundance of supracrustal rocks of the Grenville
Supergroup, presumably deposited ca. 1.25 Ga. In addition, it may also comprise a younger metasedimentary
sequence possibly deposited after ca. 1.18 Ga (Corrigan and van Breemen, 1997).

The ca. 1.45 Ga volcano-sedimentary paragneiss sequence of the Montauban group and the ca. 1.41-1.38 Ga
calc-alkalic metaplutonic rocks of the La Bostonnais Complex constitute the distinctive lithological assemblages of
the Portneuf-Mauricie domain (Figs. 2 and 3; Nadeau et al. 1992b). The Montauban area, long known for its Au, Pb,
and Zn volcanogenic massive sulphide mineralizations, corresponds to a regional metamorphic low. This area is
underlain by middle to upper amphibolite facies paragneiss in which primary structures are locally preserved. The
planar fabric of the Portneuf-Mauricie domain generally dips gently or moderately to the southeast or east. Mineral
and stretching lineations define two suborthogonal poles plunging gently SE and NNE. The southeast pole
corresponds to early lineations associated with northwest-directed thrusting and peak metamorphism. Conversely,
NNE-trending lineations locally mark late-Grenvillian extensional, oblique-senestral ductile shear zones. These are
possibly a consequence of the exhumation of the Mékinac-Taureau domain dome, responsible for the preservation of
the Montauban metamorphic low.
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EPILOGUE

Regional studies in the Grenville Province during the last two decades have highlighted the orogenic role of
ductile thrust, extensional, and strike-slip shear zones (e.g. Davidson, 1984; Hanmer, 1988; Rivers et al., 1989;
Nadeau and Hanmer, 1992; Martignole and Pouget, 1994; Corrigan, 1995; Corrigan et van Breemen, 1997). The
Taureau and Morin shear zones, as well as the thick shear zone that marks the imbrication of the Morin Terrane
between the Mékinac-Taureau domain and the Portneuf-Mauricie domain, are among those recently recognized and
currently under study. There may remain a number of important structures whose recognition will be essential to a
full understanding of the nature and the structural position of the geological entities composing the regional mosaic.
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STOP 2. Typical biotite-hornblende granodiorite of the La Bostonnais Complex
699010 E; 5194335 N

This outcrop is located near the structural base of the Portneuf-Mauricie domain. It features biotite-hornblende
metagranodiorite dikes typical of La Bostonnais Complex intruding paragneiss of the Montauban group. This
granodiorite contrasts markedly with the gneisses of the structurally underlying Jésuite Complex of the Morin
terrane.

STOP 3. Pillowed metabasalts of the Montauban group
701000 E; 5190175 N

Outcrops of pillowed metabasalt at Mont Tétreault feature the first definite metavolcanic structures recognized
in the central Grenville Province (Pyke, 1966). Pillows are recognized by their flattened bulbous shapes and their
well-defined, 1-2 cm thick, fine-grained selvages. They are a few decimetres in diameter and display ellipsoidal
shapes in oblique section looking down the stretching direction. Contacts between pillows are smoothly undulating,
sharp, and thin, with weathered, recessed, irregular interstices filled with calcite and calc-silicate minerals. Locally,
calcite-filled vesicles up to 5 mm in diameter are preserved, testifying to shallow subaqueous extrusion. The major
and trace element signatures of over 20 representative samples match those of juvenile oceanic arc and back-arc
basalts. Note the marked stretching lineation and the middle amphibolite facies metamorphic paragenesis.

STOP 4. Volcaniclastic paragneiss and lapilli tuff of the Montauban group
701525 E; 5189500 N

The granoblastic, fine-grained, and well-bedded quartzofeldspathic gneisses exposed in this section are
interpreted as derived from subaqueous pyroclastic and/or epiclastic sediments. The structurally upper part of the
section comprises lapilli tuff, which has yielded a U-Pb zircon crystallization age of ca. 1450 Ma.

STOP 5. The “Montauban-les-Mines” ore zones
702200 E; 5189050 N

The occurrence of gold- and silver-bearing, polymetallic lead-zinc sulfide deposits in calc-silicate rocks and
associated quartzofeldspathic gneisses at Montauban has been known since 1910. The ore and associated alteration
zones are typical of high-sulfidation, volcanogenic massive sulfide deposits.

Intermittent mining took place from 1914 to 1989. Through 1965, estimated total production was 2.7 million
metric tonnes of massive sulfide ore grading 6.8% Zn, 2.3% Pb, 1.3 g/t Au, and 131 g/t Ag. In addition, 2571 kg of
gold and 8068 kg of silver were extracted between 1983 and 1989 from 0.9 million tonnes of disseminated sulfide
ore grading 3.6 g/t Auand 17.7 g/t Ag.

Up the structural section, the lithologic sequence hosting the southern massive sulphide zone includes rusty
sillimanite-muscovite-biotite paragneiss likely derived from altered lapilli tuff, calc-silicate rocks containing
sulphide in the ore zone, and overlying biotite-hornblende gneiss. In addition, the north gold zone rock sequence
includes cordierite-anthophyllite and sulphide-bearing garnet-gahnite quartzitic gneiss.

Minerals present at Montauban include garnet, sillimanite, diopside, tremolite, anorthite, scapolite, wilsonite
(lilac pink), serpentine, talc, brucite, tourmaline, calcite, dolomite, breunnerite (= calcite), sphalerite, galena,
chalcopyrite, pyrrhotite, molybdenite, and arsenopyrite, as well as the sulfates jarosite (yellow), rozenite (white),
gypsum (fibrous white), and brochantite (green emerald).

Stop 6. Mylonitic, tourmaline-bearing leucogranite, schist, and quartzite
705200 E; 5195425 N

Schist and quartzite are less abundant than quartzofeldspathic gneiss and amphibolite in the Montauban group.

They are associated here with a leucocratic, tourmaline-bearing monzogranite intrusion, possibly associated with a
small subvolcanic porphyry intrusion.
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STOP 7. Tectonic sliver of Montauban group
703950 E; 5197625 N

This set of outcrops comprises a screen of Montauban group metasedimentary gneiss a few tens of metres thick
in mylonitic granodiorite of the La Bostonnais Complex. Note the transposition structures in the sheared
granodiorite and the structural cutoff in paragneiss.

STOP 8. Sheared and cutoff section of Montauban group metavolcanics and associated paragneiss
707900 E; 5195650 N

This outcrop of upper amphibolite facies intermediate and mafic gneiss comprises relict mafic tuff, possibly thin
massive flows, and associated volcano-sedimentary paragneiss. Note the alteration pattern in the amphibolite. What
is the origin of the thinly layered mafic gneiss?

STOP 9. Stretched pillowed metabasalt of the Montauban group
708875 E; 5202675 N

Upper amphibolite facies amphibolite (metabasalt) shows relict pillow structures recognizable only in the
section perpendicular to the stretching direction.

STOP 10. Massive to gneissic granodiorite of the La Bostonnais Complex
719000 E; 5200350 N

This set of outcrops features one of the most common facies of the La Bostonnais Complex. Four samples from
regionally extensive plutonic bodies ranging in composition from diorite to granodiorite yielded U-Pb zircon
igneous crystallization ages of 1380-1410 Ma. Note the occurrence of a number of distinct magmatic phases, of
several dioritic enclaves, and of a few paragneiss xenoliths.

STOP 11. Northern extension of the Montauban group
712000 E; 5206500 N

Amphibolite (metabasalt?) occurs as metre-thick layers in paragneiss. Note the disappearance of primary
structures, the development of high-grade metamorphic textures and structures, and the occurrence of a number of

thin subhorizontal sinistral shear zones.

STOP 12. Riviére-a-Pierre Suite, Parc des Laurentides domain
715150 E; 5212250 N

In the quarry, K-feldspar-porphyritic hornblende monzonite and monzogranite, typical of late-tectonic
intrusions of the Parc des Laurentides domain, are quarried. A sample from this body yielded a U-Pb zircon

crystallization age of 1058 +/- 2 Ma.

END OF FIELD TRIP
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Laurentia (the Grenvillian basement) and represent a major trangressive-regressive cycle between Late
Neoproterozoic to Early Cambrian opening and Middle Ordovician to Early Silurian closure of the lapetus Ocean
(Globensky, 1987).

Rocks of the parautochthonous domain are comprised of the platform and foreland basin units as in the previous
domain (St-Julien and Hubert, 1975). The Saint-Dominique slice is the only carbonate slice cropping out in the
parautochthonous domain of Québec (Beaupré, 1975). Immediately south of the border, the Highgate Springs slice
lies in the same structural position and is comprised of the same stratigraphic units as the Saint-Dominique slice.

Lithostratigraphic units of the allochthonous domain belonging to the Humber zone of the Canadian
Appalachians (Williams, 1979) are stratigraphically distinct from those in the autochthonous and parautochthonous
domains (Slivitzky and St-Julien, 1987). In the study area, the allochthonous domain is made up of Lower Cambrian
to Middle Ordovician basinal slope and rise rocks (Citadelle Formation, Shefford, and Stanbridge groups) that
record the development of the Laurentian passive margin.

At surface, the autochthonous domain is bounded by an unconformity or by normal faults to the northwest. It is
structurally overlain by the parautochthonous domain to the southeast, along the Saint-Barnabé and Aston thrust
faults (Fig. 2). Strata of the external part of the allochthonous domain (Humber zone) overthrust the
parautochthonous rocks along a major thrust fault zone delineating the Logan's Line. The Humber zone was
destroyed by the collision of the Laurentian margin with volcanic island arcs during the Middle to Late Ordovician
(St-Julien and Hubert, 1975) and it is now separated from the more internal part of the allochthonous domain (the
Dunnage zone) by the Baie Verte — Brompton Line (Fig. 1).

Two different deformation styles are superposed in the study area. The older style results from a long-lived
extensional regime and is characterised by syn-sedimentary normal faults (Bradley and Kusky, 1986; Lavoie, 1994;
Séjourné et al., 2003). Some normal faults may also have been initiated or reactivated at the onset of the Taconian
Orogeny during migration of the peripheral bulge (Jacobi, 1981; Chalaron and Malo, 1998), reflecting lithospheric
flexure developed in response to the advancing Taconian orogenic wedge (Bradley and Kidd, 1991).

The Taconian Orogeny is commonly regarded as the only contractional event that led to significant deformation
in the study area (Tremblay and Pinet, 1994). In Québec, biostratigraphic dating of the matrix of wildflysch
occurring at the sole of major thrust sheets indicates that thrusting of the allochthonous domain took place in a
northwest-propagating piggy-back sequence during Late Ordovician time (St-Julien and Hubert, 1975). Recent
structural and biostratigraphic investigations have also shown that significant out-of-sequence thrusting took place
during the Taconian Orogeny (S€journé et al., 2003; Comeau et al., 2004). The autochthonous domain is little
affected by shortening. The only contractional structures mapped at surface are the wide, open, Chambly-Fortierville
Syncline to the north, and shorter scale folds to the south (Fig. 2).

Erosion has left little evidence of the post-Ordovician tectonostratigraphic history. Early Devonian
sedimentation is indicated by Devonian fossils found in sedimentary clasts within Cretaceous intrusive breccias on
Sainte-Hélene Island, near Montreal (St-Julien and Hubert, 1975). Direct evidence of later tectonic events, although
documented elsewhere in the orogen, are either unrecognized or absent (Tremblay and Pinet, 1994). However, some
strike-slip faults are tentatively correlated by Faure et al. (1996a) with the Middle to Late Devonian Acadian and the
Late Carboniferous to Early Permian Alleghanian orogenies. Since the Late Permian to Early Triassic, the separation
of North America from Africa is responsible for the reactivation of lithospheric faults in Québec (Kumarapeli,
1969a; Rocher and Tremblay, 2001). The emplacement of intrusive bodies that formed the Monteregian Hills and
associated dykes and sills during Cretaceous is likely related to this extensional event (Bédard, 1985; Faure et al.,
1996b).

GEOLOGY OF THE SAINT-DOMINIQUE SLICE
The Saint-Dominique slice was thrust to the west over flysch units along the Saint-Dominique thrust (Figs. 2,

4). The slice is overlain to the east by allochthonous rocks along a major thrust fault marking Logan's Line in
Québec.
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Figure 5. Cross sections assembled from field sketches illustrating lithological controls on structural styles in the Saint-Dominique
slice. Refer to figure 4 for location of all cross sections. (a): Beekmantown Group: Thick beds of lower Beekmantown show
little deformation (mainly bedding-parallel thrusts) compared to the well bedded and tightly folded upper Beekmantown. The
abnormal stratigraphic offset indicates that the normal fault (based on slickensides) reactivated a reverse fault. Note the
front-parallel, sinistral fault crosscut by a sill in the top right corner (refer to text for discussion). White and black boxes
show location of figures 7a and 7c, respectively. 1 is a mafic sill crosscutting a sinistral fault (refer to text for discussion).
(b): upper Chazy Group: the shaly limestone of upper Chazy is cleaved and displays thrust ramps and related folds. Lower
Chazy and Black River groups are not shown. 1 is a bedding-parallel thrust fault ramping upsection, 2 is a moderately
dipping front-parallel strike-slip fault (refer to text for discussions). (c): Trenton Group: the shales and shaly limestone are
intensely cleaved, folded and faulted. White box in upper centre shows location of Fig. 7b. Normal and strike-slip faults
develop in all lithostructural units. 1 and 2 are normal faults cut by thrust faults and 3 is a late backthrust (refer to text for
discussions).

Chronological development of structural features

Through the detailed analysis of crosscutting relationships, five distinct structural events were recognized in the
Saint-Dominique slice (Fig. 8).
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A piggy-back sequence of thrusting is locally indicated by folding of bedding-parallel thrust faults ramping
upsection (labelled 1 on Fig. 5b). Local out-of-sequence faulting is also documented where folded bedding-parallel
thrusts are cut by younger thrust faults. Finally, a few steeply-dipping, SSE-directed backthrusts (labelled 3 on Fig.
5c¢) developed at the end of the imbrication period (Fig. 8).

All the structures described above are cut by later normal faults and related structures (front-parallel veins, en
échelon tension gashes, sigmoidal veins, bedding-parallel stylolites). Front-perpendicular veins and joints cut across
these late normal faults and veins. Front-parallel strike-slip faults (Fig. 5) cut or reactivated contractional of
extensional structures (no crosscutting relationship is documented with front-perpendicular strike-slip faults). The
moderate dip of some of these front-parallel strike-slip faults (labelled 2 on Fig. 5b, Fig. 6f) is explained by
reactivation of former thrust or normal fault planes. Some bedding-parallel veins were also reactivated in the vicinity
of strike-slip faults (N- and S-directed slickenlines in Fig. 6a). In a single location, a sill of mafic composition
crosscuts one of the sinistral faults (labelled 1 on Fig. 5a). Since dykes and sills in the area are Cretaceous intrusions
(Clark, 1964a), at least some front-parallel strike-slip faults are inferred to be pre-Cretaceous in age.

Pre-orogenic extension L
Pre-imbrication contraction 3
Imbrication >
Syn-orogenic extension <
NS Strike-slip G

Growth fault | =—

Cleavage

Bedding parallel veins —_ - —_
Front parallel veins — — —

Thrust faults —

EW strike-slip faults —

Folds
Back thrusts
Normal faults — o —
Tension gashes — —
Front perpendicular veins —
NS strike-slip faults —

Figure 8. Relative chronology of main structural features in Saint-Dominique slice. See text for discussion.
Comparaison with the Highgate Springs slice

The sole thrust of the slice is not exposed in the Saint-Dominique area. In order to better understand the nature
and characteristics of such a basal thrust fault, a comparison is made with the correlative Highgate Springs slice in
Vermont. The basal thrust of this slice (referred to as theHighgate Springs Thrust) is well exposed in a quarry near
Swanton (Fig. 2), where thickly bedded dolostone of the lower Beekmantown Group are thrust over calcareous
shales. Along the footwall of the Highgate Springs Thrust, the vergence of NNE-trending mesoscopic folds and the
sense of apparent movement on slickenlines along thrust faults and related bedding-parallel veins are all consistent
with a transport direction toward the WNW. These structures are cut by N- and WNW-dipping normal faults
(Séjourné and Malo, 2007) and by fewer N- to NNE-trending dextral strike-slip faults. The same brittle structures are
recognized in the hanging wall. The Highgate Springs Thrust plane itself is sharp and gently undulating, and locally
associated with lenses of intensely foliated dolostone tectonically imbricated with shale. The slice is overlain to the
east by allochthonous rocks along a major thrust fault marking the Champlain Thrust in Vermont.
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NATURE OF FLUIDS IN THE SAINT-DOMINIQUE SLICE
Families of structural cements

The fluid flow within the Saint-Dominique slice was investigated through a detailed study of fluid inclusions
and geochemical analyses (SISOVPDB, 88C and 87Sr/g(’Sr) of calcite, dolomite, and quartz cements that seal veins and
faults (Séjourné, 2007). Herein, these cements where associated to structural features are called structural cements.
Four distinct families of structural features are recognized. (1) Contractional structural features include thrust faults
and veins associated to folding (bedding-parallel veins, non-bedding-parallel veins parallel and perpendicular to fold
axis). (2) Extensional structural features comprise normal faults and related veins. (3) Strike-slip fault structural
features are associated to front-parallel strike-slip faults. (4) Post-Mesozoic features include veins that crosscut
Mesozoic dykes and sills. The contractional structural features were developed during the Saint-Dominique slice
imbrication whereas extensional structural features occurred at the end of the imbrication. The last two families of
structural features are clearly post-imbrication. Chronological development of structural features is summarized on
Figure 9. Crosscutting relationships between these structural features, as well as with Mesozoic dykes and sills, will
help to better constrain the evolution of fluid flow through time (Fig. 9).

The petrographic (conventional and cathodoluminescence microscopy) characteristics of the structural cements
(calcite, dolomite, quartz) are summarized in Table 1. Sphalerite, pyrite and migrabitumen, which are often observed
in structural cements, are shown on the general paragenetic sequence of the structural cements (Fig. 10). The
development of structural cements is also shown in relation to tectonic stylolites (corresponding to regional
cleavage).

Time >
Contractional features
Extensional features — e —
Strike-slip features P - - 2
Mesozoic dykes and sills s
Post-dykes features e — 7

Figure 9. Crosscutting relationships between the main structural features documented in the Saint-Dominique slice. The horizontal
axis corresponds to time. The relative chronology between strike-slip features and Mesozoic intrusive rocks is established in
one case only where a strike-slip fault is crosscut by a sill, and it is possible that some structures be younger.

Fluid inclusions

Fluid inclusion assemblages were studied mainly in quartz cements (Figs. 11, 12). In carbonate cements, fluid
inclusions are numerous but very small (<2 pm), and only a few of them were analyzed. Two types of fluid inclusion
assemblages were observed (Fig. 10): aquaeous and gaseous (with methane).

Homogenization temperatures (Th) in structural cements along fault planes in the Trenton Group decrease from
the reverse (Th = 178.5-235.9°C; Fig. 12a) to the normal (Th = 145.9-155.8°C: Fig. 12a), and the strike-slip faults
(Th =74.8-292.3°C; Fig. 12a). The salinities first decrease from the reverse faults (1.4-9.1 wt. % eq. NaCl; Fig. 12a)
to the normal faults (1.7-3.4 wt. % eq. NaCl; Fig. 12a), and increase in structural cements along strike-slip faults
(6.9-11.6 wt. % eq. NaCl; Fig. 12a). Fluid inclusions in the structural cement along a normal fault in the
Beekmantown Group show similar values to those in the Trenton Group (Th = 128.8-184.3 °C, and salinities
between 0.4-6.0 wt. % eq. NaCl; Fig. 12a).

Fluid inclusions from two bedding-parallel veins in the Trenton Group show salinities (3.1-6.0 and 5.0-8.5 %

eq. NaCl; Fig. 12a) similar to those of the reverse fault (Fig. 11a), but both bedding-parallel veins show distinct Th
(228.6-245.3°C, and 161.0-187.3°C; Fig. 12a) which are also distinct from those of the reverse fault (Th = 178.5—
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235.9°C; Fig. 12a). Th of the sampled contractional vein in the Trenton Group (Th = 164.2-168.8°C; Fig. 12a) is
similar to the Th of one of the two bedding-parallel veins, whereas salinities are lower (1.6-2.6% eq. NaCl; Fig.
12a). Fluid inclusions of both studied extensional veins in the Trenton Group show Th (150.0-165.5°C; Fig. 12a)
similar to those from the normal faults (Fig. 12a), but the salinities are higher (4.6-5.3% eq. NaCl; Fig. 12a). Finally,
fluid inclusions from one vein crosscutting a Mesozoic dyke show a Th between 154.3 and 178.4°C with salinities
ranging between 6.4 and 13.4% eq. NaCl (Fig. 12a).
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Table 1. Petrographical characteristics of the structural
cements and their host rock (*: Chazy Group only).
Terminology adapted from Savard and Bourque (1989).

The order of appearance deduced for the fluid
inclusions is shown for comparison purpose. BPV:
Bedding-parallel vein.
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Nature of the fluids

For the host rock, the close relationship between the measured 8°C and ¥ Sr/**Sr isotopic ratios (and part of the
8"%0vppn ratios) and the published reference values for marine calcites and early diagenetic dolomites indicates that
most of the cements analyzed in the host rock precipitated from a fluid whose chemistry was close to, or evolved
from, seawater. Based on O’Neil et al. (1969) and Land (1983) equations, respectively for calcites and dolomites, the
8" Ovsmow of the parent water is estimated using an average 15°C precipitation temperature for seawater. The
calculated ratios (Table 2 and Fig. 17) are in good agreement with those of the reference values for each stratigraphic
group: -9.6 to -8.4%o (-8.8%0 average) and -10.0 to -8.7%o (-9.2%0 average) respectively for the early dolomites and
the calcites of the Beekmantown Group; -7.0%o for a unique sample in the Chazy Group and -7.5 to -6.2%o (-7.2%o
average) for the limestones in the Trenton Group. Slightly lower 8"80yppgs ratios measured for some calcitic and
dolomitic cements can be explained by precipitation or recrystallization during shallow burial. Using the equations
above and the average 8" 0ysmow calculated for seawater, the burial temperature can be estimated for these late
carbonate phases: 51, 44 and 31°C, respectively for the Beekmantown, Chazy and Trenton groups.

The influence of four distinct fluids (evolved seawater, basinal, metamorphic and magmatic fluids; Table 2) is
recognized in the structural cements based on the fluid inclusions data, the isotopic values and the equations of
O’Neil et al. (1969) and Land (1983). The influence of the evolved seawater is best preserved in the structural
cements sampled in the Trenton Group. It is evidenced by the average salinity of 3 wt. % eq. NaCl calculated for
some fluid inclusions assemblages and the similarity between the measured *’Sr/*°Sr ratios for structural cements,
host rock and reference marine values. The influence of the basinal fluid is evidenced for some fluid inclusions
assemblages that display high salinity values (up to 9.1 wt. % eq. NaCl). The metamorphic fluid is recognized
through the high 8¥0ysmow values (Sheppard, 1986) calculated for the parent fluids of the contractional and
extensional cements in the Beekmantown and Trenton groups (between +10.0 and +15.2%, Fig. 17). This influence
is also documented in some fluid inclusions assemblages that display particularly low salinity values (as low as 0.2
wt. % eq. NaCl, Fig. 12). Although such low salinities generally correspond to meteoric fluids, they are also
compatible with metamorphic fluids (Hoefs, 1987; Yardley and Graham, 2002). Finally, a magmatic fluid associated
with the strike-slip faults and the post-dyke veins is evidenced through fluid inclusions assemblages with high
salinities (up to 13.4 wt. % eq. NaCl) and unusual 8" 0yppp, 81°C and ¥Sr/%Sr ratios, that are intermediate between
the ratios measured for older cements (host rock, pre- and late-imbrication structures) and the ratios measured for
Mesozoic carbonatites (Deines and Gold, 1969; Griinenfelder et al., 1986; Carignan et al., 1997).

Type of flud Host Group % i?c{,!lr:;}l/m; Tem?ir? WL 5 0ugmon e | 87C Vs sr
Trenton
(calcitic cements) «-8,2 t0 -6,2» +(,6to0+17 0,70834
(Calcitihjgws) «781t0-7.00 | -19t0+1.0 | 070917
Evolved sea water = ook " «2.1to 4,25 147 to 236
(Cai‘?ﬁg‘;”m"gs) «100t0-87» | -2210-0.7 | 070892
Beekmantown

(doomie coments) «121t0-11.00] -1.7t0-1.0 | (0.70892)

Bassinal fluid All «5,0t09.1» | 150 to 245 und. und. und.
Metamorphic fluid All «0,2t004» | 12910 194 J«+10,0t0 +15,2» und. (> 0,715682)
) Beekmantown 0.70330 to.
Magmatic fluid and Trenton «12.810 13,41 160to 178 | «+2.6to +6,7» 5910-3.9 0.70335

Table 2. Synthesis of the main characteristics of the four fluids identified from microthermometric and isotopic data. The
temperature intervals (Ty,) correspond to the maxima and minima measured for the structural cements and do not necessarily
reflect the temperature of the fluids before the onset of deformation. All values are measured except: und: undetermined,
«...»: calculated, (...): deduced from data (and considered as minimum), ...: taken from Deines and Gold (1969) and
Griinenfelder et al. (1986).

199






SEJOURNE, MALOQ, AND SAVARD C3-17

8'"°C ratios. Finally, a fluid of magmatic origin, associated to the Mesozoic intrusions, percolated through the
carbonate slice and mixed with the residual fluids to precipitate the cements that sealed the youngest structural
features (typically the front-parallel strike-slip faults). This observation suggests that those strike-slip faults most
probably developed during the Mesozoic.

The investigation also shows that hydrocarbon maturation in the study area took place in two stages (pre- and
post-imbrication). During the pre-imbrication episode of maturation, liquid hydrocarbons were cracked into methane
as only methane is preserved in the syn- to late-imbrication structural cements. In turn, migrabitumen are
documented in stylolites crosscutting these cements but are absent from the latest structures, thus indicating that the
second episode of maturation took place between Silurian and Mesozoic.

Finally, the data collected allow to establish the geological basis of the diagenetic evolution of the Saint-
Dominique slice throughout its structural evolution and help refining and clarifying the general diagenetic evolution
of the carbonate slices that was only constrained by regional (thermal maturation) and local studies (cores from the
Saint-Flavien slice). The general tectonic and diagenetic (fluid flow) evolution of the carbonate slices in southern
Quebec is outlined in the following section.

STRUCTURAL AND DIAGENETIC EVOLUTION OF THE SAINT-DOMINIQUE SLICE
Pre-orogenic evolution

Structure. The tectonodiagenetic history of the carbonate slices began long before the Taconian Orogeny, with
the deposition of platformal strata over the Grenvillian basement during Cambrian and Ordovician. Tectonism at that
time was mostly characterized by the development and reactivation of basement-involved normal faults, which
continued at least till the deposition of syn-orogenic flysch strata during late Ordovician (approximately 450 Ma).
Although only one syn-sedimentary normal fault was documented in the Saint-Dominique slice (Fig. 7c), similar
structures are recognized in the autochthonous domain at surface (St-Julien, 1982; Mehrtens, 1988a, 1988b; Lavoie,
1994) and subsurface investigations confirmed that the general architecture of the St. Lawrence platform before its
imbrication was defined by graben and half graben fault systems linked by oblique normal faults (SOQUIP, 1982,
1984; St-Julien et al., 1983; S¢journé et al., 2003; Castonguay et al., 2006). The orientation and location of these
faults are in part responsible for the geometry and compartmentalization of the slices because either (1) normal faults
were reactivated in strike-slip or reverse faults, (2) they isolated fault-blocks with variable sizes and thicknesses, or
(3) they acted as ramps during thrust propagation. Their effect is documented at the outcrop-scale south of the study
area in the Vermont and New York states (Hayman and Kidd, 2002), as well as in the Philipsburg slice (S¢journé and
Malo, 2007) and to the north-east in the Quebec City area (Diego Rodriguez, Université Laval, Québec, Master
thesis in progress). As a consequence, the heterogeneous stratigraphic and structural morphology of the margin
before the onset of the imbrication is one of the major causes that explain the final architecture of the carbonate
slices.

Diagenesis. The diagenetic evolution of platform rocks prior to their imbrication essentially corresponds to the
classic evolution of a sedimentary basin, but is also strongly influenced by the development of the Appalachian
orogen. In particular, stacking of the thrust sheets in the hinterland was associated with the propagation of a
peripheral bulge in the foreland during middle Ordovician (Jacobi, 1981; Bradley and Kidd, 1991; Dix and Al
Rohdan, 2006) and karstification took place locally through the circulation of meteoric fluids (Fig. 18a; Paradis and
Lavoie, 1996; Chi et al., 2000; Kirkwood et al., 2000; Bertrand et al., 2003; Paradis et al., 2004). Tectonic burial in
the hinterland began at the onset of the Taconian Orogeny. Hot, saline and reducing basinal fluids were then
tectonically expelled from the orogen and contributed to the porogenesis in foreland basin strata through
thermochemical reduction of sulfides and to the development of MVT deposits (Tassé and Schrijver, 1989; Héroux
and Tassé, 1990; Paradis and Lavoie, 1996; Paradis et al., 2004). Such phenomena are documented in the
autochthonous domain throughout southern Quebec and in south-eastern Ontario (Dix et al., 1998; Dix and
Robinson, 2003), as well as in the thrust-imbricated Saint-Flavien and Upton carbonate slices (Paradis and Lavoie,
1996; Bertrand et al., 2003; Paradis et al., 2004). Along with the earlier migration of the peripheral bulge, it is
plausible that the horst and graben architecture of the basin was in part responsible for the location of the meteoric
water input zones and for the circulation of the basinal fluids (through the compartmentalization or juxtaposition of
aquifers and seals along normal faults). Therefore, the early diagenetic evolution of the future carbonate slices is in
part linked to the initial architecture of the basin.
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Poronecrosis is also a major phenomenon in the diagenetic evolution of the carbonate slices. This phenomenon
mainly took place during burial (middle to late Ordovician) and rapidly prevented the circulation of exotic fluids so
that the evolved seawater was preserved in the host rock till the onset of imbrication, as is the case in the Saint-
Dominique slice (Table 2).

Most of the organic matter maturation also took place during sedimentary and tectonic burial before the
imbrication (Héroux and Bertrand, 1991; Bertrand and Lavoie, 2006). In the case of the Saint-Dominique slice,
maturation reached the level of dry gas to anchizone (Yang, 1991). Liquid hydrocarbons generated before this stage
(Fig. 18b) were then cracked before they could migrate through the fracture network, as only methane is preserved
and found in fluid inclusions in the structural cements.

Syn-orogenic evolution

Structure. Field investigation revealed the tectonic evolution of the Saint-Dominique slice. Combined to the
results of past regional seismic interpretations (Laroche, 1983; Séjourné et al., 2003; Castonguay et al., 2006) and to
published data for the Saint-Flavien and Philipsburg slices (Malo et al., 2001a, 2001b; Bertrand et al., 2003; Séjourné
and Malo, 2007), these observations allow to define a common model for the structural evolution of the carbonate
slices in southern Quebec during the Taconian Orogeny (late Ordovician, between 450 and 445 Ma, Figs. 18c-f). The
general structure of the slices is dominated by long basal décollement planes and by hinterland-dipping duplexes.
The internal structure is complex and reflects multiple episodes of deformation. The onset of the deformation, before
the actual imbrication, corresponds to the development of cleavage and bedding-parallel veins. It is followed by
thrust and tear faults and by shear veins that are not parallel to bedding. Folding and thrusting are also responsible for
the reactivation and neoformation of bedding-parallel veins. Overthrusting by thrust sheets, the imbrication itself,
folding and episodic stress relaxation are responsible for the development of tension gashes, newly formed normal
faults, and the negative inversion of reverse faults (Fig. 5a) during and after imbrication. The original architecture of
the slices, already compartmentalized by inherited normal faults, is therefore overprinted by the superposition of
contractional and extensional structures. Mutual crosscutting relationships between those two structural families are
particularly obvious in the Saint-Dominique and Saint-Flavien slices (Chalaron and Malo, 1998; Bertrand et al.,
2003; Séjourné and Malo, 2007).

Figure 18 (next two pages). Schematic cartoon illustrating the structural evolution and associated fluid flow of a platform
carbonate slice imbricated along the southern Quebec Appalachian thrust front. (a): After deposition of Beekmantown Group
rocks, local subaerial exposure favors the percolation of meteoric water in the platform strata. (b): Following the drowning of
the platform and deposition of Chazy to Lorraine groups rocks, progressive burial lead to organic matter maturation and
hydrocarbon migration from the top of the Trenton Group and the Utica Shale (the main undifferientated flysch unit; Fig. 3)
into the platform strata. (¢): The onset of imbrication is characterized by folding, thrusting, veining parallel to bedding, and
by the inversion of normal faults. For clarity purpose, contemporaneous veins that are not parallel to bedding, tectonic
stylolites and cleavage are not shown on this figure. Metamorphic and basinal fluids circulate in the carbonate slice through
the thrust fault planes and mix with the evolved seawater preserved in the host rock. (d): Continuous imbrication,
development of previously mentioned structures and development of normal faults during stress relaxation. (e): Continuous
imbrication and progressive drop in temperature during tectonic uplift. (f): Last phase of imbrication, mostly characterized
by stress relaxation and development of normal faults (either newly formed or through negative inversion of reverse faults).
(g): Burial below the post-orogenic sediments (possibly during Devonian times) and organic matter maturation in the
autochthonous domain. Migration of the hydrocarbons into the carbonate slice through stylolites and cleavage planes. (g’):
intrusion of Mesozoic dykes (not shown) and sills, and reactivation of weakness planes (typically, the normal and reverse
faults) in a strike-slip motion. Magmatic fluids mix with residual fluids along the strike-slip fault planes. G: Grenvillian
basement, P: Potsdam Group, B: Beckmantown Group, C: Chazy Group, T: Black River and Trenton groups, F:
undifferentiated flysch (Utica Shale, Sainte-Rosalie Group, Lorraine Group), M: molasse (Queenston Group), N:
undifferentiated Taconian nappes.
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Based on seismic interpretation in the vicinity of the study area (Séjourné et al., 2003), development of major
thrust faults started to the east and propagated toward the Laurentian margin in a piggy-back sequence. The same
sequence of thrusting is also documented in southern Quebec at a larger scale (St-Julien and Hubert, 1975; Lebel and
Kirkwood, 1998). Out-of-sequence thrusts are also documented in the parautochthonous domain (but not in the
Saint-Dominique slice) in southern Quebec (Comeau et al., 2004; Castonguay et al., 2006; Séjourné and Malo, 2007)
and in New England (Bosworth et al., 1988; Stanley et al., 1999; Hayman and Kidd, 2002). The relative timing of the
out-of-sequence thrusts is not known. They could possibly reflect the continuous activation of thrust fault planes at
the rear of the Taconian front, or alternatively be linked to the Devonian Acadian Orogeny.

Diagenesis. The onset of the deformation and subsequent imbrication of the carbonate slices started during
burial at a relatively high temperature (at about 6.2 km and 245°C in the case of the Saint-Dominique slice; Fig. 11)
and coincide with the circulation and mixing, through fractures (Figs. 18c-18f), of at least two exotic fluids (Table 2
and Fig. 12a): (1) a basinal fluid which had been expelled from the heart of the basin during sedimentary and tectonic
burial and (2) a metamorphic fluid, which had most probably been expelled from the deepest part of the basin during
reactivation of basement-involved faults. These two fluids are well documented through fluid inclusions from
structural cements in the Saint-Dominique slice (Fig. 12a), notwithstanding the buffering effect of the host rock,
while only metamorphic fluids are documented in the Saint-Flavien slice (Bertrand et al., 2003).

The imbrication of the slices is accompanied with a progressive diminution in the burial depth and temperature
of the system (to 4.1 km and 150°C in the case of the Saint-Dominique slice; Fig. 11). Temperature drop during
tectonic uplift does not seem to be unique to the southern Quebec Appalachian, as a similar evolution is established
for the Variscan front in France (Kenis et al., 2000) and the Canadian Rockies (Roure et al., 2005).

Post-Taconian evolution

Structure. The progressive denudation that followed the building of the Appalachian orogen and that continues
until now was only interrupted by a magmatic episode during Mesozoic (120 to 100 Ma). Dykes and sills
documented in the Saint-Dominique slice are contemporaneous of this event. Front-parallel strike-slip faults most
probably developed during Mesozoic as well, at an estimated 2.5 km depth. Strike-slip motion is also locally
associated to reactivation of bedding-parallel veins. Similar post-Taconian front-parallel strike-slip faults are
documented in other carbonate slices, thus emphasizing their importance at a regional scale, from Vermont to the
south (Stanley, 1974), and through the Philipsburg slice (Séjourné and Malo, 2007) to the Upton slice in Quebec
(Paradis and Faure, 1994). A similar timing is also tentatively interpreted for north-north-east trending strike-slip
faults that compartmentalize the Saint-Flavien slice south-west of Quebec City (Séjourné, 2007).

Diagenesis. The cements that seal the structures developed after the end of the Taconian Orogeny (front-parallel
strike-slip faults and veins crosscutting the Mesozoic dykes) formed from the residual fluids still present in the host
rock, that partly mixed with magmatic fluids (Table 2 and Fig. 12a).

Late- to post-Taconian sedimentary burial related to the erosion of the Appalachian orogen till the Devonian is
probably responsible for a second episode of organic matter maturation. This event was mostly restricted to the
autochthonous domain (Bertrand and Lavoie, 2006) and had little impact on the carbonate slices, in which organic
matter had already reached a mature to supramature level. Yet, liquid hydrocarbons generated in the autochthonous
domain migrated into the carbonate slice rocks through stylolites and cleavage planes (Fig. 18g), where they are now
found as solid migrabitumen, thus indicating that the second episode of maturation continued after the oil window
stage. The Saint-Flavien slice reservoir was probably charged with methane at the same time (Bertrand et al., 2003).
Thermal maturation reached a peak before the Mesozoic, as migrabitumen are absent from the front-parallel strike-
slip faults.
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STOP 1. Saint-Dominique quarries (northwestern pit)

This quarry pit exposes the Beekmantown Group rocks in a normal sequence, from the Theresa to the
Beauharnois formations (lower and upper Beekmantown Group, respectively). The lower Beekmantown is
comprised of thick dolostone and dololimestone beds with few shaly interbeds. The upper Beekmantown consists of
decimeter-thick beds of limestone, dolostone and lesser sandstone and shale. Refer to figure 4 for location (labeled
“Fig. 5a”) and to figure 5a for a cross section illustrating the different structural styles characteristic of the lower
(Theresa Formation) and upper (Beauharnois Formation) Beekmantown Group. Contractional, extensional and
strike-slip structural features are documented in this outcrop. Contractional features are mostly characterized by
shallowly dipping thrusts cutting across gently folded strata and by parasitic folds in the few shaly interbeds in the
lower Beekmantown (Fig. 7a), while the well bedded upper Beekmantown Group rocks are tightly folded into boxes
and chevrons with either east or west vergence, and display a weak cleavage. Extensional features are comprised of
numerous veins, either conjugated or in relays, in the southeastern part of the quarry. A major, front-parallel normal
fault (based on slickensides) dipping to the hinterland can be followed across the whole outcrop. Note the abnormal
stratigraphic offset indicating that this fault reactivated a reverse fault. Several front-parallel strike-slip faults are also
evidenced in this outcrop, although they display very little deformation away from the slip plane. Finally, several
dykes and a gabbro sill crosscut all previous structural features. Pictures displayed in figures 7a, 7¢ and 7d were
taken from these outcrops but the original models are no longer visible due to continuous activity in the quarry.

STOP 2. Saint-Dominique quarries (south-eastern pit)

This quarry pit exposes the shales and shaly limestones characteristic of the upper part of the Trenton Group
(Montreal Formation). Refer to figure 4 for location (labeled “Fig. 5¢”) and to figure 5c for a cross section
illustrating the structural style characteristic of the upper part of the Trenton Group. To ensure consistency with
figures Sa and Sb, figure Sc is reversed compared to the actual outcrop orientation. Numerous crosscutting
relationships help deciphering the structural evolution of the Saint-Dominique slice. Contractional features are
characterized by intense cleavage and solution seams, by high-angle thrust faults that locally anastomose or form
imbricate fans, by occasional backthrusts (3 in Fig. 5¢), by a major fault-propagation fold, and by numerous bedding-
parallel veins developed at various stages. Note that most, but not all, bedding-parallel veins extend across the hinge
lines of the folds. Extensional features consist of filled to open tension gashes, normal faults crosscut by thrust faults
(1 and 2 in Fig. 5¢) and normal faults crosscutting the thrusts. A major, front-parallel strike-slip fault crosscut all
previous features (white box on Fig. 5c and Fig. 7b). Bending of strata in the vicinity of the fault and occurrence of
tension gashes restricted to the more competent beds suggest an early normal motion. Slickenlines, however, indicate
that the last motion, at least, was sub-horizontal. This fault is best visible on the northeastern wall of the quarry. A
few dykes are also observed in this outcrop.

LUNCH at Stop 2

0.0 km From the office of the Carrieres Saint-Dominique (700, Rue Principale), zero your odometer and continue
on Route 137 Sud toward stop 3.

4.2 km From Route 137 Sud, turn right on Route de Saint-Pie.

8.2 km At the second stop, turn right on Route 235 Nord.

11.1 km Stop and park along the road on Route 235 Nord, just past the downward slope. Outcrops are on both sides
of the road: watch out for cars and trucks, especially those coming from uphill.

STOP 3. Road 235

From northwest to southeast, this road cut exposes the upper part of the Beekmantown and the contact with
the calcareous sandstones at the base of the Chazy Group, the shaly limestones that form the bulk of the Chazy
Group, and finally, incomplete sections of the Black River and the Trenton groups. Refer to figure 4 for location
(labeled “Fig. 5b”) and to figure Sb for a cross section illustrating the structural style characteristic of the Chazy
Group. To the northwest, the shaly limestones of upper Chazy Group are cleaved and display thrust ramps and
related folds. Bedding-parallel veins developed at various stages of the imbrication are either continuous across the
hinge lines or die out in the limbs of the folds. Some also ramp upsection and can be referred to as bedding-parallel
thrusts. A moderately dipping front-parallel strike-slip fault is also visible. To the southeast, the Trenton Group rocks
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are intensely cleaved, and display reverse faults and numerous tension gashes coated with calcite, quartz and saddle
dolomite crystals.

END OF THE TRIP

From Stop 3, retrace your steps toward Autoroute 20 Est (East) if you go back to Quebec City, or continue
on Route 235 Nord (North) into Saint-Hyacinthe to catch up with Autoroute 20 Ouest (West) if you go towards
Montreal.
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CASE OF GROUNDWATER CONTAMINATION BY TCE
IN THE VALCARTIER AREA, QUEBEC, CANADA

by

René Lefebvre and Richard Martel, Institut national de la recherche scientifique, Eau, Terre et Environnement,
490 de la couronne, Québec, QC G1K 9A9, Canada
Michel Parent, Geological Survey of Canada, GSC-Québec, 490 de la Couronne, Québec, QC G1K 9A9, Canada

GENERAL CONTEXT

One of the most widespread contaminants in groundwater in North America is trichloroethene (TCE, C,HCl;).
This chemical has been widely used as a degreasing agent, for dry cleaning, and in other industrial applications. The
water solubility of TCE is 1100 mg/L at 25°C and its density is 1460 kg/m’ (Pankow and Cherry, 1996). TCE is on
top of the EPA contaminant priority list and presents remediation challenges when forming a DNAPL (Cohen and
Mercer, 1993; Pankow and Cherry, 1996). A case of a large dissolved TCE plume has been detected in the
Valcartier area, located 35 km north of downtown Quebec City.

The study area (Fig. 1) comprises the Valcartier military base, the Valcartier research facilities of Defence R&D
Canada (DRDC), the SNC TEC former industrial plant, and the municipalities of Shannon to the west and Quebec
City to the east (former Val-Bélair). The area is mostly flat and is bounded to the west by the Jacques-Cartier River
and to the east by the Nelson River. Mount Brillant is the highest topographic area to the east, and Mount Rolland-
Auger is located to the South.

In 1997, TCE was found in groundwater at the Valcartier military base. Further field studies were carried out in
the surrounding area, which led to a better understanding of groundwater flow at the site and to the discovery of
TCE in private wells in December 2000 in Shannon. Starting in early 2001, private wells were sampled in Shannon
by the Quebec Ministry of the Environment, and several wells were found to have concentrations above 50 pg/L.
Houses affected by TCE contamination exceeding 5 pg/L were first equipped with filters and later linked to the
aqueduct system of the Valcartier base.

CHARACTERIZATION

A major characterization program was carried out during the summer and fall of 2001. This program aimed to
define the extent of the TCE plumes, to refine the understanding of the geological and hydrogeological contexts, and
to better identify potential TCE sources. Table | shows the extensive characterization data on which this study is
based. About 809 observation wells have been installed over the area, and about 2000 chemical analyses were
conducted to define the TCE distribution. 212 Geoprobe stations were sampled and provided a mean to establish
contamination profiles with depth. Figure 2 presents an example of an east-west TCE concentration profile at
DRDC North.
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DND Property Others sectors All
Type of data Site Before fall 2001 During fall 2001 Total Others sites Total sector
»n 1 0 27 27
g Rotasonic boreholes N.A. >65
o 2 0 38 38
8
o 1 ~140 167
=
[ Observation Wells ~B59 ~150 ~809
B 2 105 247
> Water
® voC 1-2 ~400 ~600 1000 ~1000 ~2000
£ analysis
]
S
§, 1 0 1 1
° Geoprobe sampling station 29 212
3 2 0 182 182
3 Water level 1-2 ~200 ~600 ~800 ~150 ~950
<]
°©
[
-3
2
3 Slug test 1-2 28 260 288 N.A. 288
I

Table 1. Characterization data.
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Two known source zones are present within the property limits of SNC TEC bordering the Valcartier base:
Sector 214 and former Lagoon C. The maximum concentrations measured in the fall of 2001 in Sector 214 were
between 100 and 4500 pg/L (a maximum concentration of 13,500 pg/L was detected in May 2001). A pump-and-
treat system operates seasonally in this sector since 1998. The Sector 214 source zone practically lies on the
groundwater divide between flow to the west (Valcartier base) on one side, and flow to the east (Quebec City,
former Val-Bélair), on the other side. TCE migration from Sector 214 thus occurs both to the west to feed the TCE
plume present under the Valcartier base, as well as to the east, thus reaching Quebec City. The other source zone
within the SNC TEC property is former Lagoon C.

Maximum TCE concentrations measured in 2001 in that vicinity were 1600 pg/L in an observation well and
2600 ng/L in a Geoprobe profile. The TCE plume related to Lagoon C is well delineated: it has a width of 50 m at
concentrations exceeding 50 pg/L near the source zone, whereas the plume reaches a width of 350 m with
concentrations between 690 and 970 pg/L close to the property limit between SNC TEC and the Valcartier base.

The groundwater plume migrating to the west within the Valcartier base had a maximum concentration of
1200 pg/L in 2001, but most of the high concentrations vary between 560 and 920 ug/L in the core of the dissolved
TCE plume within the Valcartier base. At the property boundary between the base and the town of Shannon,
maximum concentrations measured in 2001 were from 260 to 340 ng/L. No other TCE contamination source zones
have been formally identified within the Valcartier base following the fall of 2001 characterization.

ROAD LOG

STOP 1. Quarry east of Valcartier — Geological context. (50 MINUTES). Regional geological context:
Quaternary map. Stratigraphy: Stratigraphic column and 3D model poster. Nature of units: Samples of all units to
look at and K values. Local context: Bedrock, till, and proglacial unit in quarry. (M. Parent).

STOP 2. DRDC parking lot — Characterization methods. (60 MINUTES). Overview of data available in
Valcartier area. Demonstration of various characterization methods, most of which have been used in the Valcartier
area: Direct push rig with CPT, pneumatic slug tests, water sampling, field analysis, Geoflo for GW velocity and
direction, infiltrometer, seepage meter. (R. Martel).

STOP 3. DRDC South — TCE source zones. (75 MINUTES). SNC TEC environmental facilities: High security
cell (Source zone). Explanation of DRDC source zones and 3D plume model. (R. Lefebvre, DRDC Rep., V. Blais).

LUNCH in Val-Bélair. L’Azalée, 843-3101.
STOP 4. Vanier sandpit — Main aquifer and GW flow. (35 MINUTES). Observation of cuts in the sand pit
exposing sedimentary structures in the deltaic sand, the main aquifer unit. Explanation of groundwater flow patterns

in the area. (M. Parent, R. Lefebvre).

STOP 5. Bike trail bridge on Jacques-Cartier River — Receptors. (20 MINUTES). Observation of sand cliffs
with seeps from the aquifer to the Jacques-Cartier River. Explanations on the extent of the TCE plume and on the
receptors in the area. (R. Lefebvre).

STOP 6. Bridge on Gosford Road — Local history. (30 MINUTES). Historical stop of ancient electricity plant and
opportunity to see the bedrock outcropping close by the river. (All organizers available for questions).

BEER in Sainte-Catherine de la Jacques-Cartier. (45 MINUTES). Dazibo Resto-Bistro, 58 Rte Duchesnay, 875-
3301. (Sponsored by Roctest).

Return to hotel
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For more information:

Sir William Logan 1798-1875: http://cgc.rncan.ge.ca/hist/logan/index e.php

No stone unturned. The first 150 years of the Geological Survey of Canada :
http://ege.rncan.ge.ca/hist/150 e.php

William E. Logan and the Geological Survey of Canada: Written in stone :
http://www.collectionscanada.ca/logan/index2-e.html

Life of a Rock Star: http://www.collectionscanada.ca/rock/index2-e.html
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