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Abstract

In intraplate areas where regional tectonic strain is accommodated by the reactivation of pre-existing structures, the level of
seismic hazard associated with faults may be underestimated due to the poor surface expression of faults, scattered earthquake
distribution, and long earthquake recurrence intervals. The cause(s) of seismicity in eastern Canada remains unresolved. This
is partially because surface expressions of faults have been eroded during glacial and deglacial periods and in the Ottawa-
Bonnechere Graben (OBG) are undetectable until a seismic event. Morphotectonic analysis has been widely applied to assess
relative tectonic activity in various geological settings. To establish whether active uplift is occurring and to investigate the
spatial distribution of relative uplift rates, 131 bedrock drainage basins in OBG were analysed. The aim of this was to (1)
test the applicability of geomorphic indices for quantifying active deformation, (2) quantify the spatiotemporal distribution
of relative uplift rates, and (3) explore the implications for faulting mechanisms, deformation styles, and ultimately regional
seismic hazard. We measured valley floor width-to-height ratio (V¢), basin elongation ratio (R.), basin hypsometric integral, and
normalized channel steepness index (ks,). The results show that high relative uplift rates exist in all the six bedrock escarpment
sections investigated, suggesting that they are presumably related with regional broad wavelength uplift (epeirogeny) caused
by a complex interaction between far-field tectonic stress and glacial isostatic adjustment (GIA). Our analysis showed that Vg,
Re, and k;, reveals no considerable spatial differences in high relative uplift rates, consistent with the Canadian Base Network
GPS uplift rates.

Highlights

* Geomorphic indices are applied in a low relief and low-medium seismicity area.

* Geomorphic indices reveal a broad wavelength regional uplift and show relative tectonic activity in the OBG.

 Relatively high geomorphic indices values provide longer term deformation history compared to global positioning system
(GPS) records.

* Landscape formation and river incision is driven by a complex interaction between GIA and far-field tectonic stresses.

* Relative uplift rate results show similar patterns to published GPS uplift rates.

 Possible link between relative tectonic activity and current seismicity.

Key words: Ottawa-Bonnechere Graben, western Quebec seismic zone, morphotectonic analysis, intraplate seismicity, regional
uplift, Canada

1. Introduction L . o
micity in SCRs, as well as the nature of intraplate seismicity,

and strain rates, is of major concern in eastern North Amer-
ica, since many densely populated cities such as Montreal,

Eastern Canada is characterized as a stable continental re-
gion (SCR) which has a relatively lower seismicity rate and

longer earthquake recurrence intervals compared to active
plate tectonic zones/boundaries (Calais et al. 2016; Mazzotti
and Gueydan 2018). However, strain localization resulting in
seismicity is not uncommon in such intraplate continental
domains (Mathew et al. 2016a; Jobe et al. 2020; Rimando et
al. 2021). Gaining a better understanding of the causes of seis-
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Ottawa, and Toronto are located in this region. Although lo-
cated far from a plate boundary, the SCR of eastern Canada
regularly experiences seismic events of ~M5-6 and, occasion-
ally greater (Bent 19964; Jobe et al. 2020). Eastern Canada
is one such seismically active continental intraplate region
which has a low strain and a low seismicity rate (Hurd and
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Zoback 2012; Calais et al. 2016; Pinet et al. 2021). In addition,
seismicity in eastern Canada is dominated by reactivation of
inherited structures, which includes paleo-plate boundaries
(Kumarapeli 1978; Lamontagne and Ranalli 1996; Rimando
and Benn 2005; Rimando and Peace 2021). The number of
seismic hazard studies in this region is steadily increasing
partially due to rising awareness of the impact of earthquakes
on the built environment (NRCC 2010; Adams 2011; Yu et al.
2016; Goda 2019a; Jobe et al. 2022).

The western Quebec seismic zone (WQSZ) is one of the seis-
mically active areas in eastern Canada, which includes the
Ottawa-Bonnechere Graben’s (OBG) paleo-rift structures (Fig.
1). Morphotectonic analysis can be used to better define rela-
tive tectonic activity (Bull and McFadden 1977; Yildirim 2014).
A strong relationship between high relative uplift rates and
evidence of recent seismicity has been shown in other in-
traplate tectonic settings with low-to-moderate rates of seis-
mic activity (Ntokos et al. 2016; Mathew et al. 2016a). For
instance, in Borneo, most drainage basin geomorphic in-
dices suggested high relative uplift rates, consistent with pre-
existing structures that were categorized independently as
active (Mathew et al. 20164, b). In the WQSZ, previous neo-
tectonic studies have mostly focused on seismology and
sedimentology and less so on the earthquake geology and
tectonic geomorphology (Baird et al. 2010; Bent et al. 2015;
Brooks and Adams 2020; Doughty et al. 2010a, b; Ma and Mo-
tazedian 2012; Mohajer et al. 1992; Alinia et al. 2017). Addi-
tionally, there is an ongoing debate regarding the causes of
Quaternary faulting, revolving around whether active defor-
mation is due to glacial isostatic adjustment (GIA), tectonic
stress-related deformation, or some combination of these two
mechanisms (Adams 1989; Wallach et al. 1995).

This work represents the first quantitative morphotectonic
analysis carried out to assess relative rates of uplift in the
OBG. This analysis is important as it helps to constrain the
role of regional deformation on the spatial distribution of
uplift rates in the OBG area. For example, in the Timiskam-
ing Graben, knickpoint analysis successfully identified sev-
eral knickpoints coincident with previously mapped faults
and lineaments (Bucci and Schoenbohm 2022), demonstrat-
ing the power of such morphotectonic approaches. Our study
analysed watersheds along the bedrock escarpments of the
OBG. These escarpments constitute the footwall of present-
day reverse faults which are interpreted to result from the
reactivation of pre-existing normal fault structures under
the current tectonic stress field (Rimando and Peace 2021)
(Fig. 1).

As such, the primary goals of this study are to (1) test the
applicability of geomorphic indices for quantifying active de-
formation in this particular tectonic setting, which has a low
relief and long earthquake recurrence intervals, (2) quantify
the spatiotemporal distribution of relative uplift rates in the
OBG, (3) explore the implications for fault mechanisms, de-
formation style, and ultimately regional seismic hazards, and
(4) to determine priority sites for future detailed seismic haz-
ard studies. We examined which indices may be related to
unrecognized recently active structures or regions of active
uplift. This was achieved by integrating four different geo-
morphic indices to characterize the spatial distribution of

relative uplift rates in this setting which is characterized by
low-to-moderate seismicity and relief.

2. Regional geology

The study area is approximately 600 km wide from North
Bay in the west to Montreal in the east (Fig. 1). The OBG
is a part of the Saint Lawrence failed rift segment that has
a complex tectonic history spanning several billion years
(Lamontagne et al. 2003; Tremblay et al. 2003; Tarayoun et
al. 2018). The Grenville orogeny, which started around ~1.3-
1 Gyr when Laurentia and Amazonia collided shaped the
early evolution of the region (Karlstrom et al. 2001; Dickin
et al. 2017). The Saint Lawrence rift has two failed rift arms:
(1) Ottawa-Bonnechere Graben and (2) Saguenay Graben, both
of which are products of the opening of the Iapetus Ocean
that took place around ~700 Myr ago (Rankin 1976). Ap-
proximately 450 Myr ago during the early stages of the
Appalachian orogeny, graben development ceased with the
closure of the Iapetus Ocean (Lemieux et al. 2003; Hatcher
2010). The Mesozoic-Cenozoic opening of the Atlantic Ocean
represents the most recent major tectonic event that con-
tributes to the current regional stress field (Stephenson et al.
2020). Rifting prior to the North-Central Atlantic Ocean open-
ing was diachronous and began earlier in the Central Atlantic
before rifting propagated into the North Atlantic ~150 Myr
ago whereby it reactivated the paleo-rift margin of Iapetus
Ocean (Lemieux et al. 2003; Tremblay et al. 2003; Peace et al.
2020; Schiffer et al. 2020). During the opening of the North
Atlantic Ocean, deformation of intraplate regions likely oc-
curred during distinct phases, which have been linked to pe-
riods of tectonic reorganisation (Stephenson et al. 2020).

The seismicity in this region is divided into seven main
zones based on regional stress fields and regions of crustal
weakness: (1) eastern northern Ontario, (2) southern Great
Lakes, (3) western Quebec, (4) Charlevoix-Kamouraska, (5)
Lower St. Lawrence, (6) northern Appalachians, and (7)
Laurentian Slope seismic zones (Adams and Basham 1989;
Mazzotti and Townend 2010) (Fig. 2), while, some work sug-
gests that because the seismicity is better categorized as a sin-
gle seismogenic region (Adams and Basham 1989; Vasudevan
et al. 2010; Steffen et al. 2012). The band of seismicity in the
WQSZ is linked to the present-day stress regime which reac-
tivates the pre-Tertiary structures, mainly in a reverse kine-
matic sense with a minor strike-slip component (Figs. 1 and 2)
(Wallach et al. 1995; Rimando and Benn 2005; Rimando and
Peace 2021).

The OBG is tectonically part of the Grenville Province (Guo
and Dickin 1996; Dickin and Guo 2001), where Precambrian
rocks have experienced low rates of tectonic activity for more
than 600 Myr (Fig. 2) (Guo and Dickin 1996, 2001; Rimando
and Benn 2005; Ma and Eaton 2007). Seismicity in the OBG
is primarily focused in the northern side and in the graben
structures itself, in which reactivation of inherited struc-
tures strongly controls the seismicity distribution (Tarayoun
et al. 2018), with the northwest-southeast structures play-
ing an imperative role in the recent seismicity distribution
(Rimando and Benn 2005; Rimando and Peace 2021).
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Fig. 1. (a) Map of the Ottawa-Bonnechere Graben at the boundary between Quebec and Ontario Province. Major fault features
(extracted from Lamontagne et al. 2003) and seismicity with earthquake magnitude from 2 to 5 (red dots = M4-5, purple
dots = M3-4) (International Seismological Centre 2021) in the OBG plotted on a 30 m ASTER global digital elevation model
(https://doi.org/10.5067/ASTER/ASTGTM.003). The blue semiparallel east-west polygon indicates the location of Fig. 5. Num-
bers in white boxes represent faults investigated in this study: 1, Mattawa River Fault; 2, Coulonge Fault; 3, Eardley Fault; 4,
Gatineau Fault; 5, Lachute fault; 6, New-Glasgow Fault; 7, Sainte-Julienne Fault; 8, Saint-Maurice Fault. (b) Photograph looking
to the northeast showing the typical morphology of a northwest-southeast-oriented bedrock escarpment (goalpost as a scale

approximately 2.5 m).
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The dominating lithologies in the OBG are metamorphic
rocks, predominantly Mesoproterozoic gneisses (Mezger et al.
1993) (Fig. 3). The Geological Map of Canada Map D1860 A
(Wheeler et al. 1996) shows metamorphic rocks in the west-
ern and central parts of the studied area, while the sed-
imentary rocks dominate the eastern section. Palaeozoic
sedimentary strata with an age of 453.36 + 0.38 Ma (upper
Ordovician) (Oruche et al. 2018) occupy lowland regions that
overlap with the St. Lawrence lowland. The surficial deposits
of the OBG consist of glacial, fluvial, and marine sediments
(Brooks 2013) that date back 10 000-12 000 years (Russell et al.
2011).

3. Methodology and data

Morphotectonics is a branch of geomorphology that stud-
ies the Earth’s surface relief features and relates them to tec-
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tonic processes (Kober 1928). Morphotectonic analysis which
integrates multiple geomorphic indices, has been used suc-
cessfully to identify the relative tectonic uplift rate associated
with the present-day seismicity and regional stress in vari-
ous tectonic settings (compressional, extensional, and strike-
slip/oblique-slip) (Chen et al. 2003; Cyr et al. 2010; El
Hamdouni et al. 2008; Krystopowicz et al. 2020; Rimando and
Schoenbohm 2020; van der Wal et al. 2020; Yildirim 2014).
To investigate the relative tectonic activity and relative uplift
rates of the OBG, four geomorphic indices were used and in-
tegrated with the analysis of a swath profile and local relief
map. The geomorphic indices that were collected include val-
ley floor width-to-valley height ratio (V¢), basin elongation
ratio (R.), basin hypsometric integral (HI), and normalized
channel steepness index (ks;). Schematic diagrams of the
drainage basins and the different measurement procedures
are compiled in Fig. 4.
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Fig. 2. Seismicity in the Ottawa-Bonnechere Graben. (a) Earthquake epicentral plot from the eastern Canada earthquake
bulletin from 1930-2022 with earthquake magnitude from 3 to 6 (red dots = M5-6, orange dots = M4-4.9, and green
dots = M3-3.9) (https:/[earthquakescanada.nrcan.gc.ca/index-en.php) plotted on a 30 m ASTER global digital elevation model
(https://doi.org/10.5067/ASTER/ASTGTM.003). Black lines are fault lines from Lamontagne et al. (2020). (b) Earthquake focal
mechanisms plotted with red and white beachball and labelled with year and magnitude. Focal mechanism solutions are from

Bent et al. (2002, 2003, 2015); Du et al. (2003); Ma et al. (2008).
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We performed a morphotectonic analysis of drainage
basins along ~629 km of the OBG to obtain quantitative in-
formation regarding the spatial distribution of relative tec-
tonic uplift rates in the region. The OBG is characterized by a
low relief landscape with elevation that is generally <500 m,
with the most significant morphological feature being the
Gatineau hills escarpment (Fig. 1). This bedrock escarpment
extends from North Bay to Joliette (Fig. 1), trends northwest-
southeast, and lies parallel to the main Ottawa River. Mor-
phometric indices were measured in the northern segment
of the OBG because it has a clearly defined bedrock escarp-
ment. However, measuring geomorphic indices in the OBG is
challenging because the area has a low relief due to glacial
peneplanation (Dyke et al. 2002) and because the drainage
system on the hanging-wall is an alluvium river rather than a
bedrock river, making geomorphic indices measurement un-
reliable. Another factor to consider while determining the ap-
propriate location to measure geomorphic indices on and to
properly explain the uplift rates is determining the hanging-
wall under the current fault kinematics. In our case, while the
current landform resembles rift morphology, which is made
up of a series of normal faults, the bedrock escarpments are
thought to be the footwall blocks of reverse faults that oc-
cupy the northern portion of the OBG. Because of this, the

relative uplift rates may not be directly related to the activity
of the bedrock scarp-forming OBG structures.

Swath profiles were used to corroborate the characteri-
zation of relative uplift rates from tectonic geomorphology
indices analysis, as in previous studies (Telbisz et al. 2013;
Yildirim 2014; Wang et al. 2019). A-20-km-wide topographic
swath profile of the east-west-trending OBG bedrock escarp-
ment was created (Fig. 5). Swath topographic profiles ex-
tracted across the OBG bedrock escarpment illustrate the
elevation distribution along its length. Along-strike swath
elevation profiles have been demonstrated to be useful in es-
timating cumulative fault throw and lateral differential uplift
rate (Telbisz et al. 2013; Yildirim 2014). In this study, two ge-
omorphic indices (HI and R.), which reflect drainage basins
morphological properties, and two indices (Vr and kg,) which
reflect stream channel geometrical properties, were analysed
(Fig. 4). Tectonic activity then classified by cross-correlating
the four geomorphic indices.

The drainage basins in proximity to the northern arm of
the OBG area were divided into six sections, referred to here
as sections 1-6. The region was divided into sections based
on the existence of fault-related topographic troughs in the
swath profiles, and changes in fault strike coinciding with
changes in escarpment orientation (Fig. 5). The division of the
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Fig. 3. (a) Generalized geological map of Ottawa-Bonnechere Graben (OBG) modified from Geological Map of Canada Map
D1860A (1996) (http://geoscan.nrcan.gc.caf) and overlaid by faults from Lamontagne et al. (2020) and geologic cross sections of
(b) the western section A'-A, (c) middle section B'-B, and (d) eastern section of OBG C'-C.
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sections was also correlated to the faults and lineaments com-
pilation of the OBG from Lamontagne et al. (2020) such that
section 1 corresponds to the Mattawa River Fault, section 2 to
the Coulonge Fault, section 3 to the Eardley Fault, section 4 to
the Gatineau Fault, section 5 to the Lachute and New Glasgow
Faults, and section 6 to the Sainte-Julienne and Saint-Maurice
Faults. Sections 5 and 6 consisted of two faults, respectively,
but those faults showed no topographic expression and had
the same orientation in these sections. The section division
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along fault segments was also aimed to identify the role of
pre-existing faults to possibly exhibit relatively high tectonic
activity and record spatial variation in high uplift rates.

We used the Jet Propulsion Laboratory National Aero-
nautics and Space Administration’s open-access Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Digital Elevation Model Version 3 (GDEM V3).
ASTER GDEM V3 has a spatial resolution of 30 m and can
be downloaded from https://asterweb.jpl.nasa.gov/gdem.asp
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Fig. 4. Diagrams of various geomorphic indices including the formulas that were used to calculate the uplift rate modified after
Bull and McFadden, (1977); Cheng et al. (2018); Rimando and Schoenbohm (2020). (a) Basin elongation ratio (R.). (b) Channel
steepness index (ks). (c) Hypsometric integral (HI) that shows the normalized elevation. (d) Valley floor width-to-height ratio

(Vo).
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(NASA/METI/AIST/Japan Space Systems and U.S.[Japan ASTER
Science Team, 2019). It served as the primary data to map
and characterize drainage basins, which is then used in this
study as a proxy to understand the long-term deformation
history of the OBG. A total of 131 drainage basins that cover
the northern arm segment of the OBG were analysed (Fig.
5, Table S1 in Supplementary Material). However, because
the bedrock escarpment only occurs prominently along the
northern side of the OBG, morphotectonic analysis could
only be performed in this location (Fig. 1). The graben is
a relict of the previous rifting that is overlayed by Palaeo-
zoic sedimentary rocks (Sanford 1993; Oruche et al. 2018)
which are more prone to erosion, and which lacks a subtan-
tial bedrock escarpment ain the southern section (Figs. 3 and
5). Previous research has demonstrated that a single geomor-
phic index is insufficient to reliably infer relative uplift rates
in a vast region, such as the one studied here, because uplift
rates can be affected by variety of conditions, including litho-
logical variation, which affects erosional resistance (Clayton
and Shamoon 1998; Bucci and Schoenbohm 2022; Selby 1980;
Telbisz et al. 2013).

Lithological variation plays an important role in deter-
mining the spatial distribution of rock erosional resistance,
which is a critical aspect in measuring geomorphic indices
(Ktihni and Pfiffner 2001). In this study, rock erodibility was

S = kg AT

1000 2000 3000 4000
Distance from divide (m)

E

Sc

VF = 2V, N(E E )H(E ;E)]

not measured directly in the field. Rather, the findings of pre-
vious studies that used lithology to infer rock erodibility were
incorporated (Kithni and Pfiffner 2001; Korup 2008; Jansen et
al. 2010; Wolpert and Forte 2021). A regional geological map
(Wheeler et al. 1996) (Fig. 3) was used to infer the rock ero-
sional resistance level using the rock erodibility ranking from
previous studies (Selby 1980; Clayton and Shamoon 1998). In
this study area, crystalline metamorphic and igneous rocks
were characterized as strong, while the sedimentary rocks
were characterized as moderately weak and more suscepti-
ble to erosion and weathering.

We used Google maps satellite images (2019-2020) (https:
[learth.google.com/web/) and an integration of hillshade and
colour-coded classified slope maps generated from the ASTER
GDEM. Previous studies show that ASTER GDEM has been ef-
fectively used in morphotectonic analysis to assess relative
tectonic activity in various geological settings due to its ex-
tensive global coverage and its sufficient vertical and hor-
izontal accuracy for the purpose if morphotectonic studies
(Radaideh et al. 2016; Xue et al. 2018; Rimando and Schoen-
bohm 2020; Krystopowicz et al. 2020). The DEM was also used
to quantify local relief and was used to measure the normal-
ized channel steepness index. Following the methods out-
lined in Marliyani et al. (2016), a 2.5 km radius sampling
window was used to calculate local relief, which is a reason-
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Fig. 5. (a) Swath profiles along west—east Ottawa-Bonnechere Graben along major fault features in black lines from Lamontagne
et al. (2020) plotted on a 30 m ASTER global digital elevation model (https://doi.org/10.5067/ASTER/ASTGTM.003). (b) Drainage
basins with black polygons and blue lines as rivers distributed along fault lines in the northern arm of the OBG (represented
by black lines). Black arrows indicated the drainage section divide and fault borders. Drainage basins numbering can be seen

on Fig. S1 in Supplementary Material.
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able size given that rock type variation was not significant in
the area where the geomorphic indices were measured (Fig.
3). In areas with complex lithological variation, decreasing
the sampling radius could be used to minimize the effect of
lithological controls on landform modification, as local re-
lief is a scale-dependent measurement (DiBiase et al. 2010;
Marliyani et al. 2016). The resampled elevation of local relief
was used to identify morphological elements (Marliyani et al.
2016). The geological map of the OBG modified from Wheeler
et al. (1996) was also integrated into the database to provide
the distribution of rock units and structural information for
tectonic geomorphology interpretation (Fig. 3).

The DEM was analysed using the Spatial Analyst Tool in
the ArcMap-ArcGIS 10.8 software package to provide water-
shed properties such as flow direction, flow accumulation,
stream network, and drainage basin geometry (Rimando and
Schoenbohm 2020; Krystopowicz et al. 2020). To define and
extract drainage basin (watershed) and stream network data,

Can. J. Earth Sci. 00: 1-18 (2023) | dx.doi.org/10.1139/cjes-2022-0137
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first, sinks, or holes in the DEM were filled as these repre-
sent potential sources of error (Gailleton et al. 2021). The
flow direction was determined by comparing each cell to its
steepest downslope neighbour. The next step was to gener-
ate a flow accumulation map (i.e., generating a river pattern
from DEM) by computing the weight of all cells that accumu-
lated into each nearby downslope cell (~30 m ASTER GDEM
cell size) (Rimando and Schoenbohm 2020). The geometry of
the drainage basins was extracted by locating pour points
at the intersection between the trace of the bedrock fault
escarpments and the river channels that drained from ups-
lope as in Rimando and Schoenbohm (2020). The extraction
of this data was achieved by computing all the upslope cells
that drain into high accumulation cells. This generated wa-
tersheds rasters, which were then transformed to shapefiles
and clipped to each watershed (Fig. 5). Each of the clipped wa-
tersheds has information on the basin’s length, width, area,
maximum and minimum elevation. The drainage basins were
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filtered to only include those with areas greater than 2.5 km?
to avoid analysis of nonfluvial process and DEM artifacts or
other errors. The reason for this is that measuring smaller
area basins could lead to unreliable results as the basins were
too young to record the tectonic processes of interest (Bull
and McFadden 1977).

3.1. Valley floor width-to-valley height ratio

Vr is the comparison between valley floor width and the
mean of valley floor height given by the following equation
(Bull 2008):

Wi

(1) Vf - (Eld - Esc) + (Erd - Esc)

where Vg, is the width of the valley floor; Ejq and E,4 are the
elevations of the left and right sides of the valley, respectively;
and E is the mean elevation of the valley floor. V¢ values <0.5
imply a narrow, dominant vertical erosion, manifesting as a
deeply incised and V-shaped valley geometry which could be a
signal of very high uplift rates. On the other hand, values >0.5
or closer to or greater than 1 indicate a U-shaped valley that
is associated mainly with lateral erosion, which is indicative
of low uplift rates (Bull 2008).

Vr was measured in ArcGIS using the “interpolate line” and
“profile graph” functions to create elevation cross-sections of
the selected drainage basins. On average, the valley floors are
narrow (Bull and McFadden 1977; Baharvand et al. 2020) up-
stream and wider downstream; standard distance of around
0.5-1 km upslope was therefore applied to measure V¢ from
bedrock escarpment-related drainage basins (Fig. 4) (Bull and
McFadden 1977).

3.2. Basin elongation ratio

Basin elongation ratio is the ratio between a basin longest
axis and a basin’s width or the diameter of a circle with the
same area as the basin (Schumm 1956). Tectonically active
drainage basins typically manifest as actively rising topogra-
phy which is highlighted by elongate geometry, and inactive
basins tend to be more oval-circular as lateral migration and
stream dispersion take place (Cannon 1976; Ramirez-Herrera
1998; Bull 2008).

Basin elongation (R.) is defined by the equation (Schumm
1956).:

Dc 2 |A
(2) Re= m-1Vx
where L, is the drainage basin’s maximum length, the diam-
eter of a circle with the same area as the basin is D., and A
is the drainage basin coverage area. The shape geometry is
classified as follows: circular (0.9-1.0), oval (0.8-0.9), slightly
elongated (0.7-0.8), elongated (0.5-0.7), and very elongated
(<0.5) (Strahler 1952; Rimando and Schoenbohm 2020). While
basin elongation values (0.6-1.0) have a variety of climatic
and lithological control, elongated basins (R. = 0.6-0.8) are
usually characteerized by areas of moderate to high relief and
steep slopes and are associated with a high relative uplift rate,
and circular basins with R, values close to 1 (Strahler 1952)

are characterized by flat relief and gentle slopes, and are
likely associated with low uplift rate (Fig. 4) (Strahler 1952).

To measure the length of each drainage basin, a minimum
bounding geometry (MBG) function was obtained using Ar-
cGIS. The MBG function creates polygons that enclose water-
sheds and provides the length, width, and area for these. The
areas of drainage basins were extracted from the attribute
table of each drainage basin polygon.

3.3. Hypsometric integral

Hypsometric integral (HI) is the subarea below the hypso-
metric curve, which can be used to infer the basin maturity
and the amount of bedrock material that has not been eroded
(Strahler 1952). The hypsometric curve is a plot between nor-
malized cumulative area and normalized relief, plotted on
the x and y axes, respectively. The curve explains the elevation
distribution of landscapes of various sizes, including water-
sheds or drainage basins. HI is calculated using the following
equation (Strahler 1952):

(3) HI = Hmean - Hmin
Hmax - Hrnin

where Hyean, Hmax, and Hy,j, are the mean, maximum, and
minimum elevation, respectively. HI values can be used to
characterize maturity and erosional stage of the drainage
basins (Strahler 1952; El Hamdouni et al. 2008). HI values
usually range from 0 to 1, with late-stage or mature basins
associated with a value of 0.5 (Carson and Kirkby 1972) or 0.6
(Chorley 1971). Other studies characterized drainage basins
with HI values of <0.30 as belonging to a mature stage, with
erosion dominating in higher elevation, and likely exhibit-
ing relatively low or stable uplift rates (Strahler 1952; Keller
and Pinter 1987). On the other hand, HI values >0.60 indicate
less erosion at high elevations, and are associated of a young
landscape, typically because relative high uplift rates cause
rejuvenation (Fig. 4) (Strahler 1952; Keller and Pinter 1987;
Chen et al. 2003). A high HI value indicates a broad-elevated
surface with minimal erosion and therefore implies an imma-
ture landscape produced by high relative uplift rates, while
lower HI suggests isolated elevated surface produced by low
uplift rates (Lifton and Chase 1992; Chen et al. 2003). For this
study, statistical derivation of the HI was computed using
the open source CalHypso add-in toolbox for ArcGIS (ESRI)
developed by Pérez-Peia et al. (2009) from the DEM of each
drainage basin.

3.4. Normalized channel steepness index

ksn (normalized channel steepness index) is a DEM-derived
longitudinal profile of bedrock channel slope that has been
normalized to drainage basin area (Kirby et al. 2003; Wobus
et al. 2006; Cyr et al. 2010). ks, is a well-established method
and has been widely used to map spatial distribution and/or
variation of relative uplift rates in various landscape settings
(Snyder et al. 2000; Kirby et al. 2003; Wobus et al. 2006; Cyr
et al. 2010; Mathew et al. 2016a). ks, has been widely applied
in various tectonic settings (e.g., inversion, collision, subduc-
tion) to infer the pattern of relative uplift rates along fault
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systems (e.g., Kirby et al. 2003; Cyr et al. 2010; Wang et al.
2019; Rimando and Schoenbohm 2020).

ksn is based on the stream power incision model that is ex-
pressed by the following equation (Snyder et al. 2000):

(@) S=lad

where S denotes the steepness of channel in slope value, A is
the upslope catchment area, and O, is the drainage basin’s
concavity. The range of river concavity in nature is from 0.4 to
0.6, with 0.45 used as the standard reference concavity value
(Fig. 4) (Snyder et al. 2000; Kirby et al. 2003; Wobus et al. 2006;
Marliyani et al. 2016). The reference concavity (O, = 0.45) is
assumed as a good approximation of natural river concavity
(Snyder et al. 2000; Kirby et al. 2003; Kirby and Whipple 2012).
According to Mudd et al. (2018), if a higher ®;,s is chosen, the
entire channel network can have similar channel steepness,
or if a lower O, is chosen, the lower drainage portion can
have high channel steepness. In various tectonic and geologic
settings with variable climatic regimes and rock types, a lin-
ear relationship between kg, and uplift rate has been demon-
strated (Snyder et al. 2000; Wobus et al. 2006; Cyr et al. 2010;
DiBiase et al. 2010; Kirby and Whipple 2012). However, the
channel steepness index can also be affected by local erosion
and discharge (Tucker 2004). Therefore, ks, can be utilized to
map spatial and/or temporal patterns or variation in uplift in
areas with generally consistent rock erosional resistance and
climate (Wobus et al. 2006; Kirby and Whipple 2012; Whipple
et al. 2013). Therefore, to better characterize spatial distribu-
tion of relative uplift rate using ks, values, several parameters
should be considered that may contribute to uplift rate vari-
ation such as lithologic contrast (Cyr et al. 2010; Duvall 2004;
Hack 1973), precipitation rate (e.g., Bookhagen and Strecker
2012), and stream capture (Robl et al. 2017).

The kg, calculation was undertaken in MATLAB using the
TopoToolBox program (Schwanghart and Scherler 2014) with
ASTER GDEM V3 as input. The flow direction and flow accu-
mulation were calculated using a threshold upstream area of
5 km? and smoothing factor of 100. The results were then im-
ported to ArcGIS as a shapefile and converted to raster and
the swath profile with a radius distance of 5 km was per-
formed to capture kg, values along fault lines.

3.5. Relative tectonic activity analysis

Relative levels of tectonic activity can be inferred by us-
ing an integration of analyses of the landscape, including
drainage basins (Bull and McFadden 1977; El Hamdouni et
al. 2008; Yildirim 2014). To describe the level of Quaternary
relative tectonic activity (high, moderate, low), previous re-
searchers have tried to integrate various geomorphic indices
(El Hamdouni et al. 2008; Saber et al. 2020). Cross-correlation
between multiple geomorphic indices and topographic pa-
rameters, were performed to translate each index into a
tectonic activity class. Cut-off values were assigned to each
individual geomorphic index to classify the corresponding
relative uplift rates. However, the boundary values between
different classes of each index vary according to the litho-
logical variation and structural setting as in previous work
(Rockwell and Keller 1985; Bull 2008). The geomorphic in-
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dices were measured on bedrock escarpments with relatively
uniform rock erosional resistance (mostly gneiss) (Fig. 1) and
climatic conditions. As such, we applied the relative tectonic
classification and boundary values from El Hamdouni et al.
(2008) and Cheng et al. (2018). Three relative tectonic activity
classes were defined: (1) high uplift rates, (2) moderate uplift
rates, and (3) relatively low uplift rates. Class 1 has HI >0.5,
V¢ <0.5, Re <0.6, and kg, >150; class 2 has HI 0.4-0.5, V¢ 0.5-1,
Re 0.6-0.8, and kg, 50-150; and class 3 has HI <0.4, Vf >1, Re
>0.8, and ks, <50. Along-strike plotting of these indices was
done by combining HI, V¢, R, and kg, values of each drainage
basin.

4. Results

The results of our measurement of four geomorphic indices
in the OBG are described in this section (Figs. 6, 7, and S2 and
Table S1 in Supplementary Material). The geomorphic index
results are plotted against the distance along the escarpment.
The standard deviation lines (maximum and minimum) are
plotted to help with depicting spatial variation of indices and
identifying the high and low sections/drainage basins.

4.1. Valley width-to-height ratios

The mean V¢ values obtained range from 0.2 to 2.3 along
the six drainage sections of the OBG’s bedrock escarpment
(Figs. 6 and 7). These values indicate that most of the valleys
are “V” shaped with dominant vertical incision. V¢ values sug-
gesting “U”-shaped valleys were observed three times, in sec-
tions 2—4 (Figs. 5 and 6). In the eastern (1 and 2) and western
sections (3, 4 and 5), low V¢ values were observed with a range
around 0.5. Furthermore, moderate V¢ values (0.5-1.0) are ob-
served in some parts of sections 3 and 4 (Fig. 6). Most of the
Vs values are between the standard deviation lines. There are
a total of five values that are depart from the average, two of
which are in section 1 and one each in sections 3-5.

4.2. Basin elongation ratio

The basin elongation ratio (R.) values obtained range from
0.38 to 0.81 along the OBG (Figs. 1, 6, and 7). R, values were
found to be mostly less than 0.6 along the east-west transect
of the OBG. A low number of watersheds with R, values rang-
ing from 0.7 to 0.8 occur locally along west—east transects of
the OBG (Fig. 6). Sections 2-5 of the OBG, are dominated by
very elongated (0.5-0.7), while sections 1 and 6 display mostly
elongated (0.5) basins. Most of the drainage basins in sections
1, 2, and 4 have elongation ratio values between the standard
deviation lines. However, in sections 3, 5, and 6, a total of 24
drainage basins have basin elongation ratio values lower than
the lower boundary of standard deviation lines.

4.3. Hypsometric integral

Hypsometric integral (HI) values obtained range from 0.35
to 0.55 with a mean HI of 0.50 for the six sections in
the OBG (Figs. 1, 6, and 7). The lowest HI value (0.35) ob-
tained is in section 1 where two large rivers merge: the
northwest-southeast-trending Ottawa River and east-west
Mattawa River (Figs. 2, 6, and 7). The highest HI, with a value
of 0.55 in section 5, spatially coincides with the northwest-
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Fig. 6. Geomorphic indices profiles of a west—east section in bedrock fault escarpments. The bedrock escarpments are divided
into six sections (Fig. 5): S1, section 1; S2, section 2; S3, section 3; S4, section 4; S5, section 5; and S6, section 6. Values from
the six sections are separated by red-shaded regions. (a) Hypsometric HI, (b) valley-floor-width-to-height (V) ratio, (c) basin
elongation ratio (Re), and (d) channel steepness index (ks,). The dashed grey lines reflect the cut-off value for high or low uplift
rate. The colours of medium to light brown reflect high, moderate, and low uplift rate values. Dashed red lines are the standard

deviation of each index.
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southeast band of seismicity. The majority of the drainage
basins in the OBG have HI values of 0.5 (Fig. 6). Only five of
the drainage basins, three in section 1 and two in section 5,
have HI values outside the standard deviation range. In sec-
tion 1, those three drainage basins have relatively lower val-
ues while in section 5 the values are higher than the mean.

4.4. Normalized channel steepness index
The kg, values obtained from the river profiles in the study
area range from <50 to >400. The high k,, values are mostly

10

found in tributary rivers that flow into the main Ottawa River,
which runs along or parallel to the Palaeozoic faults (Figs. 6
and 7). While the lowest kg, values are located mostly in sec-
tion 1 and the western part of section 3. The low values are
in the hanging wall block that forms the Ottawa River valley,
and the upslope area along the northern side of the river. Gen-
erally, between these two low kg, values (<60), the kg, values
increase significantly toward the OBG’s bedrock escarpments
in other sections, which corresponds with the zone of high
local relief. Spatial distribution of the high kg, values (>60)
shows no along-strike variation (Figs. 6 and 7). Five out of the
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Fig. 7. Compiled channel steepness analysis (ksp) in Ottawa-Bonnechere Graben (refer to Fig. 1 for location). Full result of kg,
is available in Fig. S2. (a) The structural distribution map shows faults in this study, interpreted lineaments, and other faults
(Lamontagne et al. 2020) overlaid on local relief displayed using a 2.5 km sampling radius. (b) Map of the spatial distribution
of ks, with the red-coloured channel lines with indicated high kg, value; high local relief in represented with black; note the
overriding high kg, and high local relief highlighted in the light blue box while dark blue box indicated the zoom-in of Figs.
6c¢ and 6d. (c) The western segment of OBG included the Mattawa River Fault and Coulonge Fault. (d) The eastern segment of
OBG covered Saint-Maurice Fault.
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six sections have kg, values higher than the standard devia-
tion range derived from maximum kg, values, with section
1 being the exception. Sections 2-6 have ks, values ranging
from more than 200 to ~600 that are categorized as high.
Most of drainage basins in section 1 have kg, values that fall
within the standard deviation range (Fig. 6d).

4.5. Relative tectonic activity

HI values are typically around 0.5, which represents the
threshold between moderate and strong uplift rates. In nu-
merous locations, HI was >0.5, meaning these areas are un-
dergoing relatively high uplift. The majority of the V¢ values
are <0.5, indicating a relatively high uplift rate, while the re-
maining V¢ values calculated have moderate uplift rates rang-
ing from 0.5 to 1. The R, value varies from 0.3 to 0.78, indi-
cating a moderate to relatively high uplift rate. Most of these
values are below 0.6 and are therefore classified as having a
relatively high uplift rate. kg, values range from 0 to >500,
with most displaying a moderate uplift rate ranging from 50
to 150. High kg, values of more than 150-500 were recorded in
several rivers and are categorized as regions with a relatively
high uplift rate. Most of the drainage basins in sections 2-6
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show signals of high relative tectonic activity while drainage
basins in section 1 showed moderate relative tectonic activ-

ity.

5. Discussion

5.1. Geomorphic proxies and relative tectonic
uplift rates along the Ottawa-Bonnechere

Graben

The impact of tectonic activity in the OBG upon the geo-
morphology has been observed and quantified through the
calculation of multiple geomorphic indices (Figs. 6-8). This is
particularly valuable in OBG where this assessment of neo-
tectonic activity using a morphotectonic approach is the first
ofits kind. Analysis of multiple geomorphic indices including
V%, Re, HI, and kg, has provided indications of high relative up-
lift rates and ongoing long-term regional deformation (Figs.
6 and 7). The high kg, values indicate a relatively high rates
of vertical incision. For example, compared to sections 1 and
2, sections 3-6 have higher steepness index indicating dise-
quilibrium which is likely associated with ongoing relative

11
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Fig. 8. Box-whisker plots of morphometric indices analysis
summary (from top to bottom: (a) valley floor-to-width ratio
(Vg), (b) basin elongation ratio (Re), (c) hypsometric integral
(HI), and (d) normalized channel steepness index (ks,)) along
the strike of the Ottawa-Bonnechere Graben. Box-whisker
plot represents the lower (25th percentile) and upper (75th
percentile) cut-off values. The median values are represented
by black lines and the mean values are represented by X
shapes. The k,, data in these boxplots were collected from
the median value of kg, of each catchment from swath pro-
file.
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uplift processes (Figs. 6 and 7). Most of the geomorphic prox-
ies show high values which reflect high relative uplift rates
within the OBG (Figs. 6 and 7a-7c).

Applying several previously defined geomorphic indices
boundary values to define uplift rates (low, medium, and

12

high) (Bull and McFadden 1977; El Hamdouni et al. 2008;
Cheng et al. 2018; Rimando and Schoenbohm 2020; Saber et
al. 2020) reveal that each section of the OBG drainage basins
correspond to inferred high relative uplift rates. Morphome-
tric analysis can be used to correlate river responses to up-
lift rates and fault slip rates. For example, in the Himalayan
fold and thrust belt the shortening rate due to convergence
has been shown in river responses (Wahyudi et al. 2021). Al-
though, in the OBG, the relative uplift rates does not corre-
spond directly with fault slip rate, they can provide insight
into the spatial distribution and variation of relative uplift
rates (Chen et al. 2003; Bull 2008; Boulton 2020). This is best
characterized by sections 1 and 2 in the western sections and
sections 5 and 6 in the eastern sections. In this context, sec-
tions 3 and 4, which are characterized by relatively high
local relief, high channel steepness, and convex basin geom-
etry, likely indicate a dominantly vertical channel steepen-
ing process that is likely associated with high relative uplift
rates. Cycles of glacial retreat and advance during the Pleis-
tocene could also have potentially influenced the kg, in the
OBG (Dyke et al. 2002). For example, ice melt during glacial
retreat may have increased water volume, resulting in more
energetic rivers and glaciers which were more erosive, re-
sulting in increased erosion rates and creating higher chan-
nel steepness (Brocklehurst and Whipple 2007; Sternai et al.
2011).

The HI profiles generated along the OBG present relatively
constant values of around 0.5 which indicates denuded topog-
raphy (Figs. 6 and 7) (Strahler 1952; Kirby et al. 2003; Chen et
al. 2003), or potentially broad-scale erosion by deglaciation
(Dyke et al. 2002). We interpret this result to be a product
of peneplanation during glaciation that eroded and flattened
the morphology in the study area (Dyke et al. 2002). The
lowest HI values are located at the intersection between the
Ottawa River and Timiskaming River, which has a wider
elevated valley floor surface compared to other drainage
basins and is dominated by denudational processes. We ob-
served that along with the mid to eastern section (sections 4—
6) (Fig. 6) of the OBG, most of the high kg, values correspond
to lithological variation separated by faults. While many of
the kg, values in the west section (sections 1 and 2) (Fig. 6)
to sections 3 and 4 are located along previously mapped and
interpreted faults (Lamontagne et al. 2020) without lithologi-
cal variation, some kg, neither have any apparent lithological
contrast or fault control (Figs. 6 and 7). Aside from lithologi-
cal variation, variation of rock strength might also influence
the kg, and Ve results, as Selby (1980) notes that the rock mass
strength can affect the state of rock weathering, and the in-
tensity and orientation of joints and fractures.

5.2. Spatial distribution of regional relative
uplift rates revealed in the
Ottawa-Bonnechere Graben

Our ks, and Vr results show that the northern arm of the

OBG bedrock escarpment has a high relative uplift rate. The

morphometric data exhibit high-values from, west to east

with no significant spatial variation (Figs. 6-8). The R, values

obtained indicate that the elongate drainage basin shape is a
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result of low lateral erosion likely due to active uplift. Our re-
sults extend the temporal range of uplift rate observations
as the morphometric data obtained represent long-term
deformation. By contrast, GPS data allows short-term and
ongoing deformation to be quantified. The short-term defor-
mation can be seen on the seismicity distribution and vertical
uplift from GPS.

Our morphotectonic activity analysis reveals relatively
high uplift rates throughout the OBG. The local relief maps
show high relief values that correspond to high ks, values lo-
cated at previously mapped fault traces from sections 1 to
6 (Fig. 7). The OBG fault zone is an aulacogen dominated
by vertical slip and a poorly constrained lateral component
(Wallach et al. 1995; Tremblay et al. 2003; Rimando and Benn
2005; Rimando and Peace 2021). According to seismology and
Quaternary sedimentology studies, faults in the OBG are un-
dergoing reactivation under the present-day stress regime
(Bent 1996a; Brooks 2020; Doughty et al. 2010qa, b; Ma et al.
2008). The Canadian Base Network GPS shows approximately
1-2 mm year~! broad regional uplift in the OBG that exhibits
a spatial uplift pattern indicating glacial unloading (Henton
et al. 2006). Our results depict a consistent and symmetrical
relatively high uplift signal along the OBG (Figs. 6 and 8) that
we interpret as a broad wavelength regional uplift. The broad
wavelength regional uplift involves an area on the order of
hundreds of kilometres. GIA has been proposed to play an im-
portant role in creating an uplift signal and that supposedly
trigger the reactivation of pre-existing structures (Wu and
Hasegawa 1996), while tectonic stress has also been consid-
ered as another causal mechanism (Wu and Hasegawa 1996;
Rimando and Peace 2021). While glacial unloading could be
a plausible cause of recent seismicity in the OBG, an al-
ternative theory postulates that the Mesozoic Great Meteor
Hotspot (GMH) might be the cause of the present-day seismic-
ity. This theory proposes that the GMH traversed the region
along an approximately northwest-southeast-trending track
weakening the inherited rift structures, and thus contribut-
ing to present-day linear seismicity in the OBQ (Adams and
Basham 1989; Dineva et al. 2007; Ma and Eaton 2007). How-
ever, Rimando and Peace (2021) claim that shallow seismicity
(<8 km), appears to be more randomly distributed through-
out the region and highlight that it is not clear why seismicity
would be sustained to the present-day through this thermal
weakening mechanism. Overall, comparison of our result to
the GPS uplift rate confirms our interpretation that the area
is subject to both long- and short-term broad wavelength re-
gional uplift.

5.3. Implications on regional uplift and

intraplate seismicity

The level of seismic hazards and risks in intraplate re-
gions are low compared to high-strain regions characterized
by more frequent and higher magnitude earthquakes (Yu et
al. 2016; Ojo et al. 2021). Nonetheless, recent and historical
destructive earthquakes in other cratonic regions, e.g., Aus-
tralia (Gold et al. 2019; King et al. 2021), China (Kirby et al.
2008; Fielding et al. 2013b), and Turkey (Elliott et al. 2013;
Fielding et al. 2013a) demonstrate the necessity of seismic
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hazard and risk assessment studies in regions such as east-
ern Canada.

Comparing our results with previous GPS studies provides
further insight into the regional uplift and intraplate seis-
micity. While GPS time-series measurements indicate that
the contemporary strain rate in the OBG is relatively low
(Sella et al. 2007; Alinia et al. 2017), the GPS time series re-
veal that vertical velocities vary spatially, with uplift predom-
inantly occurring in the Hudson Bay region to the north, and
mostly subsidence occurring in the Great Lakes region to the
south (Mazzotti et al. 2005; Alinia et al. 2017; Sella et al. 2007;
Tarayoun et al. 2018). Therefore, if pre-existing faults in the
northern arm of OBG are reactivated through broad regional
uplift, resultant seismicity could affect areas which includes
cities such as Ottawa, Gatineau, and Montreal (Figs. 2 and 3).
For instance, under the northwest-southeast-trending max-
imum horizontal current stress regime (Mazzotti and Tow-
nend 2010), and with the broad regional uplift along the OBG
fault zone (Fig. 8) lowering the vertical stress, northwest-
southeast-trending pre-existing structures in the OBG, could
potentially be reactivated in a reverse sense. The potential for
reactivating the pre-existing structures in the OBG as reverse
faults was demonstrated in slip tendency models by Rimando
and Peace (2021). Accordingly, neotectonic and paleoseismic
studies, including trenching, Quaternary dating, and detailed
quantitative slip-rate studies on the OBG fault zone, have
the potential to provide vital insights leading to a better
understanding of the regional seismic hazards in eastern
Canada.

There appears to be a link between relatively high uplift
rate locations and the occurrence of the earthquake records.
Our findings document the long-term deformation history of
the OBG, which may contribute to the ongoing seismicity.
For instance, sections 1-3 (Fig. 1) lie very close to the epi-
centres of the Timiskaming earthquake (1935, Mw 6.1), La-
dysmith earthquake (2013, Mw 4.6), and Val-des-Bois earth-
quake (2010, Mw 5.0), respectively (Figs. 1 and 2) and they
also exhibit relatively high uplift rates (Fig. 6). With their
northwest-southeast to west northwest—east-southeast strik-
ing faults, section 2 down to section 3 near Eardley Faults
(fault 3 in Fig. 1) and west northwest—east-southeast strik-
ing faults, section 4 near Gatineau Fault (fault 4 in Fig. 1)
lie perpendicularly to the present-day maximum horizon-
tal stress (Mazzotti and Townend 2010; Hurd and Zoback
2012). Sections 2—4 have relatively high uplift rates, and also
show relatively high slip tendency values according to the
results of Rimando and Peace (2021). This area could there-
fore provide a promising location for conducting future geo-
physical and paleoseismic investigations to collect fault ge-
ometry and kinematic data. The WNW-ESE striking faults
in the eastern OBG, from Lachute Fault (fault 5 in Fig. 1)
to New Glasgow Fault (fault 6 in Fig. 1), that lie parallel to
the seismicity trend and postulated ancient hotspot track
(Ma and Eaton 2007), are also optimally oriented with re-
spect to the present-day stress field and may also be good
candidates for further detailed investigations. Mapping these
structures may be difficult, however, since the faults do not
have a strong topographic expression, and the topographic
expression of the New Glasgow Fault (fault 6 in Fig. 1) might
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have been modified by urbanization as it is located near
Montreal.

Furthermore, the Eardley, Gatineau, Lachute, and New
Glasgow faults (faults 3-6 in Fig. 1, respectively) coincide spa-
tially with high uplift rate signals, and therefore, may also
represent candidate sites for future, more detailed, slip-rate
and Quaternary dating studies. The need for site-specific stud-
ies in areas exhibiting high relative uplift is corroborated
by modelling of potential fault reactivation in the WQSZ
by Rimando and Peace (2021). Paleoseismic trenching in the
vicinity of these bedrock escarpments which have high rel-
ative uplift rates could possibly reveal recent or historical
earthquake features. They can also provide further insights
on the role of pre-existing structures on the distribution and
generation of earthquakes.

While the reactivation of inherited structures is likely the
main cause of seismicity in this cratonic low-strain region,
identifying and indeed linking possible surface ruptures and
their relationship at depth is problematic (Bent and Perry
2002; Bent et al. 2003; Ma and Eaton 2007). In eastern Canada,
earthquakes surface ruptures are scarce, with most faults not
reaching the surface. This is challenging due to several cycles
of glacial retreats that eroded Quaternary deposits and Qua-
ternary faults, which makes the study of earthquake geology
problematic. Given the scarcity of surface ruptures, evidence
of palaeoseismicity had been identified on quick clay deposits
related to landslides in the OBG (Fig. 3) (Brooks 2013, 2020;
Doughty et al. 2010a, b). However, in the riverbed of the St.
Lawrence River, the relationship between pre-existing struc-
tures and displacement of Quaternary sediment above pre-
Tertiary bedrock has been identified on bathymetry and
seismic profile data (Pinet et al. 2021). Further mapping
of pre-existing faults using surface and subsurface meth-
ods would be useful to better characterize fault geometry
(strike, dip, and length), and to locate Quaternary fault traces.
Therefore, areas with moderate to relatively high uplift rates
should also be considered in seismic hazard assessment since
these can trigger reactivation of pre-existing structures and
rejuvenate the landscape.

6. Conclusions

Our morphotectonic investigation of the OBG drainage
basins contributes to a record of long-term deformation
caused by far-field tectonic stresses that predate GIA, re-
sulting in broad wavelength regional uplift that has proba-
bly been active since the Pleistocene. The landscape is still
evolving as a result of the reactivation of pre-existing struc-
tures, while also undergoing isostasy adjustment as a con-
sequence deglaciation, and the reactivation of pre-existing
structures.

This study details the first application of morphotectonic
analysis to the OBG bedrock escarpment. The distribution
of the high kg, can be observed along high local relief and
is located near mapped pre-existing structures. Although,
ksn and Vg ratio analysis infer that the relative uplift rates
are classified as high, their degree of activity is relatively
low to moderate compared to interplate (plate boundary)
settings. None of the subcatchments show asymmetric up-
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lift patterns, demonstrating the trend of uplift can be in-
ferred as broad wavelength regional uplift. Thus, relatively
high local relief, moderate to high kg, values, and basin elon-
gation ratio shows that the OBG experienced uplift since
Pleistocene or multiphase uplift before and after last glacial
maximuim.

This study has established regional relative uplift rates for
the OBG. These relative uplift rates from the combination of
indices used herein is in agreement with previous GPS stud-
ies, demonstrating that they are a powerful tool in quanti-
fying spatial and temporal regional relative uplift rates in
regions of relatively low relief and low-to-moderate rates of
deformation. As such, interpreting various geomorphic in-
dices together to evaluate rates drainage basin relative uplift
rates is more effective than evaluating such indices individu-
ally as certain indices may be sensitive to other factors such
as climatic variation and glacial erosion.

This study has highlighted structures that should be the
focus of future more localized and detailed work, specifi-
cally, section 3 near the Eardley Fault (fault 3 in Fig. 1), sec-
tion 4 near Gatineau Fault (fault 4 in Fig. 1), and section 5
near Lachute Fault and New Glasgow Fault (faults 5 and 6 in
Fig. 1, respectively) at the eastern end of OBG, which were
characterized in this study as having moderate to high rela-
tive uplift rates and also in proximity to the past earthquake
epicentres. These sites may reveal evidence of reactivation
of pre-existing structures and landscape rejuvenation. They
may also represent ideal locations for further quantification
of post-Mesozoic deformation (Cenozoic to perhaps Quater-
nary) that may yield further insights into the causes and con-
sequences of the seismicity in this region.
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