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Abstract
There is currently no active fault map for the intraplate western Quebec seismic zone (WQSZ) in eastern Canada, and conse-

quently, no detailed finite-fault source models, which are critical for seismic hazard assessments in this region with a rapidly
growing population. While previous numerical stress modelling studies have shown that mostly NNW–SSE to NW–SE-striking
faults exhibit the highest potential for reactivation under the present-day tectonic stress field, such modelling is unable to
take into account the interaction of faults and earthquakes. This study attempts to identify possible future rupture zones
using Coulomb stress analysis. We explore the static stress transfer caused by the 1935 MW 6.1 Témiscaming, 1944 MW 5.8
Cornwall–Massena, and 2013 MW 4.7 Ladysmith earthquakes, which are proximal to faults in the WQSZ that exhibit a rela-
tively high reactivation potential, to determine whether these faults have an increased potential for failure. The significance
of Coulomb stress changes (�CFS) observed on the nearby “receiver” faults varied widely. Among the events analyzed in this
study, only the 1935 MW 6.1 Témiscaming earthquake caused extensively positive �CFS (≥0.1 bar) on its receiver fault. The
areal extent of the receiver fault that has been promoted to failure suggests that earthquakes with a comparable magnitude to
the 1935 event can be triggered. This work is the first attempt to provide a physical basis for seismic hazard assessment input
parameters in the WQSZ based on the results of numerical stress modelling.
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1. Introduction
Identifying causative faults for the recorded seismicity

in the intraplate western Quebec seismic zone (WQSZ) in
eastern Canada, like in most intraplate settings worldwide,
has proven to be challenging due to the paucity of contem-
porary surface-rupturing earthquakes and due to the poor
preservation of the topographic expression of active defor-
mation (Stein 2007; McCalpin 2009). While nodal planes of
well-determined focal mechanisms for earthquakes in the
WQSZ have been linked to candidate structures based on
their similarity in strike with nearby existing faults and
lineaments, these interpretations remain speculative since
definitive proof, in the form of surface rupture, has not been
associated with any of the moderate-to-strong earthquakes
(between MW 5 and MW 6.1) in this region (e.g., Bent 1996a,
1996b). While large prehistoric earthquakes cannot be ruled
out, geomorphic evidence for these is lacking. The poor
preservation of surface ruptures is due in part to the long
return periods for earthquakes in this stable continental
region of the North American plate, which experiences on

average approximately three earthquakes with a moment
magnitude (MW) >5 every decade (NRCan 2023a).

The seismicity in the WQSZ is attributed primarily to the
reactivation of pre-existing structures (Rimando and Peace
2021) under the contemporary tectonic stress field (Mazzotti
and Townend 2010; Reiter et al. 2014; Snee and Zoback 2020).
Previous regional numerical stress analyses (e.g., Rimando
and Peace 2021) have shown that the mainly reverse/thrust
faulting on mostly NW–SE striking faults in the WQSZ, as
indicated by earthquake focal mechanisms, is compatible
with the present-day NE–SW maximum horizontal stress
orientation (SHmax) that is associated with spreading along
the Mid-Atlantic Ridge (Richardson 1992). Structures that are
currently being reactivated include faults and folds that are
related to late Precambrian to early Paleozoic Iapetan rifting,
and mechanical discontinuities related to Precambrian litho-
tectonic terranes and plate boundaries (Kumarapeli 1978;
Culotta et al. 1990; Rimando 1994; Rimando and Benn 2005).
These structures, however, are associated with relict tectonic
landforms that constitute most of the topographic relief
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in the WQSZ, such as the grabens and half-grabens of the
NE–SW-striking Saint Lawrence rift system (SLRS), and the
NE–SW-striking Ottawa-Bonnechere (OBG) and Timiskam-
ing grabens (TG; Fig. 1a) (Kay 1942; Lovell and Caine 1970;
Lamontagne et al. 2020, and references therein)——but do not
represent modern fault scarps.

Aside from the fact that earthquakes occur infrequently
in the WQSZ, the glacial and deglacial history of the re-
gion may obscure or complicate the interpretation of any
evidence of recent tectonic deformation. During the Late
Wisconsinan deglaciation (∼12 Ka), when most of the St.
Lawrence was occupied by the Champlain Sea, it is likely
that many single-event or cumulative deformation features
may have been eroded or inundated (e.g., Dyke et al. 2002;
Parent and Occhietti 2007). Where evidence of recent defor-
mation is present, there is currently a debate whether these
are due to tectonic stress or glacio-isostatic adjustment, or
both (e.g., Adams 1989; Wallach et al. 1995; Brooks and
Adams 2020).

Although the instrumental records of seismicity indicate
the occurrence of mostly low and at most moderate-sized
earthquakes in the WQSZ (NRCan 2023b), the temporal cov-
erage of seismicity records is too short to provide a reliable
indication of the longer term level of fault activity, including
return periods and the potential for large-magnitude earth-
quakes in the area. Globally, there is increasing evidence of
large earthquakes occurring in many areas that have been
previously appraised as “stable continental regions” (Calais et
al. 2016; Rimando et al. 2021). The 1929 MS 7.2 Grand Banks
and the 1811–1812 MW 7.2–8.2 New Madrid earthquakes,
which occurred to the east and to the southwest of the WQSZ,
respectively, are some examples of large earthquakes in east-
ern North America (Hasegawa and Kanamori 1987; Bent 1995;
Tuttle et al. 2002). In the WQSZ itself, there is an abundance of
off-fault paleoseismic evidence for possibly large-magnitude
earthquakes in the not-so-distant past, mostly from the iden-
tification of seismites, such as subaqueous mass transport de-
posits and liquefaction features (Aylsworth and Hunter 2003;
Brooks 2013, 2014, 2015; Brooks and Adams 2020).

There is a paucity of seismic, geologic, and/or geodetic data
on the nature, distribution, and extent of seismogenic struc-
tures in eastern Canada, as well as earthquake size estimates,
that will allow the creation of fault-source-based probabilis-
tic seismic hazard and risk analyses of individual faults (e.g.,
Goda and Sharipov 2021) or seismic zones (e.g., Halchuk et
al. 2014). Consequently, only areal source zone models based
on historical seismicity are being utilized in the WQSZ to
produce seismic hazard estimates for the National Building
Code of Canada (NBCC; Halchuk et al. 2014). Current scenario-
based seismic hazard and risk models in the WQSZ (e.g.,
Ghofrani et al. 2015; Yu et al. 2016) mainly use historical seis-
micity and have yet to provide physical justification for the
fault source’s characteristics (location, magnitudes, and kine-
matics) that these utilize.

While previous numerical stress simulations have nar-
rowed down areas for further detailed analysis (Rimando and
Peace 2021), such as the long NW–SE-striking fault segments
of relatively high slip tendency in the western and central
portions of the WQSZ whose length would suggest a poten-

Fig. 1. (a) Map of the major tectonic features, faults, and seis-
micity in the western Quebec seismic zone (WQSZ) (modified
from Rimando and Peace 2021). TG, Timiskaming Graben;
OBG, Ottawa-Bonnechere Graben; SLRS, Saint Lawrence Rift
System. The white dashed line defines the borders of the dif-
ferent geological provinces: the Canadian Shield, the Ottawa-
St. Lawrence Platform, and the Adirondacks. The red dashed
line indicates the political boundaries. The inset map, at the
bottom left, shows the location of the WQSZ in eastern North
America. The earthquake epicenters are coloured and scaled
according to depth and magnitude. The well-localized seis-
micity data were derived from Adams et al. (1988, 1989), Bent
(1996a), Bent et al. (2002, 2003), Du et al. (2003), Horner et al.
(1978), Ma and Eaton (2007), Seeber et al. (2002), Wahlström
(1987), and the earthquake bulletins of both the Natural Re-
sources Canada (NRCan 2023b) and the United States Geo-
logical Survey (USGS 2023). The base map is a 30 m reso-
lution Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer global digital elevation model by NASA JPL
(2023), and the fault traces are from the Geological Survey
of Canada’s WQSZ faults map (Lamontagne et al. 2020). The
black boxes indicate the locations of detailed maps (Fig. 2)
of areas with MW > 4.5 events that were investigated in this
study. (b) A rose diagram summarizing the orientations of the
mapped faults in the WQSZ in 18 bins (10◦ intervals); the red
bin indicates the weighted azimuth mean. (c) A diagram of
the SHmax orientations in the WQSZ, which range between
028◦ and 073◦; 045◦ is the average regional stress orienta-
tion (Mazzotti and Townend 2010). Map projection and co-
ordinates: UTM; WGS 1984.
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tial for high-magnitude earthquakes (Wells and Coppersmith
1994), such studies are unable to account for the interaction
of faults and earthquakes (Wallace 1951; Bott 1959).

Coulomb stress analysis is a method that allows the
examination of the effects of static stress transfer due to
earthquakes on nearby faults (King et al. 1994). Coulomb
stress transfer studies have been previously used to identify
possible future rupture zones in an effort to improve seismic
disaster mitigation (e.g., Parsons et al. 2008). Some studies
immediately investigated the effects of single, recent large
earthquakes on nearby faults (e.g., Parsons et al. 2008; Li et al.
2021), while some consider all the earthquakes in the histor-
ical record that are above an arbitrary magnitude threshold
to systematically identify faults that have been promoted to
failure (e.g., Li et al. 2020). Coulomb stress transfer studies
have been carried out globally on earthquakes associated
with different faulting styles in a variety of tectonic settings.
Earthquake triggering on adjacent faults/fault segments
by previous earthquakes has been demonstrated on well-
studied fault systems associated with plate boundaries, such
as the lithospheric-scale strike-slip San Andreas Fault in
the USA (e.g., Stein et al. 1992; King et al. 1994) and the
North Anatolian Fault in Turkey (e.g., Stein et al. 1997); the
fold-and-thrust belts of Taiwan (e.g., Chan and Stein 2009; Lin
et al. 2013); subduction zone megathrusts (Toda et al. 2011a);
and back-arc normal faults of Italy (e.g., Walters et al. 2009).

Coulomb stress analyses in intraplate settings are less com-
mon (e.g., Mohammadi et al. 2019), and while this method
has been previously applied in the nearby Charlevoix Seis-
mic Zone in Quebec (Fereidoni and Atkinson 2015), it was
done in the context of relating modern seismicity to a large
historic earthquake in the 1600s and not with the goal
of identifying possible future rupture zones. In this study,
we analyze the Coulomb stress changes caused by seismic-
ity in the past 100 years on nearby faults in the WQSZ,
with a focus on faults that exhibit a relatively high slip
tendency (Rimando and Peace 2021). The characteristics of
faults that appear to be promoted to failure can provide
input parameters for future scenario-based seismic hazard
and risk modeling, which may have implications for ur-
ban planning, seismic design, and managing industrial op-
erations that could alter the stress states in the area. In
particular, we characterize the areal extent of the positive
Coulomb stress changes associated with the events that we
analyzed in this study to identify which faults exhibit an in-
creased propensity for earthquake triggering and to explore
the possible sizes of triggered earthquakes that these may
host.

2. Methods and data
We focused on instrumentally recorded MW > 4.5 events

in the WQSZ that are proximal to mapped faults, namely the
1935 MW 6.1 Témiscaming, 1944 MW 5.8 Cornwall–Massena,
and 2013 MW 4.7 Ladysmith earthquakes, to examine the
stress perturbations that could potentially affect nearby
faults.

A change in the Coulomb failure stress (�CFS), caused by
coseismic slip on a fault (called source fault, which is not to be

confused with finite-fault source models for seismic hazard
assessments), can alter the state of stress in the surrounding
rock volume. Positive and negative changes in the �CFS on
nearby faults (receiver faults) have been observed to promote
and inhibit failure, respectively (King et al. 1994). �CFS is cal-
culated using the following equation:

�CFS = �τ + μ′�σn

where �τ is the change in shear stress (which is positive in
the direction of fault slip), �σ n is the change in normal stress
(which is positive if the fault is unclamped), and μ′ is the ap-
parent coefficient of friction.

We utilized the MATLAB-based software, Coulomb 3.4 (Lin
and Stein 2004; Toda et al. 2005), to model the coseismic static
Coulomb stress changes on the receiver faults in an elastic
half space (Lin and Stein 2004; Toda et al. 2005; Toda et al.
2011b). While maps of coseismic surface fault ruptures, infor-
mation on detailed 3D subsurface fault geometry, and models
of finite-fault slip distributions were not available, we built
realistically scaled, planar source faults instead using infor-
mation such as magnitude, strike, dip, and rake from focal
mechanisms for the 1935 MW 6.1 Témiscaming (Bent 1996a),
1944 MW 5.8 Cornwall–Massena (Bent 1996b), and 2013 MW

4.7 Ladysmith (Ma and Audet 2014) earthquakes (Table 1). Re-
ceiver faults (RF-T1; RF-C1, C2, and C3; and RF-L1; Fig. 2) were
created by digitizing the faults and lineaments map compiled
by the Geological Survey of Canada (Lamontagne et al. 2020).
While the dip directions of these faults are known, dip val-
ues were not provided in the previous work. Thus, we as-
sumed a dip of 60◦ (Table 2), which is corroborated by de-
scriptions in previous studies of similar inherited, rift-related
faults that abound the region (e.g., Lovell and Caine 1970;
Rimando 1994; Rocher and Tremblay 2001).

While most previous studies assign a default coefficient of
friction (μ) value of either 0.4 when μ is unknown (e.g., Stein
1999), or up to 0.8 for high-friction, low-cumulative-slip faults
(Lin and Stein 2004), we used a value of μ = 0.5, which is
consistent with the value used in previous numerical stress
modelling studies in the area (e.g., Rimando and Peace 2021)
that are based on sufficiently reliable geological justifica-
tions, such as the following: 1) the prevailing knowledge that
mid-crustal maximum possible differential stress (σ 1−σ 3) val-
ues are most likely low in the region (e.g., Hasegawa et al.
1985; Lamontagne and Ranalli 1996, and references therein),
and 2) elevated levels of pore fluid pressure associated the up-
ward migration of mantle-derived H2O–CO2-dominated flu-
ids possibly enable the fault reactivation in eastern Canada
(Sibson 1989).

The scarcity of surface expressions, and consequently the
lack of proper documentation of the kinematics of Quater-
nary active faults (e.g., Brooks and Adams 2020), requires de-
termining the kinematics of possible receiver faults through
other means. To determine the kinematics, we calculated the
expected kinematics (expressed in rake values; Table 2) of
our receiver faults using the Java-based open-source software,
Slicken 1.0 (Xu et al. 2017). Input for the calculations carried
out in Slicken 1.0 included the following: (1) the dip angle and
direction of the receiver fault; (2) the maximum horizontal
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Table 1. Source fault parameters (Data sources: Bent (1996a, 1996b) and Ma and Audet (2014)).

Nodal plane 1 Nodal plane 2

Date
Magnitude

(MW)
Latitude

(◦N)
Longitude

(◦E)
Depth
(km)

Strike
(◦)

Dip
(◦)

Rake
(◦)

Strike
(◦)

Dip
(◦)

Rake
(◦)

1 November
1935

6.1 46.78 −79.07 10 130 45 80 324 46 100

5 September
1944

5.8 44.96 −74.72 20 199 42 149 313 70 52

17 May 2013 4.7 45.74 −76.35 14 306 41 94 122 50 87

Note: Rake values (◦) are reported following the convention of Aki and Richards (1980). Strike and dip values are reported following the right-hand rule.

Fig. 2. Locations of MW > 4.5 earthquakes in the western Quebec seismic zone (WQSZ). These maps show plots of the focal
mechanisms of MW > 4.5 earthquakes, background seismicity, and nearby mapped faults. (a) The 1935 MW 6.1 Témiscaming
earthquake focal mechanism (Bent 1996a) and receiver fault, RF-T1. (b) The 1944 MW 5.8 Cornwall–Massena earthquake focal
mechanism (Bent 1996b) and receiver faults, RF-C1, C2, and C3. (c) The 2013 MW 4.7 Ladysmith earthquake focal mechanism
(Ma and Audet 2014) and receiver fault, RF-L1. The topography is derived from a 30 m resolution Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer global digital elevation model by NASA JPL (2023) and the fault traces are from the
Geological Survey of Canada’s WQSZ faults map (Lamontagne et al. 2020). Note that the pre-existing normal faults on this map
are optimally oriented for reactivation as reverse faults (Rimando and Peace 2021). Map projection and coordinates: UTM; WGS
1984.

stress directions; and (3) a stress ratio. Similar to the WQSZ
fault slip tendency study by Rimando and Peace (2021), we
assumed stress states derived from inversions of distal earth-
quake focal mechanisms and borehole breakouts (Mazzotti
and Townend 2010; Reiter et al. 2014; Snee and Zoback 2020),

with an average SHmax = 045◦ and a stress ratio (φ = 1 − R =
σ 1−σ 3/σ 1−σ 3) of 0.4.

While we assumed specific values for the different input
parameters in modelling Coulomb stress changes, we tested
the sensitivity of our models to the range of usually assumed
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Table 2. Receiver fault parameters.

Receiver fault Strike (◦) Dip (◦) Rake (◦)

RF-T1 327 60 104

RF-C1 294 60 67

RF-C2 252 60 47

RF-C3 110 60 63

RF-L1 299 60 72

Note: Rake values (◦) are reported following the convention of Aki and Richards
(1980). Strike and dip values are reported following the right-hand rule.

values for μ (minimum μ = 0.4 and maximum μ = 0.8),
the range of modelled receiver fault rake values based on
the range of measured SHmax values in the WQSZ (minimum
SHmax = 028◦ and maximum SHmax = 073◦), and a range of fea-
sible receiver fault dip values. Since there are no independent
constraints to determine which of the two nodal planes of
each of the double-couple focal mechanisms represents the
ruptured fault plane of each event in consideration in this
study, we consider both nodal planes as possible source faults
for each earthquake (Table 1).

In interpreting the Coulomb stress change modelling re-
sults in the context of increased propensity for earthquake
triggering, we utilized a �CFS threshold of 0.1 bar (Stein
1999). Currently, there is no consensus on the Coulomb stress
change threshold values that most likely cause earthquake
triggering. However, Coulomb stress changes of ≥0.1 bar
have been shown to be sufficient to promote failure and
trigger seismicity on adjacent fault sections or nearby faults
by an overwhelming number of studies (e.g., Reasenberg
and Simpson 1992; King et al. 1994; Deng and Sykes 1997;
Hardebeck et al. 1998; Harris and Simpson 1998; Anderson
and Johnson 1999; Stein 1999; Ziv and Rubin 2000).

3. Results
For each event, we displayed the calculated Coulomb stress

changes in map view (horizontal slice at the focal depth), in
cross-sectional view (across the source and receiver faults),
and on the receiver fault plane itself. For each earthquake, we
present the results of the “preferred model”, which assumes a
μ = 0.5 and an SHmax = 45◦, and we present a sensitivity analy-
sis, which considers a range of feasible μ, receiver fault rake
(based on the assumed SHmax), and receiver fault dip values
(Figs. 3–5).

3.1. The 1935 MW 6.1 Témiscaming earthquake

3.1.1. Preferred model

The map view (10 km depth slice) of Coulomb stress
changes for both the SW- and NE-dipping source faults
(Figs. 3a and 3d, respectively; indicated as nodal planes 1
and 2, respectively, in Table 1) of the 1935 MW 6.1 Témis-
caming earthquake shows that the NW end of the receiver
fault (RF-T1) is affected the most by Coulomb stress changes,
and that significant changes (≥0.1 bar) occur close to the
surface (0 km) and up to a depth of 30 km (Figs. 3b, 3c,
3e, and 3f). Both maps exhibit roughly symmetric Coulomb

stress change patterns that are typical of dominantly reverse-
slip, source–receiver fault pairs. The maps display ∼40 km
long and ∼15 to 20 km wide NW–SE rectangular positive
Coulomb stress change with central negative Coulomb stress
change regions, which are spatially coincident with the map-
view projections of the source faults. Both source fault model
maps also show pairs of ∼80 km long (end-to-end) NE–SW
lobes of negative Coulomb stress change (Figs. 3a and 3d).
In cross-sectional view (Figs. 3b and 3e), radial patterns of
positive and negative Coulomb stress changes can be seen,
with the source faults almost entirely exhibiting negative
Coulomb stress change, except at the tips, where lobes of pos-
itive stress changes emanate. In both cross sections (Figs. 3b
and 3e), the central segment of the receiver fault (RF-T1) falls
within a region of negative Coulomb stress change, while
the upper and lower segments of the receiver fault (RF-T1)
cross regions of positive Coulomb stress change. For both
source fault models, the receiver fault plane (RF-T1; Figs. 3c
and 3f) exhibits a large extent of positive Coulomb stress
change: ∼40 km long, ∼25 km wide (downdip) doughnut-
shaped regions that surround ∼15 km long and ∼10 to 15 km
wide (downdip) central regions of negative Coulomb stress
change, which correspond to the projections of the source
fault planes.

3.1.2. Sensitivity analysis

Overall, there is a minimal effect of changing the input
values for μ and receiver fault rake on the Coulomb stress
change distributions associated with the SW- and NE-dipping
source faults, as seen in map view, in cross-sectional view, and
on the receiver fault (Figs. S1–S6).

In map view (Figs. S1 and S2), a slight increase in the as-
sumed coefficient of friction, such as between μ = 0.4 and
μ = 0.5, has an insignificant effect on the stress change dis-
tributions. However, a larger increase in the coefficient of
friction, such as between μ = 0.4 and μ = 0.8, appears to af-
fect the stress change distributions more noticeably, with the
Coulomb stress change distributions becoming more asym-
metric and the positive and negative regions increasing and
decreasing in extent, respectively, as the coefficient of fric-
tion increases. As the receiver fault rake decreases (or as the
SHmax is rotated clockwise) from 121◦ to 72◦ (SHmax = 028◦ to
SHmax = 073◦), the stress change patterns are rotated clock-
wise about an imaginary central vertical axis, which is most
evident in the rotation of the lobes of negative Coulomb
stress change, and the negative regions also decrease in ex-
tent.

In cross-sectional view (Figs. S3 and S4), an increase in μ

and SHmax azimuth causes the stress patterns to bend/shear
slightly towards the NE, and the positive (except for the lobe
close to the lower portion of RF-T1) and negative regions to
generally slightly increase and decrease in extent, respec-
tively.

On the receiver fault plane (RF-T1; Figs. S5 and S6), an
increase in SHmax azimuth results in clockwise shearing of
the Coulomb stress change patterns (and dilation of the
“slits” of positive Coulomb stress for the receiver fault of
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Fig. 3. 1935 MW 6.1 Témiscaming earthquake Coulomb stress changes. Map view (10 km depth slice) (a and d), cross-sectional
view (b and e), and receiver fault (RF) plane view (c and f) of the Coulomb stress changes for the SW-dipping (a–c) and NE-dipping
(d–f) source fault (SF) planes (nodal planes 1 and 2, respectively; Table 1). All calculations assumed a coefficient of friction (μ)
of 0.5 and a receiver fault plane rake of 104◦, based on a maximum horizontal stress value (SHmax) of 045◦. Grey lines on maps
represent surface fault traces, green lines represent fault surface projections, dashed black lines represent the intersection
with the 10 km depth slice plane, and red lines on focal mechanisms represent the nodal plane of interest.

nodal plane 2 model). An increase in μ results in a slight
increase in the negative Coulomb stress regions enveloping
the positive Coulomb stress “doughnut” pattern associated
with both source fault models and changes the morphol-
ogy of the central negative Coulomb stress patches——for the
receiver fault of the nodal plane 1 model, there is an in-
creased indentation of the sides, while for the receiver fault
of nodal plane 2 model, the “slits” of positive Coulomb stress
shrink.

Changing the assumed receiver fault dip for this event,
however, yielded more noticeable changes in stress distribu-
tions for both source fault plane models (Figs. S7 and S8). In
map view, increasing the dip from 45◦ to 75◦ resulted in the
counter-clockwise shearing of the stress patterns, with the

stress pattern being significantly more asymmetric and ex-
hibiting a more pronounced increase and decrease in posi-
tive and negative regions, respectively, for the receiver fault
model that assumes a dip of 75◦. In cross-sectional view, an in-
crease in dip caused the stress patterns to bend/shear slightly
towards the NE and the positive and negative regions to gen-
erally slightly increase and decrease, respectively, in extent,
similar to the effect of changing the μ and SHmax azimuth. On
the receiver fault plane, changing the receiver fault dip re-
sulted in significantly different downdip stress distributions.
While the stress pattern changes did not exhibit any obvi-
ous trend, a significant positive Coulomb stress patch that
extended for at least ∼5 km downdip was present in all re-
ceiver fault planes.
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Fig. 4. 1944 MW 5.8 Cornwall–Massena earthquake Coulomb stress changes. Map view (20 km depth slice) (a and e), cross-
sectional view (b, c, and f), and receiver fault (RF) plane view (d and g) of the Coulomb stress changes for the NW-dipping (a–d)
and NE-dipping (e–g) source fault (SF) planes (nodal planes 1 and 2, respectively; Table 1). All calculations assumed a coefficient
of friction (μ) of 0.5 and a receiver fault plane rake of 67◦, based on a maximum horizontal stress value (SHmax) of 045◦. Grey
lines on maps represent surface fault traces, green lines represent fault surface projections, dashed black lines represent the
intersection with the 20 km depth slice plane, and red lines on focal mechanisms represent the nodal plane of interest.

3.2. The 1944 MW 5.8 Cornwall–Massena
earthquake

3.2.1. Preferred model

The stress changes in map view (20 km depth slice) asso-
ciated with NW- and NE-dipping source faults of the 1944
MW 5.8 Cornwall–Massena earthquake (Figs. 4a and 4e, re-
spectively; indicated as nodal planes 1 and 2, respectively, in
Table 1) appear to affect the SE end of the receiver fault (RF-
C1). Both maps exhibit asymmetric Coulomb stress change

patterns that are typical of oblique reverse-slip, source–
receiver fault pairs. The maps display ∼50 km wide sheared
clover leaf-shaped distributions of positive Coulomb stress
change, with irregularly shaped centers and asymmetric
paired lobes of negative Coulomb stress change (Figs. 4a and
4e) owing to the large lateral-component of slip for both the
source and receiver faults (Table 1).

Cross-sectional views (Figs. 4b and 4f) of the two source
fault models (perpendicular to the source fault) display dif-
ferent stress change patterns, with the NE-dipping source
fault model having more defined radial patterns of positive
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Fig. 5. 2013 MW 4.7 Ladysmith earthquake Coulomb stress changes. Map-view (14 km depth slice) (a and d), cross-sectional view
(b and e), and receiver fault (RF) plane view (c and f) of the Coulomb stress changes for the NE-dipping (a–c) and SW-dipping
(d–f) source fault (SF) planes (nodal planes 1 and 2, respectively; Table 1). All calculations assumed a coefficient of friction (μ)
of 0.5 and a receiver fault plane rake of 72◦, based on a maximum horizontal stress value (SHmax) of 045◦. Grey lines on maps
represent surface fault traces, green lines represent fault surface projections, dashed black lines represent the intersection
with the 14 km depth slice plane, and red lines on focal mechanisms represent the nodal plane of interest.

and negative Coulomb stress changes in accordance with the
difference in the map-view stress change patterns between
the two source fault models. Both cross sections, however,
exhibit a negative Coulomb stress change over most of the
source faults and lobes of positive stress change at or near
the tips. A cross-sectional view through both the source and
receiver faults (Fig. 4c) shows that the upper two-thirds of
the receiver fault, RF-C1, fall within the NW lobe of negative
Coulomb stress change, with the lower end of RF-C1 barely
touching the NW lobe of positive Coulomb stress change.

The receiver fault planes for both source fault models
(RF-C1; Figs. 4d and 4g) show insignificant Coulomb stress
changes (−0.1 to 0.1 bar) at the southeast end, with large
(∼20 km wide, 0–14 km downdip) negative Coulomb stress

change patches and smaller patches of positive Coulomb
stress at the lower SE corner of the receiver fault.

3.2.2. Sensitivity analysis

There are noticeable, albeit minor, effects as a result of
changing the input values for μ and SHmax on the Coulomb
stress change distributions associated with the NW- and NE-
dipping source faults (Figs. S9–S14).

In map view (Figs. S9 and S10), an increase in the assumed
coefficient of friction from μ = 0.4 to μ = 0.8 results in
an increase and decrease in the extent of the positive and
negative regions, respectively. As the receiver fault rake de-
creases (or as the SHmax is rotated clockwise), from 85◦ to 48◦
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(SHmax = 028◦ to 073◦), the lobes of negative Coulomb stress
change become larger and distinct lobes of positive Coulomb
stress change emerge.

In cross-sectional view (Figs. S11 and S12), an increase in μ

results in a slight increase and decrease in the extent of the
positive and negative regions, respectively, for both source
models. An increase in the SHmax azimuth, causes the stress
patterns to bend/shear slightly (towards the NW and the SW
for the NW- and NE-dipping models, respectively), the posi-
tive regions to thin out, and the negative regions to decrease
in extent, respectively.

On the receiver fault plane (RF-C1; Figs. S13 and S14), an
increase in SHmax azimuth results in an increase and decrease
in the extent and intensity of the negative and positive re-
gions, respectively, for both source models. An increase in μ

results causes a slight increase and decrease in the extent of
the negative and positive regions, respectively, and an inten-
sification of the negative stress regions.

The effects of changing the assumed receiver fault dip on
the stress distributions for both source fault plane models of
this event were substantial (Figs. S15 and S16). In map view,
increasing the dip from 60◦ to 90◦ caused the map view of
stress patterns to develop more distinct positive and negative
lobes, with the areal extent of the negative stress changes in-
creasing significantly as the dip approaches 90◦ (panels a, e,
and i in Figs. S15 and S16). In the cross-sectional view per-
pendicular to the source fault, an increase in dip causes the
stress patterns to bend/shear slightly towards the NW, and
both the positive and negative regions to decrease in extent
(panels b, f, and j in Figs. S15 and S16). In the cross-sectional
view through both the source and receiver faults, an increase
in dip caused the stress patterns to bend/shear towards the
NW and both the positive and negative regions to decrease
slightly in area (panels c, g, and k in Supplementary Figs. S15
and S16). Increasing the dip of the receiver fault plane re-
sulted in similar patterns but more pronounced differences
of magnitudes in the downdip stress distributions, with the
magnitudes of the positive and negative stress regions reach-
ing 0.4 and −0.6 bar, respectively, as the dip approached 90◦

(panels d, h, and i in Figs. S15 and S16).
We also modelled the Coulomb stress changes brought

about by the 1944 MW 5.8 Cornwall–Massena earthquake
on the other mapped faults surrounding the epicenter,
RF-C2 and RF-C3 (Figs. S17 and S18), but these yielded
negligible Coulomb stress changes on the receiver fault,
likely due to the greater distance of these faults from the
hypocenter.

3.3. The 2013 MW 4.7 Ladysmith earthquake

3.3.1. Preferred model

The map view (14 km depth slice) of Coulomb stress
changes associated with the NE- and SW-dipping source faults
(Figs. 5a and 5d, respectively; indicated as nodal planes 1 and
2, respectively, in Table 1) of the 2013 MW 4.7 Ladysmith earth-
quake shows that the receiver fault (RF-L1) does not exhibit
any Coulomb stress changes. Both maps exhibit symmetric
Coulomb stress change patterns that are typical of domi-

nantly reverse-slip, source-receiver fault pairs. The maps dis-
play ∼8 to 10 km wide positive Coulomb stress regions with
central negative Coulomb stress change regions, which are
roughly spatially coincident with the map-view projections
of the source faults. Both source fault model maps also show
pairs of ∼10 to 12 km long (end-to-end) NE–SW lobes of neg-
ative Coulomb stress change (Figs. 5a and 5d).

In cross-sectional view (Figs. 5b and 5e), radial patterns of
positive and negative Coulomb stress changes that are at least
∼5 km perpendicular to the receiver fault can be seen, with
the source faults entirely exhibiting negative Coulomb stress
change, and with lobes of positive stress changes emerging
at or near the tips.

For both source fault models, the receiver fault plane (RF-
L1, Figs. 5c and 5f) does not exhibit any Coulomb stress
changes.

3.3.2. Sensitivity analysis

In general, there are only slight effects as a result of chang-
ing the input values for μ and SHmax on the Coulomb stress
change distributions associated with the NE- and SW-dipping
source faults (Figs. S19–S22).

In map view (Figs. S19 and S20), an increase in the assumed
coefficient of friction from μ = 0.4 to μ = 0.8 results in an in-
crease and decrease in the extent of the positive and negative
regions, respectively. As the receiver fault rake decreases (or
as the SHmax is rotated clockwise) from 91◦ to 50◦ (SHmax = 028◦

to 073◦), the lobes of negative Coulomb stress change rotate
and become larger.

In cross-sectional view (Figs. S21 and S22), an increase in μ

tends to rotate the stress change patterns clockwise and make
the larger positive and negative lobes slightly bigger and the
smaller positive and negative lobes slightly smaller for both
source models. An increase in the SHmax azimuth causes the
entire stress patterns to decrease in size.

Regardless of the μ and SHmax values used, there were no
observed Coulomb stress changes on the receiver fault plane
(RF-L1).

Noticeable changes in stress distributions for both source
fault plane models were observed as a result of changing
the assumed receiver fault dip for this event, albeit mini-
mal when compared with the changes observed with the MW

6.1 Témiscaming and 1944 MW 5.8 Cornwall–Massena earth-
quakes (Figs. S23 and S24). In map view, increasing the dip
from 60◦ to 90◦ resulted in the clockwise shearing of the
stress patterns, with the positive stress region increasing sig-
nificantly as the dip approaches 90◦ (panels a, d, and g in Figs.
S23 and S24). In cross-sectional view (panels b, e, and h in Figs.
S23 and S24), an increase in dip caused the stress patterns to
bend/shear slightly towards the NE, with the positive stress
region merging into a pair of larger horizontal lobes and the
negative regions decreasing in extent. On the receiver fault
plane, changing the receiver fault dip resulted in noticeable
downdip stress distributions. At 90◦ dip, two small circular
patches (∼4 km diameter) of positive (>0.2 bar) and negative
stress changes (<−0.2 bar) become visible (panels c, f, and i in
Figs. S23 and S24).
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4. Discussion and conclusions
Of the three events analyzed in this study, only the 1935

MW 6.1 Témiscaming earthquake caused extensively positive
(≥0.1 bar) Coulomb stress changes on a nearby mapped fault
(receiver fault RF-T1; Figs. 2 and 3) most likely due to the
proximity of the source and receiver faults, but possibly also
due to this event’s relatively larger magnitude than those of
the 1944 Cornwall–Massena and the 2013 Ladysmith events,
as larger magnitude earthquakes redistribute tectonic
stresses on faults over a much larger area (Helmstetter et al.
2005).

The positive Coulomb stress changes (≥0.1 bar) observed
on the receiver fault, RF-T1, are extensive: ∼40 km long (end-
to-end) and ∼25 km wide (downdip). However, at the center
of this region of positive Coulomb stress is a patch of 15 km
long and ∼10 to 15 km wide (downdip) negative Coulomb
stress changes (Fig. 3).

In the absence of documented fault surface rupture, it is
currently not possible to definitively determine which of the
two nodal planes most closely resembles the source fault
of the 1935 MW 6.1 Témiscaming earthquake. However, con-
sidering the similarity between the geometry and rake of
the NE-dipping nodal plane of the 1935 MW 6.1 Témiscam-
ing earthquake focal mechanism (strike = 324◦, dip = 46◦,
rake = 100◦) and the modelled receiver fault plane, RF-T1 (av-
erage strike = 327◦; dip = 60◦, rake = 104◦), and considering
that the dip angle of the modelled receiver fault plane was
only assigned based on the known general dip of inherited
normal faults in the area, it is possible that the receiver fault,
RF-T1 (Figs. 2a, 3a, and 3d), and the NE-dipping nodal plane
are one and the same. If this premise is true, then our cal-
culations essentially represent the Coulomb stress changes
on the source fault itself——the rectangular region of nega-
tive Coulomb stress change, therefore, represents the section
of the fault that ruptured, and the positive Coulomb stress
changes represent the along-strike and downdip sections of
the source fault that have been promoted to failure.

If we assume that the areal extent (km2) of positive
Coulomb stress change (≥0.1 bar) on the receiver fault plane
(RF-T1; Figs. 3f and 6), which falls within the range of seis-
mogenic depths of the WQSZ region, can be used to esti-
mate the size (km2) of future coseismic fault rupture (e.g.,
Shan et al. 2013; Li et al. 2021), then it is possible to esti-
mate the possible sizes of triggered earthquake (Wells and
Coppersmith 1994). The rupture of the entire donut-shaped
positive Coulomb stress is unlikely, though, due to several
reasons: (1) its unrealistic fault slip pattern (e.g., Mikumo
et al. 1987), (2) rupture over such a large area (∼700 km2)
would be associated with an earthquake magnitude that
is much larger than that of the preceding event (a very
large number of smaller earthquakes is required to trig-
ger large earthquakes (Helmstetter 2003)), and (3) the en-
tire area that exhibits positive Coulomb stress changes does
not necessarily have to rupture——earthquakes may nucleate
anywhere on the region of positive stress and rupture any
fraction of its total area (Guérin-Marthe et al. 2019, and
references therein), but portions of these regions of posi-
tive stress also typically host distributed smaller aftershocks

Fig. 6. Earthquake magnitude calculation example. (a)
Coulomb stress changes on RF-T1 associated with the NE-
dipping source fault planes (nodal plane 2; Table 1). (b) To-
tal area of the >0.1 bar Coulomb stress change. RF, receiver
fault.

that could relieve some of the stress increase (Scherbakov
and Turcotte 2004; Scherbakov et al. 2005). Although un-
likely, if we assume a wholesale rupture of the entire re-
gion of positive Coulomb stress change on the NE-dipping
receiver fault (>0.1 bar; Fig. 6), which is associated with an
area of ∼700 km2, we can use the scaling relationship be-
tween earthquake magnitude and rupture area (Well and
Coppersmith 1994) to propose an upper limit magnitude
of MW 6.9 for earthquakes triggered by the 1935 event on
the receiver fault, RF-T1. There is a large gap in the seis-
micity data records between the 1935 MW 6.1 Temiscaming
earthquake and the present; the complete seismic bulletin
data from NRCan (2023b) is only available for 1985 onwards.
Consequently, it is currently not possible to properly iden-
tify aftershocks associated with the event and analyze these
with respect to the observed Coulomb stress changes. How-
ever, assuming that some of the stress increase has been re-
lieved by aftershocks, the rupture of a smaller patch any-
where within the positively stressed region is more likely
than a wholesale rupture of the entire region of positive
Coulomb stress change. Therefore, a triggered earthquake
with a magnitude comparable to the historical earthquake
is more likely. The total area (∼700 km2) that exhibits pos-
itive Coulomb stress change (>0.1 bar) is large enough to
host a MW 6.1 earthquake——similar to the 1935 event, as a
MW 6.1 earthquake entails fault slip on a patch comprising
only ∼15%–20% (∼115 km2) of the total area that exhibits
positive Coulomb stress change (∼700 km2) (Well and Cop-
persmith 1994). While earthquakes of up to MW 8.0 are al-
ready considered for this region in the sixth-generation seis-
mic hazard model of Canada (Kolaj et al. 2023), establish-
ing that other sections of RF-T1 could potentially host a MW

6.1 earthquake provides a basis for defining a fault source
model and estimating plausible earthquake magnitudes,
which can be utilized in scenario seismic hazard and risk
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calculations in lieu of blindly adopting historical earthquake
magnitudes.

Although we were only able to explore magnitude esti-
mates of triggered earthquakes on the receiver fault “RF-T1”,
which can comprise input parameters for future seismic haz-
ard and risk modeling in the Témiscaming area, the poten-
tial for a significant earthquake in the Cornwall–Massena
and Ladysmith areas cannot be entirely ruled out, as these
are obviously seismically active areas and since relatively
high slip tendency values have also been measured on the
NW-SE striking faults in these areas (Rimando and Peace
2021).

While we used the best data that are currently available
for the different input parameters, admittedly, modelling the
Coulomb stress changes of the different >MW 4.5 earthquakes
in the WQSZ unavoidably incorporates epistemic uncertain-
ties and some simplifying assumptions. One of the uncer-
tainties pertains to the uncertainty in the magnitude, ge-
ometry, and kinematics and locations of source faults for
the events that we analyzed. Despite using well-determined
earthquake focal mechanisms (Bent 1996a, 1996b; Ma and
Audet 2014) and accounting for the double-couple nature of
these in our modelling, uncertainties that are inherent to
seismic waveform inversions can also be caused by poor seis-
mic station distribution and uncertainties in the hypothetical
seismic velocity structure (e.g., Lomax et al. 2009; Karasözen
and Karasözen 2020). Since data on the detailed subsurface
characteristics of the faults in consideration in this study are
currently unavailable (e.g., from seismic reflection profiles),
we used planar source and receiver fault models from earth-
quake focal mechanisms and constant-dip projections of sur-
face traces, respectively. The kinematics for both the source
and receiver faults are also rather simplistic and/or hypothet-
ical; for the source fault, in the absence of finite-fault slip
models, we used rake values from earthquake focal mech-
anisms, and for the receiver faults, we used predicted rake
values by imposing the regional stress field on the planar re-
ceiver faults.

As has been demonstrated in previous studies that ana-
lyzed the sensitivity of Coulomb stress changes to the dif-
ferent model input parameters (Wang et al. 2014), our sen-
sitivity analysis shows that the Coulomb stress distributions
are most sensitive to the receiver fault dip angle (Figs. S7,
S8, S15, S16, S23, and S24). As higher resolution input data
become available in the future, accounting for these un-
certainties in our current input data may result in devia-
tions from the stress change patterns, intensity, and loca-
tions presented in this study. However, our analysis shows
that for most conceivable and geologically realistic dip sce-
narios for the faults in this region, the positive Coulomb
stress change (≥0.1 bar) distributions on the receiver fault
of the 1935 MW 6.1 Témiscaming earthquake, RF-T1, consis-
tently cover an area that is on the scale of 102 km2 (Figs.
S7 and S8), which is associated with moment magnitudes
of MW ≥ 6 (Wells and Coppersmith 1994). Furthermore, the
high slip tendency of NW-SE-striking faults in the WQSZ
(Rimando and Peace 2021) corroborates our interpretation
of the receiver fault “RF-T1” as a potential future rupture
zone.
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