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Abstract Québec has experienced historical damaging earthquakes in several seismic zones (e.g. 1732
M5.8 Montréal, 1663 M7 Charlevoix, 1935 M6.2 Témiscamingue). Despite a high seismicity rate, no surface-
rupturing faults have been discovered due to a combination of dense vegetation cover, recent glaciation,
sparse earthquake records, and low regional strain rates. We manually searched lidar-derived digital eleva-
tion models (DEMs) of the region to search for potential post-glacial surface-rupturing faults across southern

Québec and identified a scarp ~50 km north of Montréal. We performed three geophysical surveys (ground
penetrating radar, depth estimates from ambient seismic noise, and refraction seismology) that revealed a
buried scarp, confirmed with a <1 m-deep hand-dug test pit. These observations convinced us to excavate
the first paleoseismic trench in Québec to test for the presence of a surface-rupturing fault in July 2023. We
found a glacial diamict containing no signs of syn- or post-glacial deformation. In this paper, we present the
observations that led to the identification of a scarp and hypothesized faulting. We highlight the importance
of trenching to confirm recent fault scarps in challenging environments. We hope our study can be used to op-
timize future paleoseismic research in the province of Québec and similar intracratonic glaciated landscapes.

Résumé Le Québec se situe dans une région intraplaque sujette a de nombreux séismes ayant causés des
dommages (e.g. 1732 M5.8 Montréal, 1663 M7 Charlevoix, 1935 M6.2 Témiscamingue). Malgré une activité sis-
mique réguliere, la végétation dense, la déglaciation récente, les données sismiques sporadiques et le rythme
de déformation lent ne concourent pas a l'identification de failles actives au Québec. Plusieurs modéles nu-
mériques topographiques (MNT) dérivés d’imagerie lidar (2016) du sud de la province ont été examinés afin
d’identifier des candidats de failles sismiques post-glaciaires atteignant la surface, et montrent clairement un
escarpement situé a ~50 km au Nord de Montréal. Trois méthodes géophysiques (géoradar, bruit ambiant
sismique et réfraction sismique) ont été employées sur I’escarpement, qui montrent un décalage du socle
rocheux a faible profondeur, confirmé par une premiere excavation de I'ordre de 1 m de profondeur. Ces ob-
servations ont justifié I’excavation en juillet 2023 de la premiére tranchée paléosismique effectuée au Qué-
bec, afin de confirmer la présence d’une faille sismique récente atteignant la surface. Cette tranchée révéle
la présence d’un diamicton ne contenant aucun signe de déformation syn- ou post-glaciaire. Cet article pré-
sente les observations ayant faussement mené a Uidentification d’'un escarpement érosif comme étant une
faille sismique. Il montre ainsi l'importance de réaliser des tranchées paléosismiques lors de lidentification
de failles actives, spécialement dans des environnements complexes. Cette étude permettra d’optimiser les
recherches a venir dans le domaine de la paléosismologie au Québec et dans des environnements intracrato-
niques au passé glaciaire.
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Non-technical summary The cities of Montréal, Ottawa, and Ville-Marie (Témiscamingue)
lie within a zone of activity that has experienced historical damaging earthquakes (e.g. 1732 M5.8
Montréal, 1663 M7 Charlevoix, 1935 M6.2 Témiscamingue), but no seismic faults have been iden-
tified in the region. Due to dense vegetation cover and recent glaciation that eroded the surface,
faults are difficult to observein this landscape. We used elevation maps from lidar data to search for
topographic evidence of faulting and identified a scarp ~50 km north of Montréal. Three geophys-
ical surveys revealed a buried bedrock offset that was confirmed with a <1 m-deep hand-dug test
pit. These observations convinced us to excavate a trench across the scarp to test for evidence of
sediment deformation and thus, faulting. We found glacial sediments containing no signs of defor-
mation and concluded that the scarp was not formed by recent faulting. In this paper, we present
the observations that led to the identification of a scarp and hypothesized faulting. We highlight
the importance of trenching to confirm recent fault scarps in challenging environments. We hope
our study can be used to optimize future research in paleoseismology in the province of Québec
and similar recently deglaciated landscapes.

Résumé non technique Les villes de Montréal, Ottawa et Ville-Marie (Témiscamingue) se
situent dans une zone d’activité sismique sujette a de nombreux séismes destructeurs (e.g. 1732
M5.8 Montréal, 1663 M7 Charlevoix, 1935 M6.2 Témiscamingue), mais aucune faille sismique n’a
encore été identifié dans la région. La derniere glaciation, qui a érodé le territoire, et la végéta-
tion dense rendent la tache ardue. Des cartes d’élévation lidar ont été utilisées afin d’identifier des
changements abrupts et isolés de la topographie, potentiellement associés a des mouvements sis-
miques. Un escarpement bien individualisé a été observé a ~50 km au nord de Montréal. Trois levés
géophysiques et une excavation superficielle (1 m de profondeur) effectués sur le site ont permis
de confirmer ce décalage du socle rocheux en profondeur. Ces observations ont poussé I’équipe
a réaliser une tranchée plus importante contre le socle rocheux, I'objectif étant d’identifier si un
déplacement des sédiments en profondeur est visible, ce qui prouverait activité d’une faille sis-
mique. Les sédiments glaciaires dans la tranchée ne montrent aucun signe de déformation, ce qui
invalide notre proposition de départ. Cet article présente les observations et mesures effectuées
sur la faille identifiée en surface et souligne 'importance d’effectuer une tranchée lorsqu’une faille
active est suspectée dans des environnements post-glaciaires et complexes. Cet article pourra aus-
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si servir de guide afin d’optimiser les recherches en paléosismologie au Québec.

1 Introduction

Montréal lies within the western Québec Seismic
Zone (WQSZ). The WQSZ is a region of elevated but
poorly defined earthquake hazard which has experi-
enced several historic, damaging earthquakes (Lamon-
tagne, 2002; Ebel, 2011). In 1732, a M5.8 earthquake
caused significant damage in the Montréal area, no-
tably to chimneys, wells, and walls (Leblanc, 1981).
Given the relatively large magnitude of this earthquake
and other historic events in southern Québec (1935:
Mé6.2, Témiscamingue; 1663: M7.5, Charlevoix), it is
possible that some of these events could have pro-
duced surface ruptures (Leblanc, 1981; Brooks and
Adams, 2020; Ebel, 2011; Lamontagne, 2002; Mérindol
et al., 2022). However, despite these large earth-
quakes, no studies to date have identified active faults
in the region (Brooks and Adams, 2020) and there-
fore observationally-constrained specific sources are
not yet available to support ground motion models (e.g.
Pagani et al., 2014). The 1989 M.6.3 Ungava earth-
quake and resultant Lac Turquoise fault scarp is the
first known surface-rupturing earthquake on the east-
ern margin of North America and the only one in
Québec (Adams et al., 1991). Due to the lack of iden-
tified surface ruptures, a generalized region of ele-
vated hazard appears in seismic hazard maps with-
out any fault-specific sources or scenarios (Earthquakes
Canada, 2020; Thompson Jobe et al., 2022). The com-
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plete instrumental record of historical M5+ seismicity
for the Western Québec Seismic Zone dates back only
to 1928, and pre-instrumental earthquake history is re-
constructed by estimating shaking magnitude from wit-
ness accounts (Basham, 1982; Lamontagne et al., 2018),
liquefaction records (e.g. Tuttle and Seeber, 1991; Tut-
tle and Atkinson, 2010) or landslides (Brooks and Perret,
2023), and lake sediment records (Doig, 1990; St-Onge
et al., 2004) rather than assessing hazard through pale-
oseismic techniques such as fault trenching or geomor-
phic slip rate analyses.

Earthquake source faults are identified in seismi-
cally active regions by scarps and offset geomorphic
features, precisely located microseismicity, and obser-
vations of surface rupture (McCalpin, 2009; Yu et al.,
2016; Zielke et al., 2015). Until recently, topographic
maps in the province of Québec were not available in
sufficient resolution to delineate the subtle geomor-
phic features that might be formed during moderate
earthquakes. In 2016, the Québec government released
lidar-derived, high-resolution digital elevation models
(DEMs) that cover most of the WQSZ and two major ur-
ban centers (Montréal and Québec City) (Ministere des
Foréts, 2016). We manually surveyed these elevation
models and identified several potential fault scarps off-
setting ~8-12 ka glaciomarine sediments (Globensky,
1987; Randour et al., 2020b,a; Gourdeau et al., 2023).

The young post-glacial surface history of Québec,
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Figurel Map ofthe Saint-Liguoriscarp (lightblue), its distance from the Island of Montréal, and the instrumentally recorded
seismicity in the area since 1985 (Natural Resources Canada, 2024); 2022 population 2,038,000 (Ministére de I’Economie, de
I'Innovation et de ’Energie, 2022). The basemap for the main figure is from © 2024 Landsat/Copernicus, © 2024 TerraMetrics,
and © 2024 Google, and the basemap for the inset is from © 2024 Google, INEGI. a) General map of fault and fracture linea-
ments (yellow) by the Ministry of Energy and Natural Resources of Quebec (MERN) based on field observations made during
cartographic surveys. b) Inset shows area of (a) in Québec in red box.

En francais: Carte comprenant la position de l'escarpement de Saint-Liguori par rapport a l'lle de Montréal et les séismes
répertoriés a 'aide de sismométres depuis 1985 (Natural Resources Canada, 2024); population de 2022 2,038,000 (Ministére
de ’Economie, de I'Innovation et de I’Energie, 2022).La carte de fond pour la figure principale provient de © 2024 Landsat/-
Copernicus, © 2024 TerraMetrics, et © 2024 Google, et la carte de fond de ’encadré provient de © 2024 Google, INEGI. a) La
carte générale des failles et fractures (jaune) a été créée par le Ministére de I’Energie et des Ressources Naturelles (MERN)
basée sur des observations faites lors de campagnes de cartographie. b) Carte montrant I'’étendue de la carte (a) dans le sud

du Québec.

coupled with regional low strain rates, means that if any
surface-rupturing fault scarps exist we expect them to
form low tectonic scarps and cumulative offset. One of
the rare intracratonic analogs of Québec that has doc-
umented surface-rupturing, post-glacial fault scarps is
Fennoscandia, where paleoseismic records have been
studied in detail (Sutinen et al., 2014; Mikko et al., 2015;
Smith et al., 2014; Palmu et al., 2015; Steffen et al.,
2021a, part III). In glaciated environments, caution is
required when studying scarps that could be associated
with earthquakes. Erosion and enhancement of joints
and fractures by ice plucking could form scarps dur-
ing deglaciation that are not associated with seismicity,
and other seismic features could have been eroded away
by glacial advance and retreat. If surface processes
outpace displacement, scarps don’t develop strong ge-

omorphic expressions (Cox et al., 2012). The spatiotem-
poral patterns of intraplate earthquakes are also poorly
understood (Stein, 2007). For example, it is unknown
whether individual faults have regular recurrence in-
tervals or whether seismicity is chaotically distributed
across a wide region of faults (Stein, 2007; Atkinson,
2007; Steffen et al., 2021b). Moreover, glaciotectonic
features in tills can confound tectonic fracture identi-
fication (e.g. Pisarska-Jamrozy et al., 2019). The devel-
opment of conceptual frameworks for patterns of in-
traplate seismicity requires more data to understand
how these seismic zones differ from active plate bound-
ary environments.

In spite of these challenges, paleoseismic investiga-
tions in Fennoscandia have successfully recovered seis-
mic history on low-strain rate faults in a similar set-
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ting (e.g. Morner et al., 2000; Markovaara-Koivisto et al.,
2020). We assert that due to predictions of post-ice sheet
flexure associated with lithospheric rebound (e.g. Lam-
beck et al., 2017; Godbout et al., 2023), similar field
data is potentially recoverable in southern Québec. The
main objective of this study was to demonstrate this fea-
sibility by excavating the first paleoseismic trench in
eastern Canada on a potential surface-rupturing fault
scarp. Due to a lack of previous paleoseismic trench-
ing in Québec, it took some time to develop an under-
standing of legal hurdles and professional cooperation
necessary to pursue this research, so we document our
experience here to aid future investigators working in
Québec and eastern Canada. Our site specific health
and safety plan (in French) is provided in the supple-
mentary material for reference (See Section Data and
code availability for links to all repositories.)

As part of a broader regional inventory (Gourdeau
etal., 2023), we identified a possible fault scarp ~45 km
NE of Montréal near the village of Saint-Liguori (Fig. 1),
which we named the “Saint Liguori scarp”. Given the
proximity of this scarp to the city of Montréal, it was
a priority target for further investigation. Here we re-
port the geomorphic expression of the scarp in the con-
text of the post-glacial evolution in the St. Lawrence
Valley. We present three geophysical methods (ground
penetrating radar, H/V ambient seismic noise, and seis-
mic refraction tomography) used onsite to demonstrate
a subsurface bedrock scarp, and document a prelimi-
nary test pit demonstrating deformed post-glacial sedi-
ments - bedrock contact which constitutes the proposed
fault. We finally demonstrate how the results of each
investigation was consistent with a recently active fault
scarp until we dug a paleoseismic trench, which re-
vealed no deformation. Our outcome demonstrates for
the first time that paleoseismic trenching is possible
and desirable in Québec. Trenches can provide valu-
able information on the glacial to post-glacial deposits
that are critical for interpreting surface deformation ev-
idence, especially in challenging and deglaciated envi-
ronments. Moreover, trenching is crucial for identify-
ing false-positives that were solely identified from geo-
morphic indicators.

2 Background

Approximately 90% of the bedrock of Québec is made
of the Precambrian rocks of the Canadian shield, a
cratonic setting (Hoque, 2014). The St. Lawrence
river sits on the St. Lawrence platform of Cambrian-
Ordovician age, preserved in the St. Lawrence aulaco-
gen between the Grenville Orogenic belts to the north
and northwest (Fig. 1a), and the Appalachian Moun-
tains to the south and southwest (Tremblay et al., 2013).
The elevated seismicity in the St. Lawrence region has
been attributed to numerous causes, including litho-
spheric thinning and inherited crustal faults from Pale-
o0zoic orogenesis, Mesozoic rifting (Rimando and Peace,
2021), and Cretaceous hot spot activity (Ma and Eaton,
2007), on which a recent stress perturbation caused
by post-glacial rebound is superimposed (Sella et al.,
2007; Henton et al., 2006; Goudarzi, 2016). Rimando and

4

| Investigation of suspected Holocene fault scarp near Montréal, Québec: The first paleoseismic trench in eastern Canada

Peace (2021) suggested that faults with NW strikes had
the highest slip tendencies (inferred from recent earth-
quake focal mechanisms) across eastern Canada based
on current regional stresses. Without more specific in-
formation about the evolution of stress directions since
glacial recession, we did not narrow our search to NW-
striking potential faults.

The St. Lawrence valley lies in a Paleozoic aulacogen
which formed during the opening of the Iapetus (proto-
Atlantic) ocean (Kumarapeli and Saull, 1966), and whose
bounding faults have been reactivated several times, in-
cluding during the Cretaceous (Tremblay et al., 2013).
More recent reactivation of some scarps is possible, but
not proven (e.g. Pinet etal., 2020) (Fig. 1). The bounding
normal faults (similar to the contacts represented with
white trace in Fig. 1 a) have cumulative throws of 2-3
km and parallel faults interpreted from seismic reflec-
tion profiles in the St. Lawrence Estuary have throws of
hundreds of metres (Tremblay et al., 2013).

2.1 Glacialand post-glacial history of Québec

The Laurentide Ice Sheet (LIS) covered southern
Québec ~21 ka ago during the Last Glacial Maximum
(LGM) (Hoque, 2014; Dyke et al., 2002; Sella et al., 2007;
Occhietti et al., 2011). This ice sheet was up to 4 km
thick in central Québec, and the weight of the ice sig-
nificantly depressed the crust in Canada (Walcott, 1972;
Simon et al., 2016). Ice sheet retreat left behind de-
positional and erosional geomorphic features such as
moraines, drumlins, eskers, erratics, glacial striations,
and bedrock fractures (Bennett and Glasser, 2011; Oc-
chietti et al., 2011). Marine incursion followed the melt-
ing of the ice sheet at about 11 ka BP, followed by reces-
sion as the continent rebounded (Occhietti and Richard,
2003; Richard and Occhietti, 2005). Isostatic rebound is
still ongoing in southern Québec at a rate of ~3-5 mm/yr
(Tarayoun et al., 2018).

This recent deglaciation strongly impacted the geo-
morphology of Québec and modified or erased evidence
of scarps or offsets predating the marine incursion at
~13.1-12.8 ka (Cronin et al., 2008; Occhietti et al., 2011).
Due to glaciation and post-glacial marine and lacustrine
deposition, the land surface of southern Québec has
been almost completely resurfaced or covered with thin
Pleistocene-Holocene sediments (Occhietti et al., 2011).
The maximum marine inundation in southern Québec
and southeastern Ontario, associated with the lake Can-
dona episode, is at a present-day elevation of about 230
m, and Pleistocene deposits can reach thicknesses >100
m (e.g. near Lac St-Pierre, Lamothe, 1993) (Occhietti
etal.,2011). Near St-Liguori, the deposits are thin due to
the presence of bedrock highs in the area. Any surface
scarps developed by faulting during the early glacial re-
cession may have been eroded at this time.

Consequently, the production of earthquake-related
offsets in the province, if any, must have developed
since the late Pleistocene, suggesting that any scarps
found in the region must have developed very recently.
In a low strain rate environment, this short time period
for developing evidence of fault activity suggests that
any fault-related features are expected to be small in
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amplitude (Oliver et al., 1970; Mazzotti, 2007; Tarayoun
et al., 2018).

2.2 Seismic history of greater Montréal area

There is reason to believe that Montréal faces a hazard
of an ~M6 or greater earthquake due to a historical es-
timated M5.8-6 event which struck the then very small
settlement in 1732 (Leblanc, 1981; Rosset et al., 2021;
Thompson Jobe et al., 2022). The paleoseismic record
of southern Québec is sparse, but the identification of
subaqueous debris flows, landslides, mass transport de-
posits, and liquefaction features in lacustrine and ma-
rine sediments have been suggested to record post-
glacial shaking (Brooks and Adams, 2020). Based on
global seismicity rates in stable cratons and the statisti-
cal calculations used by Fenton et al. (2006) in Ontario,
Brooks and Adams (2020) estimated that 28-160 surface-
rupturing earthquakes might have occurred in eastern
Canada since the recession of the ice sheets. How-
ever, there are significant uncertainties around seis-
micity rates in intraplate regions (Stevens and Avouac,
2021; Iturrieta et al., 2024), and it is not yet possible
to assess the geologic record since only a single fault
scarp has been confirmed in the region (Adams et al.,
1991; Brooks and Adams, 2020). Nevertheless, several of
the historical earthquakes in Québec were large enough
to potentially create surface ruptures. In addition to
the 1732 earthquake in Montréal, other historical earth-
quakes big enough to have caused surface ruptures in-
clude the 1663 M7 Charlevoix earthquake and the 1935
Mé6.2 Témiscamingue earthquake (Leblanc, 1981; Lam-
ontagne, 2002; Ebel, 2011). A cluster of seismicity has
also been identified by (Chien and Liu, 2023) in the area
of Joliette, about 60 km north-east of Montréal.

3 Geomorphic expression of the Saint-
Liguori Scarp

Lidar-derived products, (DTM, slope, hillshade) made
available by the Ministere des Foréts et des Parcs since
2016, were used in QGIS and ArcGIS and sometimes re-
converted to different versions of hillshade images to
evaluate the location of potential fault scarps. We com-
monly used a Z factor of 2 with the default settings cho-
sen by the ministry, which represented an illumination
angle of 315°N at an altitude of 45°. However, these pa-
rameters were sometimes changed to maximize visibil-
ity, contrast, and brightness.

Using these lidar-derived datasets, we applied a set
of criteria for scarp identification adapted from meth-
ods used in Fennoscandia (Sutinen et al., 2014; Smith
et al., 2014; Palmu et al., 2015; Mikko et al., 2015). Fault
scarps and earthquake sources in Fennoscandia have
been identified remotely by the observation of offset of
drainage networks (either displacement of previously
established channels or channel deflections recording
apparent accommodation of baseline changes associ-
ated with fault throw), along-strike continuity and low
sinuosity in low-relief landscapes, and soft-sediment
deformation features and/or mass movement observa-
tion in the field (Palmu et al., 2015; Smith et al., 2014).

5
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Suspected fault scarps in Fennoscandia, as in other
tectonically active regions, have also been confirmed
or disproved in the field using paleoseismic trenches
(Akciz et al., 2014; Smith et al., 2014; Mikko et al., 2015;
Kozaci et al., 2021). The regional scarp and possible
fault dataset and detailed adaptation of scarp classifica-
tion methods for use in eastern Canada and the north-
eastern USA (presented by Gourdeau et al., 2023) and
the key points relevant to the Saint-Liguori scarp are
summarized here.

The Saint-Liguori scarp is situated in a low-relief,
semi-agricultural area approximately 50 km north of the
city center of Montréal (Fig. 1a) (see Section Data and
code availability for links to all field pictures) . Land
use in the area is dominated by small-scale grain and
vegetable farming and maple syrup production. We
mapped glacial features, whose apparent displacement
or change in appearance across the scarp helped estab-
lish the scarp as a potential fault trace. North-south
trending ridges +1 metre tall are the signature of ice
flow, although they have not been associated with any
particular advance (Fig. 2a). These ridges are expressed
as bedrock grooves south of the scarp and as drumlins
in a few places north of the scarp (Fig. 2b). Areas of
bedrock exposure or very thin soil cover south of the
scarp are unfavorable for farming and the presence of
the scarp makes the terrain hard to plow. As a conse-
quence, the scarp often delineates the end of the farmed
land and the beginning of the forest cultivated for maple
syrup production. We suggest that the distribution of
agricultural land use was selected by early farmers for
the flat areas underlain by deeper sediment, and subse-
quent activity likely removed any local relief along the
scarp where possible.

The Saint-Liguori scarp, more than any other ob-
served lineament observed within a 100 km-area around
the city of Montréal, met the criteria for a feature of in-
terest (Gourdeau et al., 2023). The scarp is expressed
as a nearly continuous, >5 km-long, ENE-trending topo-
graphic scarp about 2-3.5 metres high, with bedrock ex-
posure consistently appearing on the south side (Fig. 2d,
e, 3). Quaternary sedimentary deposits are discontinu-
ous across the scarp (see Fig. 2a). The scarp is higher (2-
3m)inthe forest and lower (0.5-1 m) in the plowed fields
(Fig. 2a and b). Several shallow channels make sharp
local bends at the scarp. The scarp is best preserved
where the bedrock is exposed at the surface on the south
side (Fig. 2b). The middle section of the scarp displays
more complexity, as a km-long discontinuous stepover
appears with a secondary strand 100-200 m south of the
main strand (Fig. 2b). The topographic scarp tapers in
height to its endpoints, which disappear into agricul-
tural fields (black arrows in Fig. 2a). Where the scarp
crosses the flood-plains of the Ouareau River, itis locally
affected by fluvial terrace modification (Fig. 2b).

4 Field investigations

We walked approximately 90% of the length of the iden-
tified scarp with the permission of 14 private landown-
ers (see Acknowledgements). A ~1 m-deep, test pit was
excavated on the northern side of the scarp to examine
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Figure2 a)Lidar-derived hillshade of the Saint-Liguori scarp (light orientation is 315°, altitude of 45°, Z factor of 2. The scarp
is located between the two black arrows. The original hummocky glacial gecomorphology is very visible in the forested areas
where the landscape hasn’t been smoothed by farming. b) Geomorphic map of the study area indicating scarp location, land
cover type, and geophysical sampling locations. c) map inset of the trench area showing the location of the three geophysical
surveys, the test pitand the trench. d) and e) are elevation profiles crossing the scarp. The location of the profiles areindicated
on map b) and inset c), respectively. The black arrows are pointing at the location of the scarp.

En francais: Carte ombrée dérivée d’imagerie lidar de 'escarpement de Saint-Liguori (orientation de la lumiére 315°, altitude
de 45°, facteur Z de 2). L’escarpement se situe entre les fleches noires. La géomorphologie irréguliere originale est visible
dans la forét, la ou le territoire n’a pas été aplani par l'agriculture. b) Carte gé¢omorphique de la zone d’étude comprenant
la position de 'escarpement, le type de végétation et le positionement des levés géophysiques. c) carte agrandie de la zone
ou la tranchée a été réalisée comprenant le positionement des 3 levés géophysiques et de I’excavation contréle. d) et e)
représentent des profils topographiques prélevés perpendiculairement a 'escarpement. La position des profils est indiquée
sur la carte b) et c), respectivement. Les fleches noires indiquent la position de I’escarpement.

shallow sediments. sociated with the bedrock glacial lineaments on the
south side of the scarp (Fig. 2a, b). The forests are young

The forested areas crossed by the scarp (pale green, (<100 years) and are managed for maple syrup produc-

hummocky terrane; Fig. 2b) have rough topography as-
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Figure 3 Expression of the scarp in the field. Base of scarp is marked with white lines in a), b), and c). Thin white lines
marking approximate local relief. a) Expression of the scarp in the forest, where the test pit was excavated (blue polygon
shows extent of pit footprint; see blue star fig. 2 for location). The height is large (2 m), the scarp is sharp, and the bedrock
is exposed on the upper surface. b) Expression of the scarp in the farmed area, in the southern branch of the suspected
stepover near the center of the mapped scarp length (see pink dot fig. 2 for location). The scarp is subtle, but ~1 m of relief
is still visible. The bedrock is exposed, compromising vegetable growth. c) View looking west along the scarp at the location
of the paleoseismic trench, showing continuity and consistency of scarp height (see red star fig. 2 for location). d) Exposed
bedrock on the scarp near (a). Planar laminated dolostones at the base are overlain by crossbedded calcite-cemented pebbly
quartz sandstone. The top of the scarp displays ~30 cm soil development (covered with leaves).

En francais: Apparence de 'escarpement sur le terrain. La base de 'escarpement est définie par des lignes blanches en a),
b) et c). Les autres lignes blanches et fines indiquent la position approximative du relief de 'escarpement. a) Apparence de
’escarpement dans la forét, [a ou I'excavation contréle a été effectuée (le polygone bleu indique 'étendue de 'excavation a la
surface) (voir étoile bleue fig. 2 pour connaitre le positionnement). La hauteur estimportante (2 m), ’escarpement est net et le
socle rocheux est exposé en surface. b) Apparence de ’'escarpement dans les champs cultivés, sur ’lembranchement Sud du
possible stepover prés du centre de ’escarpement (voir point rose fig. 2 pour connaitre le positionnement). L’escarpementy
est plus subtil, mais ~1 m de relief est tout de méme visible. Le socle rocheux est exposé dans le champs, rendant la culture
de légumesimpossible. c) Vue de I'escarpement en direction Ouest, prés de la tranchée paléosismique (voir étoile rouge fig. 2
pour connaitre le positionnement). La constance et la continuité dans le relief de ’escarpement y sont bien visibles. d) Socle
rocheux exposé pres de la photo (a). Des dolomies planaires et laminées a la base sont surmontées de grés cimentés par de
la calcite et comportent des lits croisés. Le haut de ’escarpement est surmonté par ~30 cm de sol (couvert de feuilles).

tion. Glacial erratic boulders of plutonic and gneissic
rock are scattered on the land surface on both sides
of the scarp, and many were observed partially buried
where unconsolidated sediments are sufficiently thick.

The bedrock exposed along the scarp is a thin-bedded
calcareous pebbly quartz sandstone (Fig. 3d). Finer lay-
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ers of dolomitic to calcareous laminiated silt-sandstone
are more deeply weathered. The erosion of these lay-
ers gives a step-like appearance to the bedrock scarp
face (Fig. 3d). The 10-30 cm coarse pebbly sand layers
are massive or crossbedded. These layers are made of
80% coarse, rounded, spherical, and well-sorted grains
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of quartz and feldspar with 5% <0.5 cm bioclasts and
white-grey calcite cement.

4.1 Testpit

We excavated a ~90 cm-deep test pit to investigate
the unconsolidated sediments on the north side of the
scarp (Figs. 3a). The east wall was cleaned and pho-
tographed for construction of a 3D photomosaic using
Agisoft Metashape (Fig. 4, Table 1; See Section Data
and code availability for links to all repositories.). The
soil present at the surface is a homogeneous, organic-
rich, sediment-poor dark brown soil 30-35 cm thick,
containing abundant roots of 0.5 cm to 4 cm in diam-
eter. Approximately 60% of the soil is made of coarse
to medium, moderately well-sorted quartz sand with
trace micas. The soil also contains <3% 2-15 cm sub-
angular gravel. Below the active soil layer is dense,
light to medium brown compacted sandy loam. The up-
permost ~25 cm is massive, clayey, and contains roots.
This layer fines gradationally downward and is predom-
inantly made of silt and clay with 40% medium-coarse
sand. Rare cobbles and gravel were observed in the
horizon, which also contains small oxidized spots sur-
rounded by iron oxide cement (possible filled burrows).
The deepest burrows were observed at 55 cm below the
ground surface and have a maximum length of 10 cm.
This horizon is underlain by ~5-10 cm layers of tan
sand with blue-gray lenses. Orange iron oxide cements
are abundant in the sand layers. The lenses are ~1-3 cm
thick and give way to more continuous layers at about
70 cm below the ground surface. The layers dip mod-
erately north on the north wall of the pit and steepen
to the south as they approach the steep bedrock con-
tact (Fig. 4). Due to the alignment of some coarser sand
laminae with the grey clay layers, we tentatively iden-
tified the layering as primary. The primary layering is
accentuated by concentrations of authigenic iron oxide
along parallel but irregular layers. The layers steepen
toward the bedrock contact. Bedrock on the south wall
of the pit was similar to that observed at the surface, and
bedrock was not encountered north of the scarp.

4.2 Ground Penetrating Radar

The Ground Penetrating Radar (GPR) survey was run
on the 8th of February 2022, at ambient temperatures
of -2°C, while the soil was completely frozen (See Sec-
tion Data and code availability for links to all reposito-
ries.). The GPR used was a PulseEKKO PRO model 1100
with 100 Mhz antennas. The time window was set at 200
ns, the temporal sampling interval at 0.8 ns, the antenna
separation at 1 m, and the step size at 0.25 m. Figure 5
is interpreted using radar velocity in the subsurface at
0.165 m/ns, an appropriate velocity for ice. The param-
eters were set to reach as deep as possible despite the
expected loss in resolution. A single 30 m-long line was
run from NNE to SSW (purple line on Fig. 2b). We ran
that non-perpendicular transect due to heavy vegeta-
tion and deep snow surrounding the area (purple line on
Fig. 2b). The raw GPR scan (Fig. 5a) shows the presence
of significant dipping reflectors at ~0-10 m, aligned with
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with the surface expression of the scarp.

The raw data obtained in the field was visualized and
processed using the free program Reflex 2D-quick and
EKKO project V5. The data was processed by doing
a static correction (repositioning the Y-axis to zero), a
background removal (removing the average trace to re-
move surface wave and constant horizontal reflections),
applying a standard SEC gain to amplify late reflections,
and applying a topographic correction to correct the
surface elevation profile using the GPS data. The rest of
the parameters were kept at default. The color contrast
was maintained to default.

Assuming the frozen soil approximates the radar ve-
locity of ice (Fig. 5), the reflector corresponding to the
surface scarp dips gently (20°) NNE down to a depth of
~2.5-3 m and is overlain by a zone of more chaotic re-
flectors gently dipping in both the NNE and the SSW
direction (blue). We interpreted these chaotic reflec-
tors as poorly stratified or disrupted sediments. These
chaotic reflectors could be related to mixed grain sizes
in the matrix, changes in soil composition, and/or dis-
organized and randomly oriented clasts, which we hy-
pothesized could represent disruption in the hanging
wall of a normal fault. The bedrock is buried ~3 m at
the NNE end of the line, at the junction of the strong
bedrock reflectors contact (orange line, gently sloping
down SSW) and the inferred fault (see Fig. 5). These
most prominent bedrock reflections (orange line) are
visible at ~5 m depth, with some deeper reflections visi-
ble at up to 10 m, and were interpreted to represent bed-
ding planesin the bedrock. Above the bedrock, a weath-
ered, saturated transition zone is interpreted (orange).
The red and almost horizontal reflectors in the zone are
interpreted to be related to the progressive freezing of
the water table due to their nearly horizontal shape and
presence only in the weathered and not consolidated
bedrock zone. The reflectors overlying the interpreted
bedrock-sediment contact (green line) follow the shal-
low dip of the bedrock-sediments contact (Fig. 5¢). They
were interpreted to represent unconsolidated stratified
sediments. The bedrock-sediment contact is the shal-
lowest at 10 m along the line, concurrent with the sur-
face expression of the scarp. The GPR profile interpre-
tation was consistent with the precedent observations,
leading us to pursue our investgations.

4.3 Ambient noise recordings

To estimate the depth to bedrock over a wider area, a
campaign of ambient noise recording was carried out
at 21 sites on Oct. 27th, 2022 (See Section Data and
code availability for links to all repositories). The sites
were selected along three lines perpendicular to the
scarp, close to the GPR survey line. Ambient noise
was recorded for 20 minutes on each site using Tro-
mino®© sensors setup in a flat zone. The records were
analyzed using the Horizontal-to-Vertical Spectral Ratio
(HVSR) method to estimate the fundamental resonance
frequency (fy) on site (refer to Molnar et al., 2018, for
more details). The data were analyzed with the Geopsy
software (Wathelet et al., 2020) and following the stan-
dard procedure described in the SESAME project (Ac-
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-0cm

L 107 cm

Figure4 a)Eastern wall of the test pit from Agisoft Metashape model. Tape measure for scale. b) Sketch of (a), emphasizing
key features. The bedrock is in reddish-brown on the southern wall of the pit. At the bottom (~56-107 cm below ground
surface), blue and orange clay beds display steepening toward the bedrock interface (black arrows). This is overlain by ho-
mogeneous sandy loam 35-56 cm). The surface is organic and root-rich soil (0-35 cm). Scale in yellow. The labels A, B, C1,
and C2 represent the soil horizons presented in table 1 c¢) Close-up of the upper organic-rich soil horizon. d) Close-up of the
basal clay beds observed at the bottom of the pit.

En francais: Mur est de [’excavation contréle obtenu grace a un modele Agisoft Metashape. Ruban a mesurer pour I'échelle.
b) Croquis de (a) soulignant les éléments clés de ’exacavation. Le socle rocheux est rougeétre le long du mur Sud. Le bas de
la colonne (56-107 cm) comporte des lits d’argile bleus et oranges courbés, pointés entre les deux fléches noires. Les lits sont
de plus en plus verticaux prés du socle rocheux. Cette partie est surmontée par 35 a 56 cm de limon sableux homogéne. La
partie de 0-35 cm est riche en racines et en matiére organique. L’échelle est identifiée en jaune. Les étiquettes A, B, C1 et C2
représentent les horizons décrits dans le tableau 1. c) Agrandissement de la partie riche en matiére organique du haut de la
colonne. d) Agrandissement des lits argileux observés au bas de ’excavation.

erra et al., 2004). The map in Figure 6 locates the inves-
tigated sites grouped by predominant frequency of the
peak amplitude f; as estimated in the HVSR spectrum.
The entirety of the spectra for the 21 sites can be found
in the supplementary materials (See Section Data and
code availability for links to all repositories).

The survey results indicate the presence of a thicker
layer of sediments north of the scarp where the val-
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ues of fj are lowest (around 10-12 Hz) and very shallow
bedrock south of the scarp (with higher values of fj),
consistent with the GPR results. The value of f is re-
lated to the layer thickness (H) and average shear-wave
velocity (Vs) such that f, = Vs/4H (Roesset, 1970), as-
suming a homogeneous soft surface layer with a Vs of
200 m/s (as suggested by Rosset et al., 2015). The thick-
est sediments (~4 m to bedrock) appear at sites B5, B6,
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Depth (cm) Label Description Color

Surface (0-4) 0 Uneven surface covered in maple leaves and organic material

4-35 A Organic-rich, many roots. Contact irregular, possibly due to tree uprooting and tilling. | Gray-brown
Contains sub-angular gravel.

35-42 B 35-42 B Reduction in roots, increase in sand. Noticeably more yellow color. Yellow-brown

42-56 Cy Sandy parent material (40% medium-coarse sand, 60% silt and clays), fining gradation- | Tan
ally downwards. Rare cobbles. Oxidized layers, possibly reflecting water flow paths.

56-107 Ca Tan sand with blue-gray lenses. Abundant orange iron oxide layers. Tan sand, blue-gray

clay-rich layers

Table1 Description of soil units in the test pit

Distance (m
NNE 10 (m) 20 SSW

Depth(m)
(su) awnyt

Distance (m)
10 2 SSW

(su) awiL

Elevation (m)

(su) awrL

New LinesetLNESO Cot 2022-Feb-03 Freq: 100 iz Gai/Fiter Dewow + SEC2 Gain (Atienuation: 1 85 Start Gain 0.52 Maximum Gain: 36) Background Subtracton (Fiter Vidth(m): 29 500

Figure 5

a) The raw data obtained from the GPR survey using EKKO project V5, b) GPR survey after processing, with to-

pography considered, using EKKO project V5. Vertical axis is depth assuming uniform velocity of ice. c) Interpretation of the
processed GPR survey. Calculated depths(m) are assuming a velocity of ice (v = 165 m/ns).

En francais: a) Données brutes des levés GPR obtenues a ’aide de EKKO project V5. b) Levé GPR apres avoir traité les données
a laide de EKKO project V5. L’axe des ordonnées représente la profondeur selon la vitesse dans la glace. c) Interprétation
des données GPR traitées. Les profondeurs calculées utilisent la vitesse de la glace (v = 165[m/ns]).

B7, and C2, a couple of metres north of the scarp. Fre-
quencies at sites Bl and B2 further north suggest simi-
lar thicknesses while the sites A1, B3, B4, and C1 suggest
very shallow bedrock. The uncertainty associated with
the depth estimate is significant, but this does not de-
tract from the distribution of frequency values over the
area, which indicates a relatively thicker layer of uncon-
soildated sediment north of the scarp.

10

4.4 Seismicrefraction survey

A seismic refraction survey was run perpendicular to
the scarp in the same location as the ambient noise sur-
vey (Fig. 2, See Section Data and code availability for
links to all repositories). Twenty-four geophones were
spaced at a 2 m intervals along the survey line and three
source shots were hammered per array location (at -2
m, 23 m, 48 m respectively). Each geophone was moved
2 m northward to shift the array after each set of three
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Figure6 Ambient noise recordinglocations superimposed onlidar DEM (see Fig. 2 for location). The scarp appears between
the black arrows. Three ambient noise profiles (A, B, and C) were collected perpendicular to the scarp. The point’s colors
indicate the predominant frequency sampled at each site, which is roughly correlated to the bedrock depth at these locations.
Three ambient noise HVSR spectra are presented on the left side of the plot for reference. The spectra for the 21 sites can be
found in the supplementary materials (Section 7).

En francais: Localisation des enregistrements de bruit sismique et carte lidar ombrée (voir Fig. 2 pour positionnement). Les
deux fleches noires localisent 'escarpement. Les enregistrements de bruit sismique sont localisés selon trois profils (A, B et
C) perpendiculaire a ’escarpement. La couleur des ronds indique la fréquence prédominante f0 calculée pour chaque site,
qui est inversement proportionnelle a la profondeur du socle rocheux. Trois exemples de spectres HVSR de bruit sismique
sont présentés du c6té gauche de la figure. Les spectres HVSR obtenus pour les 21 sites sont accessibles dans les documents

complémentaires (Section 7).

shots, resulting in a total effective survey length of 64
m. The data was filtered between 100 and 300 Hz and
grouped into common shot gathers. First arrivals were
picked manually using Refrapy (Guedes et al., 2022).
The picked travel times were inverted for Vp to derive
a 2D model using pygimli (Riicker et al., 2017). The
2D model included the local elevation profile along the
seismic line. The starting model for inversion extended
to 16 m depth, and the initial velocity structure was a
linear gradient from 300 m/s at the top of the model to
3000 m/s at the bottom. The model used an unstruc-
tured triangular mesh designed to provide the highest
spatial resolution in areas with the most data coverage.
The final velocity model is the result of iterative inver-
sion, stopping when the change in the data objective
function between iterations is less than 0.1%. The in-
version is constrained to keep all velocities between a
minimum of 100 m/s and a maximum of 4500 m/s. Fig-

11

ure 7 shows the final Vp model for the region where the
data provide constraints.

The resolution of the model was assessed using super-
imposed checkerboard velocity anomalies (Zelt, 1998).
The data can resolve velocity structure in a smooth
sense but, due to sparse ray coverage, the nominal res-
olution limit for the model is ~8 m, meaning that veloc-
ity anomalies with a smaller length scale than 8 m may
not be faithfully resolved in most of the model space.
Thus, the refraction survey is broadly consistent with
the results of the other geophysical investigations, but
does not add any additional constraints on the subsur-
face structure.

5 Saint-Liguoritrench

The geophysical and test pit observations presented
above seemed to be consistent with the hypothesis that
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Figure 7 a) Processed and smoothed refraction survey results. b) Refraction velocity model with ray coverage.
En frangais: a) Profil de sismique réfraction aprés lissage b) Profil incluant la couverture des rais sismiques.

the Saint-Liguori scarp could be a post-glacial fault
scarp, motivating us to excavate a paleoseismic trench
at Cabane a Papio near the village of Saint-Liguori in
summer 2023 (Fig. 1, 8). The trench site was chosen
in consultation with the landowner, where the highest
part of the scarp was accessible by four-wheeler tracks
and the population of large producing maple trees was
least dense. Québec law (s. 3.15.3.1(1),(2),and (3) of the
Code de sécurité pour les travaux de construction) re-
quires oversight by a professional engineer for excava-
tions greater than 1.2 metres deep (Gouvernement du
Québec, 1979). Under the law, generic excavations must
be fully shored prior to allowing people working within
walls >1.2 m high except in cases of certification by a
professionally accredited engineer. An initial consulta-
tion with an engineering company resulted in a shoring
design that could be slid along the trench wall to reveal
20 cm-square windows of the soil. We rejected this plan
as untenable because it would not allow for cleaning
and photographing the walls. We also contacted sev-
eral government agencies and found that those with a
geological mapping mandate had no experience with
trenching and those overseeing roadworks had no expe-
rience with soil logging at the level of detail required for
apaleoseismic trench investigation. No agency was able
to offer advice or support on how to legally excavate. For
several months it appeared there was no legal path for-
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ward to excavating a paleoseismic trench for logging at
the site.

The breakthrough occurred through the introduction
of a geotechnical engineer who had gained previous
experience in paleoseismic studies (Claudine Nackers,
P.Eng., M.A.Sc.). She designed a site-specific safety and
excavation plan to allow trench wall cleaning and obser-
vation with contingencies depending on stability condi-
tions encountered in the subsurface. This plan is com-
pliant with requirements under Québec law, and engi-
neering oversight during the excavation ensured that
all conditions encountered were safe. Isra Excavation,
a local company, worked closely with the engineer to
ensure compliance with safety mandates and to plan
adaptations after an intense rainstorm arrived while the
trench was open. The benching geometry was agreed
upon between the engineer and the excavator operator
as the excavation continued. The site safety plan (in
French) is available in the supplementary material(Sec-
tion Data and code availability).

The trench was opened on 13 July 2023 and reached
a depth of 3.15 m (of which only 2.93 m was logged
for safety reasons) by 9.12 m long and 4.2 m wide at
the surface, with four benches on each long side. The
south wall of the trench was bounded by the bedrock
scarp, which was cleared of soil to the top of the topo-
graphic scarp. Slabs of detached bedrock up to 1 metre
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Figure 8 Agisoft orthophoto of the eastern wall of the trench. The soil sample locations shown with yellow dots were used
for Munsell color identification and collected for grain size analysis but not yet analyzed. The horizon names and positions
are also included in the orthophoto. The sharp contacts bounding horizons O and A, marked with black lines.

En francais: Orthophoto du mur est de la tranchée obtenue a 'aide d’Agisoft. Les échantillons de sol prélevés sur le mur sont
identifiés en jaune. Ils ont été échantillonnés afin de déterminer la couleur des horizons a l’aide d’une charte des couleurs
des sols de Munsell et pour une potentielle analyse de la granulométrie. Le nom des horizons et leur postion sont aussi inclus
dans l'orthophoto. Les horizons O et A, qui sont délimités par des limites nettes, sont identifiés a 'aide de lignes noires.

wide were removed from the trench by the excavator,
but no similar slabs were observed as clasts in the sedi-
ment. The dense diamict matrix (described below) was
slightly moist and exhibited high cohesion, resulting
in favorable conditions for wall cleaning and photogra-
phy (See Section Data and code availability for links to
all repositories). The north wall of the trench was not
cleaned. The east and west walls were benched (Fig. 8)
at intervals of 0.75-1.2 m to a width of 0.5 metres, with
benches sloping gently toward the south. The east wall
was cleaned for photography and logging. The west wall
was partially cleaned in the area adjacent to the bedrock
scarp. The 3D model is available in the supplementary
materials (Section Data and code availability).

5.1 Bedrock description

The bedrock below the ground surface was shaped by
bedding plane ledges forming a stepped wall oriented
at 340/17W, consistent with the interpreted bedding
planes on the GPR. The bedrock comprises interbedded
crystalline carbonate, calcite-cemented cross-bedded
quartz grits, and reddish fissile siltstone which was
not previously identified at the surface scarp. Crys-
talline carbonate beds (dolostone with some calcite
clasts and cement) are golden brown on smooth weath-
ered surfaces and medium gray on fresh surfaces. Lacy
siliceous cements decorate wavy - likely algal - lami-
nated beds to about 0.6-1.2 m thick. Benches on the ex-
posed bedrock scarp are topped by thinner (30-40 cm)
crossbedded quartz sandstone (0.5-2 mm) beds, with
high grain sphericity and rounding. The sand is calcite
cemented, resulting in a friable weathered zone extend-
ing ~5 cm below the soil interface. Thin (2-5 cm) shale
interbeds occur above quartz sandstone beds and some-
times between thicker crystalline carbonate beds. The
shales are massive to laminated, dark grey, plastic, and
fissile where weathered. Parting surfaces are altered to
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brick red within a few cm of soil interface.

The bottom of the trench was reached at a subhor-
izontal bedding plane surface of crystalline carbonate
at 293 cm below the ground surface. A deeper bench
was reached on the northeast side of the trench, but
due to stability concerns related to storm water pond-
ing, we did not log that area below 293 cm. We esti-
mate that the depth reached ~315 cm. Bedding plane
slabs of bedrock detached during excavation, aided by
joints oriented ~058/90, parallel to the scarp. The steps
in the outcrop are formed by the upper surface of car-
bonate bedding planes, and the base of the ledges corre-
sponds to the erosion of the thin reddish siltstones. This
description is consistent with the Beekmantown Group,
possibly the Beauharnois Formation (Hersi et al., 2003),
asindicated on the regional bedrock geologic map (Min-
istere des Ressources naturelles et des Foréts, 2021).

5.2 Sediment description

The diamict depositionally overlies the stepped bedrock
surface (Figure 8). The contact was observed from the
base of the organic-rich soil horizon down to the base
of the pit, which was terminated at a wide bench in the
bedrock 3 m below ground surface (Table 2; Figure 8).
The excavator removed 30-50 cm of organic-rich, dark
brown to chestnut brown soils with abundant (10%)
roots 0.5-4 cm in diameter. The soil transitions to un-
consolidated but densely compacted matrix-supported
diamict. The transition between the upper soils and
the diamict appears at a depth of ~25 cm. The contact
is sharp, but undulating. Living roots were observed
down to 1.2 m below ground surface (<1% roots), pene-
trating the diamict. A couple of roots reached a depth
of 1.5 m, only appearing in highly weathered clasts.
The diamict matrix is massive and lacks visible bed-
ding planes, lamination, or grading. Only very subtle
changes in grain size, color, and composition were ob-
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served from the base of the soil to the bottom of the
trench (~2 m). The matrix is pale brown (olive brown
2.5Y 4/2 and 4/3 to olive gray 5Y 4/2), and comprises
~10% clay, 70% silt, and 20% sand.

We observed irregular elongated bodies of nearly
100% brown homogeneous clay in the upper ~0.5-0.75
m of the trench wall. These comprise <1% of the di-
amict. They are locally branching and irregularly ta-
per and are found in both horizontal and steep orien-
tations, with the horizontal ones up to a few cm in di-
ameter and steep ones more likely to be millimetric in
diameter. These appear to follow root traces, and we in-
terpret these as the weathering products of the diamict
due to reactions with organic acid from the roots.

5.3 Clast description

In the diamict, the clast size is heterogeneous, varying
from <1-20 cm, with rare clasts reaching 30 cm. The
clasts had no grain-to-grain contacts and no preferred
orientation and were distributed homogeneously in the
diamict. They were usually angular and highly weath-
ered. The different clast types observed are summa-
rized in Table 3. We noted three colors of deeply weath-
ered, friable, oxidized clasts (orange, dark brown, and
black) that have similar grain textures, suggesting the
protolith microstructure was common to all three.

The deeply weathered condition of the clasts across
a range of compositions is consistent with the older
glacial diamicts known from southern Québec. If cor-
relative, this diamict may be as Illinoian (130-191 ka
Shilts, 1992). All the clasts observed in the matrix were
plutonic or metamorphic, suggesting that they were not
representative of the local geology. No local Paleozoic
clasts were identified.

6 Discussion

Based on the geomorphic features of the scarp and the
subsurface continuity implied by the geophysical inves-
tigations, we interpreted the Saint-Liguori feature as a
likely candidate for a recent fault scarp. The bends
in drainages flowing southward toward the scarp face
(Fig. 2) were identified as possible deflected channels.
In retrospect, the deflection does not necessarily repre-
sent channel displacement or scarp development, and
we cannot be sure how much anthropogenic modifi-
cation of the channels has taken place. The test pit
also strongly suggested that the scarp could have been
fault-related. The displacement of Holocene sediments
inferred from the geomorphology, combined with the
observation of curvature of layers we had interpreted
as sedimentary layering against the scarp surface were
perceived as drag folds indicating evidence of faulting
(Grasemann et al., 2005; Smith et al., 2014; Mikko et al.,
2015; Palmu et al., 2015). The data subsequently ob-
tained in the field during the three geophysical surveys
consistently indicated a buried bedrock scarp, consis-
tent with a fault offset. These observations, made with
multiple techniques, increased our confidence in hav-
ing found a north side-down normal fault 50 km NNE of
Montréal, and near enough to the city to represent the
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source fault for 1732 ~M5.8 earthquake. Surface rup-
ture is rare for earthquakes <M5-5.5 (Wells and Copper-
smith, 1993; Leonard, 2014) and when it occurs, even
more rarely produces a scarp under ~5 km long (Biasi
and Weldon, 2006). However, noting recent landscape
modifications, our mapped scarp length represents a
minimum bound for the original feature. If formed by
many events, perhaps migrating in space, a preserved
scarp may be longer than expected for a single rupture.
So the short mapped length of our scarp was not nec-
essarily indicative of its potential to be a paleoseismic
feature.

Trenching in July 2023 confirmed the existence of a
steep and ~horizontally bedded buried bedrock scarp
at least ~3 m deep, but it was found to be deposition-
ally overlain by an old and completely undeformed di-
amict. The lack of bedding in the diamict corresponds
to the chaotic unit overlaying the bedrock interpreted
from the GPR profile, and the observed bedding also
approximately matches the interpretations made on
the GPR (Fig. 5). The diamict displays evidence of in-
tense post-depositional weathering without physical de-
formation, as evidenced by the preservation of sharp
clast boundaries for lithoclasts that are completely fri-
able and weathered beyond identification. If any post-
depositional deformation had affected the diamict, we
would expect to see disruption of the boundaries, de-
formation, and disaggregation of these clasts, but they
were observed completely intact. The massive matrix of
the diamict is homogeneous mixed fine sand-silt with
no detectable deformation bands, fractures, fissures,
rotated/oriented clasts, or other features typically as-
sociated with faulting or shearing in unconsolidated to
weakly consolidated sediments (Table 2; c.f. Bray et al.,
1994; Oettle and Bray, 2013; Balsamo et al., 2014). Del-
icate diagenetic/weathering features were observed in-
tact, including the wavy-tabular and tubular clay bod-
ies associated with roots. The roots that formed the
clay bodies are older than the modern root systems, so
the fact that we do not observe offset or contortion of
these features adds to the evidence that the diamict has
not experienced deformation. The variable clast lithol-
ogy is consistent with glacially transported coarse clasts
primarily derived from the Grenville belt (granite and
quartzite). The deeply weathered orange, brown, and
black clasts are of unknown affinity, but based on the
color, the protolith may be mafic or ultramafic. Due to
the lack of clast alignment and matrix shear fabric and
absence of faceted clasts, lack of sorted or laminated
beds, the origin of this diamict remains uncertain but
the variety and size distribution of lithoclasts, and high
matrix fraction, could suggest basal deposition by lodg-
ment or melt-out, melt-out, or debris flow origins in a
pro- to subglacial setting.

This study highlights the importance of trenching to
accurately identify fault scarps for paleoseismic stud-
ies. Although the geophysics results were suggestive,
no conclusions could be drawn until the absence of de-
formation of the sediments was directly observed (c.f.
Akciz et al., 2014). Trenches have been used to as-
sess the seismic origin of scarps and assess the timing
of fault activity, notably in related recently deglaciated
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Depth (cm) Soil Hori- | Description Color
zon
Surface Uneven surface covered in maple leaves and organic detritus Variable
0-5, variable 0 Humic. Very abundant roots (15%), cohesive, organic-rich material. Very dark brown
(7.5YR2.5/1)

5-25, variable A/B Sparse fine to medium sand. Lithic sub-angular sand with yellowish quartz. Roots | Dark yellowish
~10%. Rare gravel <5%. Contains pebbles and cobbles (similar to the rest of the col- | brown (10YR 3/6)
umn). Friable, high porosity. Upper and basal contacts highly convoluted, likely due
to tree felling and agricultural disturbance.

25-293 Cy Diamict. Nearthe upper 0.5 m there are wiggly sharp-walled tabular clay bodies, brick | Olive brown (2.5Y
brown in color. Most of the thicker (up to 2 cm) clay bodies are sub-horizontal and fine | 4/3)
roots emerge from them. Steeper clay bodies ones are more braided, thin (3mm),and | At ~120 cm: subtle
wavy. Matrix is silt to fine sand with 20% medium to coarse sand. <2-5% gravel and | color change to
around 1% cobbles. <1% boulders. Olive brown (2.5Y
_ 4/2) and olive gray
Subtle transition at ~120 cm: Abrupt loss of pervasive roots (5% to <1%) and clay bod- | (5Y 4/2)
ies. Roots below this level are concentrated in weathered clasts. Subtle color change.

Roots are completely absent in the diamict below ~150 cm.

293 - ~315 Ca Diamict. Not visible in the photomosaic due to reduced photo coverage at base of | Olive brown (2.5Y
pit. Matrix slightly coarser than above (~ 5-10% increase in the fine to medium sand). | 4/3)

Gravel % appears to decrease (around 2%), but overall size increased (2-4 mm pre-
dominant). Cobbles <1%.

>293-315 (TD) R Bedrock dolostone. depositional contact with diamict to surface at southern pit edge

Table2 Description of unconsolidated sediments and soils observed in the Saint-Liguori scarp trench.

Label

Approximate
relative clast
proportion

Size (cm) Color Description

Orange clasts

Dark brown clasts

Quartzite clasts

Granite clasts

Gray
clasts

greenstone
Black clasts

Other metamorphic
rocks

35%

33%

15%

8%

5%

2%

2%

[0.5-15] Pale orange

friable.

Silt-sized grains, mineralogy uncertain. Homogeneous, & very

[0.5-30]

[0.5-7]

[1-15]
upto 20

[0.5-7]

Dark brown-red

Bright white

Pink

Gray
Black

Black and white

Silt-sized grains with some clay, no zoning, homogeneous. Fri-
able to the point of complete loss of cohesion, angular. Less
than 1% gray lithics <0.1 cm.

Sugary and friable, angular clasts, almost purely made of quartz.
Wide variety of intraclast grain sizes (0.1 cm-1 cm) but homoge-
neously distributed. Larger grain fraction are sub-angular and
represent 10% of the matrix, while tiny grains (<0.5 cm, 90% of
the matrix) are rounded. Sometimes present with thin, cohesive
dark gray weathered cortices.

Granite containing coarse 50% k-feldspar, 20% coarse plagio-
clase, 20% coarse Quartz, and 10% micas of 0.1-0.5 cm. The
clasts are sub-angular, hard, and weakly weathered.

Fine-grained, hard, sub-angular pebbles and cobbles. Silicified
greenstone. Rough weathered surface with thin cortex.

Powdery, highly weathered, and angular clasts. Mineralogy un-
certain. May be a darker version of the dark-brown clasts.

Mica-dominated (mica concentration >90%, 0.1-0.3 cm) granites
are observed in the matrix. Some gneissic tonalites have also
been found in the matrix. Pieces of meta-quartz veins are also
observed.

Table3 Diamict clast descriptions from trench wall.

and intraplate landscapes, and have proved their worth
(Markovaara-Koivisto et al., 2020; Figueiredo et al.,
2022; Morner et al., 2000). Even in active plate bound-
ary settings, with strong geomorphic expression of fast-
slipping faults with recent ruptures, not every paleo-
seismic trench is successful (Akgiz et al., 2014).
Although we did not discover a recently active fault,
this project still has an important value, since it repre-
sents the first paleoseismic trench attempted in Québec.
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One of the strong outcomes of this project was the cre-
ation of a network of engineers, geologists, and govern-
mental agencies that are now familiar with the field of
paleoseismology and the protocols associated with pa-
leoseismic work. Together, the techniques used in this
paper and the trench establish a set of guidelines that
will simplify the study of other scarps in Québec and
stimulate the emergence of paleoseismic studies. As
suggested by Brooks and Adams (2020), the availabil-
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ity of new landscape data such as lidar-derived eleva-
tion models should facilitate the discovery of new can-
didates of glacially-induced or younger faults in east-
ern Canada. Once surface-rupturing scarps will be
found, age estimates could be established by dating
fault gouges using 40Ar/39Ar (Vrolijk et al., 2018) or
OSL dating (Hu et al., 2024). Precise magnitude esti-
mates and potential recurrence could also be estimated
from these scarps using Quaternary geomorphic fea-
tures, which are abundant in the province, and their
measured offset (Morell et al., 2020). Other techniques
to estimate the position and magnitude of past earth-
quakes also remain to be tested in Québec. Notably,
the study of precariously balanced rocks (PBRs) sitting
on bedrock can reveal a constraint on the time elapsed
since the region experienced ground acceleration suf-
ficient to topple the boulder (Weichert, 1994; Brune,
1996). This technique has already been used in Central
California and Eastern U.S, but has yet to be tested in
Eastern Canada (Rood et al., 2020). These observations
will open the way for fault source models, earthquake
source models and probabilistic seismic hazard analy-
sis (PSHA) (Morell et al., 2020). Without the discovery
of fault scarps, it is not possible to constrain source-
specific seismic hazard scenarios, in particular for east-
ern Canada’s major cities (Rosset et al., 2021, 2023).

7 Conclusion

A wide range of techniques have been used to assess
the nature of the Saint-Liguori scarp. The lidar-derived
data product, the test pit, and the three geophysical sur-
veys all revealed details consistent with disrupted sedi-
ments or offset bedrock that led to a consistent conclu-
sion: this scarp was likely to be a fault scarp. However,
opening a paleoseismic trench in July 2023 revealed the
absence of syn- or post-glacial deformation in a very old
diamict buried against the bedrock scarp, completely
disproving our earlier interpretation. The scarp is not
a surface-rupturing post-glacial fault scarp. This un-
expected finding highlights the importance of paleo-
seismic trenches for identifying active faults. Challeng-
ing environments, such as the heavily vegetated and re-
cently deglaciated landscape of southern Québec make
fault identification challenging, particularly in light of
the low regional strain rate. This paper documents an
important breakthrough in the field of intracratonic pa-
leoseismology in eastern Canada, since it represents
the first paleoseismic trench attempted in the province
of Québec. This project facilitated the development
the creation of a network of geoscientists and engi-
neers who are now aware of and interested in intraplate
trenching and paleoseismology. This network will be
crucial in the upcoming years, since governmental poli-
cies and laws in Québec do not account for the logistical
demands of paleoseismology, creating a barrier to fault
mapping and the development of a prehistoric seismic
record for the region.
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