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Abstract  17 
 18 
There is currently no active fault map for the intraplate western Quebec seismic zone 19 
(WQSZ) in eastern Canada, and consequently, no detailed finite-fault source models 20 
which are critical for seismic hazard assessments in this region with a rapidly growing 21 
population. While previous numerical stress modelling studies have shown that mostly 22 
NNW-SSE to NW-SE-striking faults exhibit the highest potential for reactivation under the 23 
present-day tectonic stress field, such modelling is unable to take into account the 24 
interaction of faults and earthquakes. This study attempts to identify possible future 25 
rupture zones using Coulomb stress analysis. We explore the static stress transfer 26 
caused by select earthquakes (MW > 4.5) in the past century to proximal ‘receiver’ faults 27 
in the WQSZ, with a focus on those that exhibit a relatively high reactivation potential, to 28 
identify faults that have been promoted to failure. The significance of Coulomb stress 29 
changes (ΔCFS) observed on the nearby ‘receiver’ faults varied widely. Among the events 30 
analyzed in this study, only the 1935 MW 6.1 Témiscaming earthquake caused extensive 31 
positive Coulomb stress change (≥ 0.1 Bar) on its receiver fault. The modelled fault 32 
rupture extents suggest a range of earthquake magnitudes of MW  6-7. This work is the 33 
first attempt to provide a physical basis for seismic hazard assessment input parameters 34 
in the WQSZ based on the results of numerical stress modelling. 35 
 36 
 37 
 38 
 39 



This is a non-peer reviewed preprint submitted to EarthArXiv. 

1. Introduction  40 
 41 
Identifying causative faults for the recorded seismicity in the intraplate western 42 

Quebec Seismic Zone (WQSZ) in eastern Canada, like in most intraplate settings 43 
worldwide, has proven to be challenging due to the paucity in contemporary surface-44 
rupturing earthquakes and due to the poor preservation of the topographic expression of 45 
active deformation (McCalpin, 2009; Stein, 2007). While nodal planes of well-determined 46 
focal mechanisms for earthquakes in the WQSZ have been linked to candidate structures 47 
from the similarity in strike with nearby existing faults and lineaments, these 48 
interpretations remain speculative since definitive proof, in the form of surface rupture, 49 
has not been associated with any of the moderate-to strong earthquakes (between MW 5 50 
and MW 6.1) in this region (e.g., Bent 1996a, 1996b). While large prehistoric earthquakes 51 
cannot be ruled out, geomorphic evidence for these is lacking. The poor preservation of 52 
surface ruptures is due in part to the long return periods for earthquakes in this stable 53 
continental region of the North American plate, which experiences on average 54 
approximately 3 earthquakes with a moment magnitude (MW) > 5 every decade (NRCan, 55 
2023a). This is in stark contrast with Western Canada, that has experienced > 100 56 
earthquakes of MW > 5 in less than 100 years, due to its location near the Cascadia 57 
subduction zone (NRCan, 2023b).  58 

The seismicity in the WQSZ is attributed primarily to the reactivation of pre-existing 59 
structures (Rimando and Peace, 2021) under the contemporary tectonic stress field 60 
(Mazzotti & Townend, 2010; Reiter et al., 2014; Snee & Zoback, 2020). Previous 61 
regional numerical stress analyses (e.g., Rimando and Peace, 2021) have shown that 62 
the mainly reverse/thrust faulting on mostly NW-SE striking faults in the WQSZ, as 63 
indicated by earthquake focal mechanisms, is compatible with the present-day NE-SW 64 
maximum horizontal stress orientation (SHmax) that is associated with spreading along the 65 
Mid-Atlantic Ridge (Richardson, 1992). Structures that are currently being reactivated 66 
include faults and folds that are related to late Precambrian to early Paleozoic Iapetan 67 
rifting, and mechanical discontinuities related to Precambrian lithotectonic terranes and 68 
plate boundaries (Culotta et al., 1990; Kumarapeli, 1978; Rimando, 1994; Rimando & 69 
Benn, 2005). These structures, however, are associated with relict tectonic landforms 70 
that constitute most of the topographic relief in the WQSZ, such as the grabens and half-71 
grabens of the NE-SW-striking Saint Lawrence rift system (SLRS), and the NE-SW-72 
striking Ottawa-Bonnechere (OBG) and Timiskaming grabens (TG; Figure 1a) (Kay, 73 
1942; Lamontagne et al., 2020, and references therein; Lovell & Caine, 1970). 74 

Aside from the fact that earthquakes occur infrequently in the WQSZ, the glacial 75 
and deglacial history of the region may obscure or complicate the interpretation of any 76 
evidence of recent tectonic deformation. During the Late Wisconsinan deglaciation (~12 77 
Ka), when most of the St. Lawrence was occupied by the Champlain Sea, it is likely that 78 
many single-event or cumulative deformation features may have been eroded or 79 
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inundated (e.g., Dyke et al., 2002; Parent and Occhietti, 2007). Where evidence of 80 
recent deformation is present, there is currently a debate whether these are due to 81 
tectonic stress or glacio-isostatic adjustment, or both (e.g., Adams, 1989; Brooks & 82 
Adams, 2020; Wallach et al., 1995).  83 

Although the instrumental records of seismicity indicate the occurrence of mostly 84 
low, and at most moderate-sized earthquakes in the WQSZ (NRCan, 2023c), the 85 
temporal coverage of seismicity records are too short to provide a reliable indication of 86 
the longer-term level of fault activity, including return periods and the potential for large 87 
magnitude earthquakes in the area. Globally, there is increasing evidence of large 88 
earthquakes occurring in many areas that have been previously appraised as “stable 89 
continental regions” (Calais et al., 2016; Rimando et al., 2021). The 1929 MS 7.2 Grand 90 
Banks and the 1811–1812 MW 7.2–8.2 New Madrid earthquakes, which occurred to the 91 
southwest and to the east of the WQSZ, respectively, are some examples of large 92 
earthquakes in eastern North America (Bent, 1995; Hasegawa & Kanamori, 1987; 93 
Tuttle et al., 2002). In the WQSZ itself, there is an abundance of off-fault paleoseismic 94 
evidence for possibly large magnitude earthquakes in the not-so-distant past, mostly from 95 
identification of seismites, such as subaqueous mass transport deposits and liquefaction 96 
features (Aylsworth & Hunter, 2003; Brooks, 2013, 2014, 2015; Brooks & Adams, 97 
2020).  98 

Unlike in the west coast of Canada, there is less seismic, geologic, and/or geodetic 99 
data on the nature, distribution, and extent of seismogenic structures in eastern Canada, 100 
as well as earthquake size estimates, that will allow the creation of fault-source-based 101 
probabilistic seismic hazard and risk analyses of individual faults (e.g., Goda and 102 
Sharipov, 2021) or seismic zones (e.g., Halchuk et al., 2014). Consequently, only areal 103 
source zone models based on historical seismicity are being utilized in the WQSZ to 104 
produce seismic hazard estimates for the National Building Code of Canada (NBCC; 105 
Halchuk et al., 2014). Current scenario-based seismic hazard and risk models in the 106 
WQSZ (e.g., Ghofrani et al., 2015; Yu et al., 2016), mainly use historical seismicity, and 107 
have yet to provide physical justification for the fault source’s characteristics (location, 108 
magnitudes, and kinematics) that these utilized. 109 

While previous numerical stress simulations have narrowed down areas for further 110 
detailed analysis (Rimando and Peace, 2021), such as the long NW-SE-striking fault 111 
segments of relatively high slip tendency in the western and central portions of the WQSZ 112 
whose length would suggest a potential for high magnitude earthquakes (Wells and 113 
Coppersmith, 1994), such studies are unable to account for the interaction of faults and 114 
earthquakes (Bott, 1959; Wallace, 1951).  115 

Coulomb stress analysis is a method that allows for the effects of static stress 116 
transfer due to earthquakes on nearby faults to be explored (King et al., 1994). Coulomb 117 
stress transfer studies have been previously used to identify possible future rupture zones 118 
in an effort to improve seismic disaster mitigation (e.g., Parsons et al., 2008). Some 119 
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studies immediately investigated the effects of single, recent large earthquakes on nearby 120 
faults (e.g., Parsons et al., 2008; Li et al., 2021), while some consider all the earthquakes 121 
in the historical record that are above an arbitrary magnitude threshold to systematically 122 
identify faults that have been promoted to failure (e.g., Li et al., 2020). Coulomb stress 123 
transfer studies have been carried out globally on earthquakes associated with different 124 
faulting styles in a variety of tectonic settings. Earthquake triggering on adjacent 125 
faults/fault segments by previous earthquakes has been demonstrated on well-studied 126 
fault systems associated with plate boundaries, such as the lithospheric-scale strike-slip 127 
San Andreas Fault in the USA (e.g., Stein et al., 1992; King et al., 1994) and the North 128 
Anatolian Fault in Turkey (e.g., Stein et al., 1997); the fold-and-thrust belts of Taiwan 129 
(e.g., Chan and Stein, 2009; Lin et al. 2013); subduction zone megathrusts (Toda et al., 130 
2011a), and back-arc normal faults of Italy (e.g., Walters et al., 2008).  131 

Coulomb stress analyses in intraplate settings are less common (e.g., 132 
Mohammadi et al., 2019), and while this method has been previously applied in the 133 
nearby Charlevoix Seismic Zone in Quebec (Fereidoni and Atkinson, 2015), it was done 134 
in the context of relating modern seismicity to a large historic earthquake in the 1600s 135 
and not with the goal of identifying possible future rupture zones. In this study, we analyze 136 
the Coulomb stress changes caused by seismicity in the past 100 years to nearby faults 137 
in the WQSZ with a focus on faults that exhibit a relatively high slip tendency (Rimando 138 
and Peace, 2021). The characteristics of faults that appear to be promoted to failure can 139 
provide input parameters for future seismic hazard and risk modeling, which may have 140 
implications for urban planning, seismic design, and managing industrial operations that 141 
could alter the stress states in the area.  142 

 143 
 144 
 145 
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 146 
Figure 1. (a) Map of the major tectonic features, faults, and seismicity in the western Quebec seismic zone 147 
(WQSZ). TG—Timiskaming Graben. OBG—Ottawa-Bonnechere Graben. SLRS—Saint Lawrence Rift 148 
System. The white dashed line defines the borders of the different geological provinces: the Canadian 149 
Shield, the Ottawa-St. Lawrence Platform, and the Adirondacks. The red dashed line indicates the political 150 
boundaries. The inset map, at the bottom left, shows the location of the WQSZ in eastern North America. 151 
The earthquake epicenters are colored and scaled according to depth and magnitude, accordingly. The 152 
well-localized seismicity data was derived from Adams et al. (1988, 1989), Bent (1996a), Bent 153 
et al. (2002, 2003), Du et al. (2003), Horner et al. (1978), Ma and Eaton (2007), Seeber et al. (2002), 154 
Wahlström (1987), and the earthquake bulletins of both the Natural Resources Canada (NRCan, 2023c) 155 
and the United States Geological Survey (USGS, 2023). The base map is a 30-m-resolution Advanced 156 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) global digital elevation model (GDEM) 157 
by NASA JPL (2023) and the fault traces are from the Geological Survey of Canada's WQSZ faults map 158 
(Lamontagne et al., 2020). The black boxes indicate the locations of detailed maps (Figure 2) of areas with 159 
MW > 4.5 events that were investigated in this study. (b) A rose diagram summarizing the orientations of 160 
the mapped faults in the WQSZ in 18 bins (10° intervals). (c) A diagram of the SHmax orientations in the 161 
WQSZ (Mazzotti & Townend, 2010); 045° is the average regional stress orientation, while 028° and 073° 162 
are the minimum and maximum values, respectively. 163 
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 164 
Figure 2. Locations of MW > 4.5 earthquakes in the WQSZ. These maps show plots of the focal 165 
mechanisms of MW > 4.5 earthquakes, background seismicity, and nearby mapped faults. a) The 1935 MW 166 
6.1 Témiscaming earthquake focal mechanism (Bent, 1996a) and receiver fault, RF-T1. b) The 1944 MW 167 
5.8 Cornwall-Massena earthquake focal mechanism (Bent, 1996b) and receiver faults, RF-C1, C2 & C3. c) 168 
The 2013 MW 4.7 Ladysmith earthquake focal mechanism (Ma and Audet, 2014) and receiver fault, RF-L1. 169 
The topography is derived from a 30-m-resolution Advanced Spaceborne Thermal Emission and Reflection 170 
Radiometer global digital elevation models (ASTER GDEM) by NASA JPL (2023) and the fault traces are 171 
from the Geological Survey of Canada's WQSZ faults map (Lamontagne et al., 2020). Note that the pre-172 
existing normal faults on this map are optimally oriented for reactivation as reverse faults (Rimando and 173 
Peace, 2021).  174 
 175 
 176 
2. Methods and Data  177 

We focused on instrumentally recorded MW > 4.5 events in the WQSZ that are 178 
proximal to mapped faults to examine the stress perturbations that could potentially affect 179 
nearby faults. 180 

A change in the Coulomb failure stress (ΔCFS), caused by coseismic slip on a fault 181 
(called source fault, which is not to be confused with finite-fault source models for seismic 182 
hazard assessments), can alter the state of stress in the surrounding rock volume. 183 
Positive and negative changes in the Coulomb failure stress (ΔCFS) on nearby faults 184 
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(receiver faults), have been observed to promote and inhibit failure, respectively (King et 185 
al., 1994). ΔCFS is calculated using the following equation:  186 

ΔCFS =  Δτ + 𝜇𝜇′Δσ𝑛𝑛, 187 
where Δτ is the change in shear stress (which is positive in the direction of fault 188 

slip), Δσn is the change in normal stress (which is positive if the fault is unclamped), and 189 
μ’ is the apparent coefficient of friction.  190 

We utilized the MATLAB-based software, Coulomb 3.4 (Lin and Stein, 2004; 191 
Toda et al., 2005), to model the coseismic static Coulomb stress changes on the receiver 192 
faults in an elastic half space (Lin and Stein, 2004; Toda et al, 2005; Toda et al., 2011b). 193 
While maps of coseismic surface fault ruptures, information on detailed 3D subsurface 194 
fault geometry, and models of finite-fault slip distributions were not available, we built 195 
realistically-scaled, planar source faults instead using information such as magnitude, 196 
strike, dip and rake from focal mechanisms for the 1935 MW 6.1 Témiscaming (Bent, 197 
1996a), 1944 MW 5.8 Cornwall-Massena (Bent, 1996b), and 2013 MW 4.7 Ladysmith (Ma 198 
and Audet, 2014) earthquakes. Receiver faults (RF-T1; RF-C1, C2 & C3; and RF-L1; 199 
Figure 2) were created by digitizing the faults and lineaments map compiled by the 200 
Geological Survey of Canada (Lamontagne et al., 2020). While the dip directions of these 201 
faults are known, dip values were not provided in the previous work. Thus, we assumed 202 
a dip of 60° (Table 2), which is corroborated by descriptions in previous studies of similar 203 
inherited, rift-related faults that abound the region (e.g., Lovell & Caine, 1970; Rimando, 204 
1994; Rocher & Tremblay, 2001). 205 

While most previous studies assign a default coefficient of friction (μ) value of 206 
either 0.4 when μ is unknown (e.g., Stein, 1999), or up to 0.8 for high-friction, low-207 
cumulative-slip faults (Lin and Stein, 2004), we used a value of μ = 0.5, which is 208 
consistent with the value used in previous numerical stress modelling studies in the area 209 
(e.g., Rimando and Peace, 2021) that are based on sufficiently reliable geological 210 
justifications, such as the following: 1) the prevailing knowledge that mid-crustal maximum 211 
possible differential stress (σ1−σ3) values are most likely low in the region (e.g., 212 
Hasegawa et al., 1985; Lamontagne & Ranalli, 1996, and references therein), and 2) 213 
elevated levels of pore fluid pressure associated the upward migration of mantle-derived 214 
H2O-CO2-dominated fluids possibly enables the fault reactivation in eastern Canada 215 
(Sibson, 1989). A minimum ΔCFS threshold of 0.1 Bar has been shown to be sufficient 216 
to promote failure on nearby faults (Stein, 1999). 217 

The scarcity of surface expressions, and consequently the lack of proper 218 
documentation of the kinematics of Quaternary active faults (e.g., Brooks and Adams, 219 
2020), requires determining the kinematics of possible receiver fault through other means. 220 
To determine the kinematics, we calculated the expected kinematics (expressed in rake 221 
values; Table 2) of our receiver faults using the Java-based open-source software, 222 
Slicken 1.0 (Xu et al., 2017). Input for the calculations carried out in Slicken 1.0 included 223 
the following: 1) the dip angle and direction of the receiver fault; 2) the maximum 224 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2017GL075875#grl56686-bib-0017
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horizontal stress directions, and 3) a stress ratio. Similar to the WQSZ fault slip tendency 225 
study by Rimando and Peace (2021), we assumed stress states derived from inversions 226 
of distal earthquake focal mechanisms and borehole breakouts (Mazzotti & Townend, 227 
2010; Reiter et al., 2014; Snee & Zoback, 2020), with an average SHmax = 045° and a 228 
stress ratio (ϕ = 1-R = σ1−σ3/ σ1−σ3) of 0.4.  229 

While we assumed specific values for the different input parameters in modelling 230 
Coulomb stress changes, we tested the sensitivity of our models to the range of usually 231 
assumed values for μ (minimum μ = 0.4 and maximum μ = 0.8), the range of modelled 232 
receiver fault rake values based on range of measured SHmax values in the WQSZ 233 
(minimum SHmax = 028° and maximum SHmax = 073°), and a range of feasible receiver fault 234 
dip values. Since there are no independent constraints to determine which of the two 235 
nodal planes of each of the double-couple focal mechanisms represents the ruptured fault 236 
plane of each event in consideration in this study, we consider both nodal planes as 237 
possible source faults for each earthquake (Table 1).   238 
 239 

Date Magnitude 
(Mw) 

Latitude 
(°N) 

Longitude 
(°E) 

Depth 
(km) 

Nodal plane 1 Nodal plane 2 
Strike 

(°) 
Dip 
(°) 

Rake 
(°) 

Strike 
(°) 

Dip 
(°) 

Rake 
(°) 

Nov. 1, 
1935 6.1 46.78 -79.07 10 130 45 80 324 46 100 

Sept. 
5,1944 5.8 44.96 -74.72 20 199 42 149 313 70 52 

May 
17, 

2013 
4.7 45.74 -76.35 14 306 41 94 122 50 87 

Table 1. Source fault parameters (Data sources: Bent, 1996a; Bent, 1996b; Ma and Audet, 2014). 240 
Rake values (°) are reported following the convention of Aki and Richards (1980). Strike and dip values 241 
are reported following the right-hand rule.  242 
 243 

 244 
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 

Table 2. Receiver fault parameters. Rake values (°) are reported following the convention of Aki and 245 
Richards (1980). Strike and dip values are reported following the right-hand rule. 246 
 247 

 248 
 249 
 250 
 251 
 252 
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3. Results  253 
 254 

For each event, we displayed the calculated Coulomb stress changes in map view 255 
(horizontal slice at the focal depth), in cross-sectional view (across the source fault), and 256 
on the receiver fault plane itself. For each earthquake, we present the results of the 257 
‘preferred model,’ which assumes a μ = 0.5 and a SHmax = 45°, and we present a sensitivity 258 
analysis, which consider a range of feasible μ, receiver fault rake (based on the assumed 259 
SHmax), and receiver fault dip values (Figs. 3-5).    260 
 261 
3.1 The 1935 MW 6.1 Témiscaming Earthquake 262 
 263 
3.1.1 Preferred model   264 

The map view (10-km-depth slice) of Coulomb stress changes for both the SW- 265 
and NE-dipping source faults (Figure 3a&d, respectively; indicated as nodal planes 1 and 266 
2, respectively in Table 1) of the 1935 MW 6.1 Témiscaming earthquake show that the 267 
NW end of the receiver fault (RF-T1) is affected the most by Coulomb stress changes, 268 
and that significant changes (≥ 0.1 Bar) occur close to the surface (0 km) and up to a 269 
depth of 30 km (Figure 3b, c, e&f). Both maps exhibit roughly symmetric coulomb stress 270 
change patterns that are typical of dominantly reverse-slip, source-receiver fault pairs. 271 
The maps display ~40-km-long and ~15-to-20-km-wide NW-SE rectangular positive 272 
Coulomb stress change with central negative Coulomb stress change regions, which are 273 
spatially coincident with the map-view projections of the source faults. Both source fault 274 
model maps also show pairs of ~80-km-long (end-to-end) NE-SW lobes of negative 275 
Coulomb stress change (Figure 3a&d). In cross-sectional view (Figure 3b&e), radial 276 
patterns of positive and negative Coulomb stress changes can be seen, with the source 277 
faults almost entirely exhibiting negative Coulomb stress change, except at the tips, 278 
where lobes of positive stress changes emanate. In both cross-sections (Figure 3b&e), 279 
the central segment of the receiver fault (RF-T1) falls within a region of negative Coulomb 280 
stress change, while the upper and lower segments of the receiver fault (RF-T1) cross 281 
regions of positive Coulomb stress change. For both source fault models, the receiver 282 
fault plane (RF-T1, Figure 3c&f) exhibits a large extent of positive coulomb stress 283 
change: ~40-km-long, ~25-km-wide (downdip) doughnut-shaped regions that surround 284 
~15-km-long and ~10-to-15-km-wide (downdip) central regions of negative Coulomb 285 
stress change, which correspond to the projections of the source fault planes.  286 
 287 
3.1.2 Sensitivity Analysis   288 

Overall, there is a minimal effect of changing the input values for μ and receiver 289 
fault rake on the Coulomb stress change distributions for both the SW- and NE-dipping 290 
source faults, as seen in map view, in cross-sectional view, and on the receiver fault 291 
(Supplementary Figures S1-S6).  292 
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In map view (Supplementary Figures S1 & S2), a slight increase in the assumed 293 
coefficient of friction, such as between μ = 0.4 and μ = 0.5 has an insignificant effect on 294 
the stress change distributions. However, a larger increase in the coefficient of friction, 295 
such as between μ = 0.4 and μ = 0.8 appears to affect the stress change distributions 296 
more noticeably, with the Coulomb stress change distributions becoming more 297 
asymmetric, and the positive and negative regions increasing and decreasing in extent, 298 
respectively, as the coefficient of friction increases. As the receiver fault rake decreases 299 
(or as azimuth of the SHmax increases/SHmax is rotated clockwise), from 121° to 72° (SHmax 300 
= 028° to SHmax = 073°), the stress change patterns are rotated clockwise about an 301 
imaginary central vertical axis, which is most evident in the rotation of the lobes of 302 
negative Coulomb stress change, and the negative regions also decrease in extent.   303 

In cross-sectional view (Supplementary Figures S3 & S4), an increase in μ and 304 
SHmax azimuth, causes the stress patterns to bend/shear slightly towards the NE, and the 305 
positive (except for the lobe close to the lower portion of RF-T1) and negative regions to 306 
generally slightly increase and decrease in extent, respectively.  307 

On the receiver fault plane (RF-T1, Supplementary Figures S5 & S6), an 308 
increase in SHmax azimuth results in clockwise shearing of the Coulomb stress change 309 
patterns (and dilation of the ‘slits’ of positive Coulomb stress for the receiver fault of nodal 310 
plane 2 model). An increase in μ results in a slight increase in the negative Coulomb 311 
stress regions enveloping the positive Coulomb stress ‘doughnut’ pattern in both source 312 
fault models and changes the morphology of the central negative Coulomb stress patches 313 
– for the receiver fault of nodal plane 1 model, there’s an increased indentation of the 314 
sides, while for the receiver fault of nodal plane 2 model, the ‘slits’ of positive Coulomb 315 
stress shrink.  316 

Changing the assumed receiver fault dip for this event, however, yielded more 317 
noticeable changes in stress distributions for both source fault planes models 318 
(Supplementary Figures S7 & S8). We tested the effect of the receiver fault dip only on 319 
the 1935 MW 6.1 Témiscaming earthquake, as an event with a higher magnitude is likelier 320 
to be associated with more significant Coulomb stress changes. In map view, increasing 321 
the dip from 45° to 75° resulted in the counter-clockwise shearing of the stress patterns, 322 
with the stress pattern being significantly more asymmetric and exhibiting a more 323 
pronounced increase and decrease in positive and negative regions, respectively, for the 324 
model which assumes a dip of 75°. In cross-sectional view, an increase in dip causes the 325 
stress patterns to bend/shear slightly towards the NE, and the positive and negative 326 
regions to generally slightly increase and decrease, respectively, in extent, similar to the 327 
effect of changing the μ and SHmax azimuth. On the receiver fault plane, changing the 328 
receiver fault dip resulted in significantly different down-dip stress distributions. While the 329 
stress pattern changes didn’t exhibit any obvious trend, a significant positive Coulomb 330 
stress patch which extended for at least ~ 5 km downdip was present in all receiver fault 331 
planes.  332 
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 333 
3.2 The 1944 MW 5.8 Cornwall-Massena Earthquake  334 
 335 
3.2.1 Preferred model   336 

The stress changes in map view (20-km-depth slice) associated with NW- and NE-337 
dipping source faults of the 1944 MW 5.8 Cornwall-Massena earthquake (Figure 4a&d, 338 
respectively; indicated as nodal planes 1 and 2, respectively, in Table 1) appear to affect 339 
the SE end of the receiver fault (RF-C1). Both maps exhibit asymmetric coulomb stress 340 
change patterns that are typical of oblique reverse-slip, source-receiver fault pairs. The 341 
maps display ~50-km-wide sheared clover leaf-shaped distributions of positive Coulomb 342 
stress change, with irregularly-shaped centers and asymmetric paired lobes of negative 343 
Coulomb stress change (Figure 4a&d) owing to the large lateral-component of slip for 344 
both the source and receiver faults (Table 1).  345 

Cross-sectional views (Figure 4b&e) of the two source fault models display 346 
different stress change patterns, with the NE-dipping source fault model having more 347 
defined radial patterns of positive and negative Coulomb stress changes as a result of 348 
the difference in the map-view stress change patterns between the two source fault 349 
models. Both cross-sections, however, exhibit a negative Coulomb stress change over 350 
most of the source faults and lobes of positive stress change at or near the tips.  351 

The receiver fault planes for both source fault models (RF-C1, Figure 4c&f), 352 
shows insignificant Coulomb stress changes (-0.1 to 0.1 Bar) at the southeast end, with 353 
large (~20-km wide, 0-14 km downdip) negative Coulomb stress change patches, and 354 
smaller patches of positive coulomb stress at the lower SE corner of the receiver fault.  355 

 356 
3.2.2 Sensitivity Analysis   357 

There are noticeable, albeit minor effects as a result of changing the input values 358 
for μ and SHmax on the Coulomb stress change distributions for both the NW- and NE-359 
dipping source faults (Supplementary Figures S9-S14). 360 

In map view (Supplementary Figures S9 & S10), an increase in the assumed 361 
coefficient of friction from μ = 0.4 to μ = 0.8, results in an increase and decrease in the 362 
extent of the positive and negative regions, respectively. As the receiver fault rake 363 
decreases (or as azimuth of the SHmax increases/SHmax is rotated clockwise), from 85° to 364 
48° (SHmax = 028° to SHmax = 073°), the lobes of negative Coulomb stress change become 365 
larger and distinct lobes of positive Coulomb stress change emerge.   366 

In cross-sectional view (Supplementary Figures S11 & S12), an increase in μ 367 
results in a slight increase and decrease in the extent of the positive and negative regions, 368 
respectively, for both source models. An increase in the SHmax azimuth, causes the stress 369 
patterns to bend/shear slightly (towards the NW and the SW for the NW- and NE-dipping 370 
models, respectively), the positive regions to thin out, and the negative regions to 371 
decrease in extent, respectively.  372 
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On the receiver fault plane (RF-C1, Supplementary Figures S13 & S14), an 373 
increase in SHmax azimuth results in an increase and decrease in the extent and intensity 374 
of the negative and positive regions, respectively, for both source models. An increase in 375 
μ results causes as slight increase and decrease in the extent of the negative and positive 376 
regions, respectively, and an intensification of the negative stress regions.  377 

We also modelled the Coulomb stress changes brought about by 1944 MW 5.8 378 
Cornwall-Massena earthquake on the other mapped faults surrounding the epicenter, RF-379 
C2 and RF-C3 (Supplementary Figures S15 & S16), but these yielded negligible 380 
Coulomb stress changes on the receiver fault, likely due to the greater distance of these 381 
faults from the hypocenter. 382 

 383 
 384 

3.3 The 2013 MW 4.7 Ladysmith Earthquake 385 
 386 
3.3.1 Preferred model   387 

The map view (14-km-depth slice) of Coulomb stress changes for both the NE- 388 
and SW-dipping source faults (Figure 5a&d, respectively; indicated as nodal planes 1 389 
and 2, respectively in Table 1) of the 2013 MW 4.7 Ladysmith earthquake show that the 390 
receiver fault (RF-L1) is unaffected. Both maps exhibit symmetric coulomb stress change 391 
patterns that are typical of dominantly reverse-slip, source-receiver fault pairs. The maps 392 
display ~8 to-10-km-wide positive Coulomb stress regions with central negative Coulomb 393 
stress change regions, which are roughly spatially coincident with the map-view 394 
projections of the source faults. Both source fault model maps also show pairs of ~10-to-395 
12-km-long (end-to-end) NE-SW lobes of negative Coulomb stress change (Figure 396 
5a&d).  397 

In cross-sectional view (Figure 5b&e), radial patterns of positive and negative 398 
Coulomb stress changes that are at least ~5 km perpendicular distance to the receiver 399 
fault can be seen, with the source faults entirely exhibiting negative Coulomb stress 400 
change, and with lobes of positive stress changes emerging at or near the tips.  401 

For both source fault models, the receiver fault plane (RF-L1, Figure 5c&f) does 402 
not exhibit any Coulomb stress changes. 403 

 404 
3.3.2 Sensitivity Analysis   405 

In general, there are only slight effects as a result of changing the input values for 406 
μ and SHmax on the Coulomb stress change distributions for both the NE- and SW-dipping 407 
source faults (Supplementary Figures S17-S20). 408 

In map view (Supplementary Figures S17 & S18), an increase in the assumed 409 
coefficient of friction from μ = 0.4 to μ = 0.8, results in an increase and decrease in the 410 
extent of the positive and negative regions, respectively. As the receiver fault rake 411 
decreases (or as azimuth of the SHmax increases/SHmax is rotated clockwise), from 91° to 412 
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50° (SHmax = 028° to SHmax = 073°), the lobes of negative Coulomb stress change rotate 413 
and become larger.   414 

In cross-sectional view (Supplementary Figures S19 & S20), an increase in μ 415 
tends to rotate the stress change patterns clockwise and make the larger positive and 416 
negative lobes slightly bigger and the smaller positive and negative lobes slightly smaller, 417 
for both source models. An increase in the SHmax azimuth, causes the entire stress 418 
patterns to decrease in size. 419 

Regardless of the μ and SHmax values used, there was no observed Coulomb stress 420 
changes on the receiver fault plane (RF-L1).   421 

 422 
 423 
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 424 
Figure 3. 1935 MW 6.1 Témiscaming Earthquake Coulomb stress changes. Map-view (10-km depth 425 
slice) (a&d), cross-sectional view (b&e), and receiver fault plane view (c&f) of the Coulomb stress changes 426 
for the SW-dipping (a- c) and NE-dipping (d-f) source fault planes (nodal planes 1 and 2, respectively; 427 
Table 1).  All calculations assumed a coefficient of friction (μ) of 0.5 and a receiver fault plane rake of 104°, 428 
based on a maximum horizontal stress value (SHmax) of 045°. 429 
 430 
 431 
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 432 
Figure 4. 1944 MW 5.8 Cornwall-Massena Earthquake Coulomb stress changes. Map-view (20-km 433 
depth slice) (a&d), cross-sectional view (b&e), and receiver fault plane view (c&f) of the Coulomb stress 434 
changes for the NW-dipping (a- c) and NE-dipping (d-f) source fault planes (nodal planes 1 and 2, 435 
respectively; Table 1).  All calculations assumed a coefficient of friction (μ) of 0.5 and a receiver fault plane 436 
rake of 67°, based on a maximum horizontal stress value (SHmax) of 045°. 437 
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 438 
Figure 5. 2013 MW 4.7 Ladysmith Earthquake Coulomb stress changes. Map-view (14-km depth slice) 439 
(a&d), cross-sectional view (b&e), and receiver fault plane view (c&f) of the Coulomb stress changes for 440 
the NE-dipping (a- c) and SW-dipping (d-f) source fault planes (nodal planes 1 and 2, respectively; Table 441 
1).  All calculations assumed a coefficient of friction (μ) of 0.5 and a receiver fault plane rake of 72°, based 442 
on a maximum horizontal stress value (SHmax) of 045°. 443 
 444 
 445 
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4. Discussion and Conclusions  446 
Of the three events analyzed in this study, only the 1935 MW 6.1 Témiscaming 447 

earthquake caused extensive positive (≥ 0.1 Bar) Coulomb stress change on a nearby 448 
mapped fault (receiver fault RF-T1, Figures 2 &3) owing to the proximity of the source 449 
and receiver faults, but more importantly to its relatively larger magnitude, as larger 450 
magnitude earthquakes redistribute tectonic stresses on faults over a much larger area 451 
(Helmstetter et al., 2005).  452 

The positive Coulomb stress change (≥ 0.1 Bar) observed on the receiver fault, 453 
RF-T1, is extensive: ~40-km-long (end-to-end) and ~25-km-wide (downdip). However, at 454 
the center of this region of positive Coulomb stress is a patch of 15-km-long and ~10-to-455 
15-km-wide (downdip) negative Coulomb stress change (Figure 3).  456 

If we assume that the areal extent (km2) of positive Coulomb stress change (≥ 0.1 457 
Bar) on the receiver fault plane (RF-T1), which falls within the range of seismogenic 458 
depths of the WQSZ region, can be used to estimate the size (km2) of future coseismic 459 
fault rupture (e.g., Li et al., 2021; Shan et al., 2013), then it is possible to estimate 460 
possible earthquake sizes (Wells and Coppersmith, 1994). Some of the many feasible 461 
rupture scenarios that can be drawn from the Coulomb stress pattern on the receiver fault, 462 
RF-T1 (Figure 3c&f), are as follows: 1) shallow rupture of entire positive Coulomb stress 463 
region (between ~7 km and ~47 km distance and 0-10 or 15 km downdip), 2) deeper 464 
rupture (between ~7 km and ~47 km distance and 10 -20 km downdip), 3) rupture of the 465 
entire positive Coulomb stress region (between ~7 km and ~47 km distance and 0-20 km 466 
depth), and 4) rupture of the entire downdip sections of either the SE end (~7 km and ~20 467 
km distance) or NW end (~35 km and ~47 km distance) of the positive Coulomb stress 468 
region. The possible total fault rupture area of each of the aforementioned scenarios, or 469 
variations thereof, can further increase if rupture is also triggered on the patch of negative 470 
Coulomb stress. Therefore, fault rupture on parts, or the entire extent, defined by the 471 
positive Coulomb stress region on receiver fault RF-T1, could cause moderate-to-large 472 
earthquake moment magnitudes (MW) ranging from ~6 to ~7 (Wells and Coppersmith, 473 
1994). 474 

The magnitude estimates based on the extent of positive coulomb stress changes 475 
on the receiver fault ‘RF-T1’ can provide parameters for future seismic hazard and risk 476 
modeling in the Témiscaming area. However, the potential for a significant earthquake in 477 
the Cornwall-Massena and Ladysmith areas cannot be entirely ruled out, as these are 478 
obviously seismically active areas, and since relatively high slip tendency values have 479 
also been measured on the NW-SE striking faults in these areas (Rimando and Peace, 480 
2021).  481 

While the population of Temiscaming is currently less than 3,000 (Statistics 482 
Canada, 2017), it is worth highlighting that rural Ontario is expecting to see a growth in 483 
population, due to the post-COVID-19 urban exodus (Weeden, S., 2020; Wood, 2022). 484 
Additionally, infrastructures in this area, like in most cities in eastern Canada are unlikely 485 



This is a non-peer reviewed preprint submitted to EarthArXiv. 

to be earthquake proof (Goda, 2019; Kovacs, 2010; Mirza & Ali, 2017). Improved 486 
knowledge of the level of seismic hazard in this area, from the earthquake magnitude 487 
estimates proposed in this study, could allow the following: 1) a better assessment of the 488 
suitability of the area for future urban development (e.g., Bathrellos et al., 2017); 2) 489 
proper implementation of seismic protection measures for timber structures (Ugalde et 490 
al., 2019) and historical structures and monuments (Syrmakezis, 2006); and 3) planning 491 
for mitigation of induced seismicity, potentially from industrial activity as the area 492 
develops.  493 

While we used the best data that is currently available for the different input 494 
parameters, admittedly, modelling the Coulomb stress changes of the different > MW 4.5 495 
earthquakes in the WQSZ unavoidably incorporates epistemic uncertainties and some 496 
simplifying assumptions. One of the uncertainties pertains to the uncertainty in the 497 
magnitude, geometry, and kinematics and locations of source faults for the events that 498 
we analyzed. Despite using well-determined earthquake focal mechanisms (Bent, 1996a, 499 
1996b; Ma and Audet, 2014) and accounting for the double-couple nature of these in our 500 
modelling, uncertainties that are inherent to seismic waveform inversions can also be 501 
caused by poor seismic station distribution and uncertainties in the hypothetical seismic 502 
velocity structure (e.g., Lomax et al., 2009; Karasözen and Karasözen, 2020). Since 503 
data on the detailed subsurface characteristics of the faults in consideration in this study 504 
are currently unavailable (e.g., from seismic reflection profiles), we used planar source 505 
and receiver fault models, from earthquake focal mechanisms and constant-dip 506 
projections of surface traces, respectively. The kinematics for both the source and 507 
receiver faults are also rather simplistic and/or hypothetical; for the source fault, in the 508 
absence of finite-fault slip models, we used rake values from earthquake focal 509 
mechanisms, and for the receiver faults, we used predicted rake values by imposing the 510 
regional stress field on the planar receiver faults.  511 
 As has been demonstrated in previous studies that analyzed the sensitivity of 512 
Coulomb stress changes to the different model input parameters (Wang et al., 2014), our 513 
sensitivity analysis shows that the coulomb stress distributions are most sensitive to the 514 
receiver fault dip angle (Supplementary Figures S7 & S8). As higher resolution input 515 
data becomes available in the future, accounting for these uncertainties in our current 516 
input data may result in deviations from the stress change patterns, intensity, and 517 
locations presented in this study. However, our analysis shows (Supplementary Figures 518 
S7 & S8) that for most conceivable and geologically realistic dip scenarios for the faults 519 
this region, the positive Coulomb stress change (≥ 0.1 Bar) distributions on the receiver 520 
fault of the 1935 MW 6.1 Témiscaming earthquake, RF-T1, consistently cover an area of 521 
at least 30 km x 15 km, which is associated with a moment magnitude of MW ≥ 6 (Wells 522 
and Coppersmith, 1994).  Furthermore, the high slip tendency of NW-SE-striking faults 523 
in the WQSZ, corroborates our interpretation of the receiver fault ‘RF-T1’ as a potential 524 
future rupture zone.  525 
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