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1 Abstract

In order to understand the impact of large, potentially active faults on seismic hazard and risk in western Canada,
faults in the region are characterized using a geodetic-geologic block model. The results are then integrated into
Canada’s existing national seismic hazard and risk models. To do this, potentially active faults are mapped to build
a block model around them; then, several thousand geodetic velocities and several hundred Quaternary geologic
slip rates are inverted to estimate slip rates on the mapped faults. The block model yields low to moderate slip
rates (<2 mm/yr) on most faults, except along the Queen Charlotte and Denali fault systems. These faults are then
incorporated into Canada’s 6th Generation Seismic Hazard Model and changes in hazard and risk at key population
centers are evaluated. While absolute changes in hazard are modest in most locations, relative increases of several
times the original hazard levels are found at sites near newly-added faults, especially in the eastern portion of the
study region. Risk modeling indicates potential increases in expected losses, with some communities showing >10
times higher losses at the 475-year return period. However, the sparsity of geodetic and geologic data across much of
western Canada significantly limits confidence in these results. Our findings suggest that these or similar faults may
pose meaningful hazard, and that additional geodetic monitoring and geologic investigation are urgently needed to

better constrain their activity and impact on seismic hazard and risk across the region.

2 Introduction

2.1 Motivation

The Canadian Cordillera, which extends from the Pacific coast to the eastern edge of the Rocky Mountains (Cassidy
etal., 2010), is enigmatic in that while it is bounded by a rapidly deforming plate boundary, and in places yields clear
evidence for deformation up to 1000 km inboard from the plate margin (e.g. the Nahanni earthquake sequence of
1985; Horner et al., 1990), for much of its great extent, unambiguous geological and geophysical documentation of
moderate to large magnitude seismicity is lacking. Very few active faults have been positively identified, in part due
to the ruggedness and inaccessibility of the terrain, the sparsity of the population, and the apparent slow strain rates

across much of the region.
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Figure 1 Seismicity and faults in western Canada and vicinity above 30 km depth. Focal mechanisms are from the the
updated catalog by Kao et al. (2012) (1995-present) and the GCMT catalog (Ekstrom et al., 2012). Purple dots are from the
SHEEF catalog (prehistory-2010) (Halchuk et al., 2015b). Scale is based on magnitude and is the same. Faults in this study
are shown in orange. DF=Denali fault. TF=Tintina fault. EDF=Eastern Denali fault. MFT=Mackenzie frontal thrust. RMT=Rocky
Mountain Trench. RMTF=Rocky Mountain thrust front. CSZ=Coast Shear Zone. QCF=Queen Charlotte Fault.
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As a consequence of the lack of fault characterization, Canada’s Seismic Hazard Model (CanSHM) contains very
few crustal fault sources within the North American plate, apart from those that represent the rapidly slipping and
relatively well-known Queen Charlotte, Denali, and Tintina faults that cross the Alaskan border. Recent work has
helped identify additional active structures closer to cities, such as the Leech River and XEOLXELEK-Elk Lake Faults
(Morell et al., 2018; Harrichhausen et al., 2021, 2023), the former of which has already been added to the CanSHM.
However, best practices in the construction of seismic hazards models promote the use of fault sources in addition
to distributed seismicity sources (e.g., Gerstenberger et al., 2020), where applicable.

The development of a seismic hazard model with more defined fault sources, in addition to area sources cali-
brated to the instrumental seismic catalog, would be especially beneficial in Canada in terms of modeled seismicity
beyond what can be known from the catalog, which only extends for approximately 70-150 years in much of the west
(Basham and Newitt, 1993; Allen and Brillon, 2015; Bent et al., 2018; Kolaj et al., 2020). The location, geometry, and
kinematics of modeled ruptures can be known more accurately on individual faults versus averages throughout a
crustal volume, and the slip rates of faults provide a better estimate of the rates of damaging seismicity, especially
in slowly-deforming regions where the catalog length is much shorter than the mean recurrence intervals of large
earthquakes.

The Canadian Cordillera hosts a number of large, well-located faults that may be considered ‘potentially active’,
meaning that they are not definitively demonstrated to be seismically active nor inactive, as well as a few faults
known to be active but still represented primarily as area sources in the existing seismic hazard models due to a lack
of information about their recurrence, magnitude, and/or geometry. The recognition of this class of faults motivates
us to consider their possible impacts on the seismic hazard and risk of the region, to provide stakeholders with
precise and quantitative information on these potential impacts, and to generally understand whether improved
characterization of faults in western Canada is likely to significantly affect the seismic hazard and risk throughout
the region.

Inthe absence of high resolution studies characterizing individual faults, modern geodetic and topographic datasets
can be leveraged to characterize faulting in a region with sufficient accuracy to construct a regional fault source

model for seismic hazard and risk modeling (e.g., Gerstenberger et al., 2020), for demonstration of the latter goal.

2.2 Evidence for upper plate deformation
2.2.1 Seismicity

Seismicity is present throughout western Canada (Figure 1). The vast majority of the seismicity is localized on the
North America-Pacific plate boundary faults: the Cascadia subduction zone, the Queen Charlotte Fault (QCF) and the
Alaska-Aleutian subduction zone. Moving inland, a belt of seismicity extends north along strike of the Fairweather-
QCF system through the complex deformation zone of the Wrangell and St. Elias Mountains, and north to the Denali
fault along the Totschunda, Connector, and Duke River Faults (though substantial seismicity is also present on the
Eastern Denali fault, southeast of this junction; Doser, 2014).

Farther inland, seismicity exists throughout the northern Cordillera in the Yukon and the Mackenzie Mountains
along the Mackenzie Mountain Front in the Northwest Territories (NWT) (Drooff and Freymueller, 2023), particularly
in the Nahanni and Richardson Mountains regions (Hyndman et al., 2005). The Nahanni earthquake sequence began
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in 1985, with magnitudes up to moment magnitude (M,,) 6.7. Focal mechanisms (Ekstrom et al., 2012) and aftershock
distributions (Horner et al., 1990) indicate thrusting on a shallowly west-dipping plane. Seismicity in the Richardson
Mountains is more abundant and spread over a larger region, with the largest events (also mid M 6 events) occurring
in 1940 (Cassidy and Bent, 1993). In this region, seismicity appears to be localized onto narrow fault bands within the
Richardson Anticlinorium and Selwyn Basin (Drooff and Freymueller, 2023).

Moderate-magnitude seismicity is also found throughout the Yukon, especially along the Tintina fault (Drooff and
Freymueller, 2023). The density of seismicity drops off noticeably south of the British Columbia (BC) border (Figure
1). Nonetheless, moderate earthquakes have been observed over much of BC and western Alberta (AB) (e.g., Milne,
1970; Rogers and Ellis, 1979; Cassidy et al., 2010; Dokht et al., 2020), both along the major faults and into the Canadian
shield. The few focal mechanisms indicate NE-SW contraction, consistent with thrusting on the Rocky Mountain
thrust front (Ristau et al., 2007; Finley et al., 2023).

Seismicity is also present near Vancouver Island and the Salish Sea region of southwestern BC and northern Wash-
ington State (e.g. Barrie and Greene, 2018; Greene et al., 2018; Harrichhausen et al., 2021, 2023) (Figure 2). The largest
known earthquake in the region is the 1946 M,, 7.3 Vancouver Island earthquake (Rogers and Hasegawa, 1978), which
may have occurred on the Beaufort Range Fault (Lynch et al., 2025; Lynch, 2023) or in the subducting slab (Rogers
and Hasegawa, 1978). Other earthquakes have been recorded near the West Coast Fault (Muller et al., 1981; Finley
et al., 2023) and Nootka Fault Zone (Merrill et al., 2022), indicating active deformation in the North American plate

above the Cascadia subduction zone interface.

2.2.2 Geodesy

Geodetic velocities in northwestern North America (Figure 3) broadly reflect interseismic strain accumulation in
the Cascadia and Alaska-Aleutian subduction zones (including the collision of the Yakutat block with southeastern
Alaska) and along the QCF (Mazzotti and Hyndman, 2002; Mazzotti et al., 2003; McCaffrey et al., 2013; Elliott and
Freymueller, 2020; Evans, 2022). However, just as with the spatial distribution of seismicity, there is clear geode-
tic evidence of substantial crustal deformation hundreds of kilometers inboard from the plate interface in parts of
western Canada, although the signals are muted, and there are signs of stability in the data elsewhere, with large data
gaps in the interior of BC precluding clear delineation of these zones. North of about 58°, Global Navigation Satellite
System (GNSS) velocity vectors show clear east-northeast-directed motion that is readily interpretable as east-west
crustal shortening in the Mackenzie range (Hyndman et al., 2005; Leonard et al., 2007).

In the southern Canadian Cordillera (Figure 4), a clear northeastern trend in the velocity field continues through
the interior from northwestern Washington (WA). This trend is visible into the Alberta Rockies, suggesting slow
shortening along the frontal thrusts of the Rockies at this latitude. Though the azimuth of the velocities with respect
to stable North America is consistent with the convergence direction of the Juan de Fuca plate, the magnitude of
the velocities stay higher for a much farther distance inboard than expected from a locked Cascadia subduction
interface. This is shown by modelled GNSS velocities resulting from a fully-locked Cascadia subduction zone, as
shown in Figure S1.

Crustal motion also seems to decrease northward, with little apparent motion of few stations in the central interior
of BC with respect to stable North America north of 53°N, although there is only one GNSS station (in Smithers, BC)

4


https://seismica.org/

This is a non-peer reviewed ReseatehtAntidbéo sk bnoidchiptSEJSMIGH the impact of potentially-active faults on seismic hazard and risk in western Canada
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Figure2 SamedataasFigure 1, butfocused on southwestern BC and the Puget Sound region. YF=Yalakom fault. AC=Ascent
Creek fault. FRF=Fraser River fault. HLF=Harrison Lake fault. CF=Coquihalla fault. BRF=Beaufort Range fault. OIF=Outer
Islands fault zone. WCF=West Coast fault. SJF=San Juan fault. X=XEOLXELEK-Elk Lake fault. LRF=Leech River fault.

DDMF=Darrington-Devils Mountain fault. SWIF=South Whidbey Islands fault. Dates in italics are the years of earthquakes
on Vancouver Island referred to in the text.
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Figure3 Geodetic data across study region, used in block inversion. Blue vectors represent GNSS velocities. Velocity errors
are omitted for clarity. Purple points represent geologic slip rates. See Section 3.2.1 for details of datasets used herein.
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Figure4 Same as Figure 3 but for southern British Columbia and vicinity. GNSS velocities shown as blue arrows, with 1-o
error ellipses (see Section 3.2.1 for details).

in the 675 km distance between Prince George and Dease Lake, and between Prince Rupert on the coast to the far
side of the deformation front in the east. This data gap inhibits assessment of the transfer of strain evident in the
southern and northern Canadian Rockies in the central Rockies (e.g. Ristau et al., 2007); strain could be transferred
west to the Coast Shear Zone along unknown structures in northern and southern BC, or shortening could continue
along the length of the Rocky Mountain thrust front.

To better quantify crustal strain across western Canada and its impact on seismic hazard, a block model is created
based on a provisional mapping of potentially active crustal fault structures. The block model is then converted into
a probabilistic seismic hazard model, and a risk assessment is completed to demonstrate the potential impacts of

geodetic data in understanding the threat of earthquakes across western Canada.

3 Methods and Results

We must first characterize faulting throughout western Canada, then integrate those faults into the existing seismic
source model. To perform the former, we map potentially active faults and construct a block (tectonic microplate)
model to quantify their kinematics and activity rates. Then, fault sources were constructed from the block model
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using new methods from the Global Earthquake Model Foundation (GEM). Finally, the new sources were combined
with the existing seismic source model by adding the new fault sources and modifying or replacing specific affected
sources from the original model, as appropriate.

It must be noted that combining sources in this way is not ideal; more commonly, both fault and distributed
seismic sources are built together to maximize congruence and minimize gaps and overlaps in coverage (e.g., Ger-
stenberger et al., 2020). However, such an approach requires building the entirety of the seismic source model for
western Canada and surroundings from scratch, which is both outside the scope of this project, and runs the risk of
producing a model sufficiently different than the current model that the specific goal of understanding the role of
fault sources is lost. In other words, the goal of this work is to understand how crustal faults and geodetic data might

affect CanSHM, not to produce a new hazard model to replace it.
3.1 Fault mapping

The study area has hosted an active plate boundary for hundreds of millions of years (e.g., Monger and Price, 2002),
leading to a dense network of bedrock faults throughout the Cordillera. However, little documentation of Quaternary
fault activity exists in the Canadian portion of the Cordillera. Herein, faults were mapped (red lines in Figure 3) and
associated with known structures in the literature. The fault, block and subduction zone mesh geometries in and
around the study area are shown in Figures S2 and S3.

The faults that are the best expressed in the topography are those displaying continuous and youthful (e.g., to-
pographically sharp) tectonic geomorphology. These are mostly the largest faults in the orogen, with the addition
of a handful of smaller faults in southwestern BC. Therefore, fault mapping in this study is focused on these larger
and more well-defined groups of structures: the frontal faults of the Cordillera (the Mackenzie and Rocky Mountain
frontal thrust); the Tintina fault and Rocky Mountain Trench; the Denali fault, Coastal Shear Zone, and connections
to the QCF; and the various faults in the complex deformation zone in southwestern BC and adjacent Washington
State, from Vancouver Island and the Salish Sea through the Coast Ranges and into the Fraser River region.

Faults were mapped on moderate- to high-resolution topographic data, primarily 30 m SRTM imagery (Van Zyl,
2001) south of 60°N and ArcticDEM (Porter et al., 2018) north of this latitude. Offshore, bathymetry from the GMRT
synthesis was used (Drennon et al., 2023). Due to the maturity of many of the fault systems, the traces are often
anastomosing, multi-stranded or branching; we have followed the most continuous path in these instances. While
it is possible that some structures may be more diffuse fault zones rather than single fault strands, as modeled here,
the block modelling approach is less well-suited to high resolution fault strand modelling as it requires data in every
block. Therefore, deformation is treated as being localized to single faults, with the caveat that the slip budget could
equally be applied across a more diffuse set of parallel structures.

We have chosen a single, continuous trace for the eastern deformation front of the orogen, from the Richardson
Mountains south through the Mackenzies and along the Rocky Mountain front. The bedrock geology here displays
a highly imbricate stack of thrusts (e.g., Struik, 1988), but there is little reason to assume contemporary out-of-
sequence thrusting, given the localization of existing seismicity near the rangefront (Figure 1). Therefore we have
represented it as a shallow west-dipping thrust (e.g., Horner et al., 1990; Snyder et al., 2005).

The Tintina fault-Rocky Mountain Trench is continuous throughout Canada, and is mapped as a continuous ver-
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tical fault (e.g., Drooff and Freymueller, 2023; Snyder et al., 2005). The Denali fault is mapped from eastern Alaska,
through the Yukon and into the Alaskan Panhandle (e.g., Elliott and Freymueller, 2020; Blais-Stevens et al., 2020)
where it meets a complex transition zone with the QCF-Fairweather Fault system and Coast Shear Zone via the
Totschunda and Connector Faults (Doser, 2014; Gosselin et al., 2024) The Chatham Strait fault branches from the east-
ern Denali fault/ Coast Shear Zone, connecting to the QCF farther south. Inboard of the Haida Gwaii archipelago, the
BC reach of the Coast Shear Zone (Littel and Bostock, 2023) is represented as two parallel strands (selected from many
possible strands), about 40 km apart, with a number of GNSS stations measuring the motion within the intermediate

crustal block.

Southwestern BC and northwestern WA are the most tectonically complex parts of the study area. The number
and spatial density of demonstrably-active and potentially-active faults are much higher here; fortunately, geodetic
data are even more numerous and closely-spaced, so that we may resolve block motions and fault slip rates for all of

the faults considered.

The westernmost crustal fault is the West Coast Fault (Muller et al., 1981) along the Pacific coast of Vancouver
Island. This thrust fault (Balfour et al., 2012; Clowes et al., 1987) is observed in bedrock geology and seismic imagery,
and has hot springs along its trace, a common phenomenon for regional-scale faults, especially active faults (Finley
etal., 2023). The 1918 M,,6.9 Vancouver Island earthquake was located near the trace (Figure 2), and may be associated
with it.

Northeast of the topographic crest of Vancouver Island lies the Beaufort Range fault (Lynch et al., 2025; Lynch,
2023). This structure has a history as an Eocene NE-dipping reverse fault, and is mapped and modeled with this
geometry in this study. However, the focal mechanism from the 1946 Vancouver Island earthquake, believed to have
occurred on the Beaufort Range fault, suggests right-lateral slip on a steeply dipping plane (Rogers and Hasegawa,
1978). Field investigation by Lynch (2023) similarly indicates right-normal slip on a fault plane that dips steeply near
the surface, raising the possibility that the current active fault reactivates the older Eocene fault with a different sense
of slip, as was also observed for the Leech-River Fault (Harrichhausen et al., 2021), or reaches the surface in the same

location as the older thrust, but may be increasingly separated with depth.

The Outer Islands fault lies between Vancouver Island and the mainland. It is observed in bathymetry and as-
sociated with aligned disturbances in near-surface seafloor sediments near Cape Lazo (Barrie et al., 2021; Douglas
etal., 2022). It is posited to be associated with microseismicity and a strong NW-trending velocity discontinuity (Ra-
machandran et al., 2004; Ramachandran, 2012). On its southeastern end, we have mapped it as merging into the
Skipjack Island and Lummi faults in the San Juan Islands (Dash et al., 2007). The XEOLXELEK-EIlk Lake fault, which
runs through the Saanich Peninsula and west into Haro Strait (Harrichhausen et al., 2023), is modeled as merging
into the Darrington-Devils Mountain fault at its eastern end in this area as well. The Leech River (Morell et al., 2018;
Harrichhausen et al., 2021)is also modeled as connecting to the Darrington-Devils Mountain and Southern Whidbey
Island faults in WA, as well (Personius et al., 2014; Barrie and Greene, 2018). Both the XEOLXELEK-Elk Lake and

Leech River Faults have documented Quaternary activity.

Within the Coast Range of BC, a single boundary with discontinuous faults was drawn through the Harrison Lake
fault and along to the northwest broadly following the Ascent Creek fault (Journeay and Friedman, 1993). On the
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northeastern rangefront lies the Yalakom fault (Umhoefer and Schiarizza, 1996), which merges with the Fraser River
fault near Lillooet (Coleman and Parrish, 1991). The Fraser River fault continues north and south from this junction;
mapping of it stops near the confluence of the Chilcotin river, north of which the fault is less well defined in the
topography. East of the southern Fraser River fault, the Coquihalla fault is mapped, continuing north through the
Highland Valley copper mine, where the fault has been mapped by Lesage et al. (2019), and up to the Thompson

River, north of which it is markedly less distinct.
3.2 Block modeling

Block modeling is a well-established technique for quantifying the rates of deformation in a region, particularly
the slip rates of faults bounding around tectonic microplates. The technique is rooted in the very earliest studies
of tectonic plate motion on a spherical Earth, from when as few as 8 plates were used (e.g., Chase, 1972). As the
mathematics of plate motion on a sphere are unchanged at smaller scales, modern methods include a few updates
but are fairly similar: Plates/blocks are contiguous sections of the Earth’s crust, bounded by faults, that move with
respect to each other. The rates of strain between adjacent blocks are, generally, much higher than the strain rates
within the blocks, so that the relative motions of the interiors of the plates may be considered to be accommodated on
the faults separating them. Modern updates primarily include the effects of interseismic strain accommodation on
geodetic data near the faults (i.e., fault locking effects), the possibility of estimating intra-block strain simultaneously
with the block motions, and improvements in the solution strategy through linear algebraic techniques introduced
by Meade and Hager (2005) so that the problem may be represented as a linear least squares problem, and the global
optimum solution is guaranteed to be found through a typical least-squares direct inversion.

We use methods drawing on this work, as well as (Meade and Loveless, 2009), described in detail by Styron (2022a),
using the code Oiler (Styron, 2022b). The block model consists of a set of adjacent, rigid blocks. Each block is bound
by faults or by off-fault block boundaries, where no fault can be confidently mapped and no elastic locking signal is
produced. Faults exist only at block boundaries. The relative motion of adjacent blocks is accommodated entirely
on the faults or off-fault block boundaries, such that the slip rates and kinematics of the faults are simply the rela-
tive motion of the blocks bounding the faults, resolved on those faults. Additionally, triangular meshes representing
subduction zone interfaces are included; unlike the crustal faults between blocks, which are fully locked in the inter-
seismic period, the triangular patches in the subduction zone mesh are allowed to accumulate strain at rates different
than the plate rates, such that they may be completely creeping, partially or fully locked (Meade and Loveless, 2009).
Spatial regularization of the locking rates is applied to the mesh, so that the rates vary smoothly in space and the
problem remains well-posed. The subduction zone mesh for the Alaska-Aleutian subduction zone is based on Hayes
et al. (2018), and the mesh for Cascadia is derived from Graham et al. (2018).

Oiler does not use a single reference frame for block motions; instead, all block motions are relative to either
a reference frame, which may be a geodetic reference frame, or another block in the model. This allows us to use
geodetic data from multiple sources without the need for harmonization, and makes for a simple inclusion of geologic
slip rates, which measure the motion of one block relative to another.

Oiler constructs a system of linear equations to simultaneously estimate block motions and subduction zone slip
deficits, and solved through a weighted least-squares inversion. The system of equations includes equality constraints

10
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Figure 5 Geometries of all blocks included in the model (pink). The red line shows a polygon that was used to select all
blocks from a near-global block and fault compilation.

to ensure complete internal consistency of the block motions, i.e. that all plate motion circuits close (e.g., McKenzie
and Parker, 1967; Chase, 1972). The uncertainties in the solution are calculated through a Monte Carlo simulation,

where the data are perturbed by their uncertainties and the inversion is repeated 1000 times.

3.2.1 Datasets and model construction

The block model contains 379 blocks and 923 faults. The block and fault data are subsets of seamlessly interlocking
datasets representing different parts of North America and the Pacific, as part of an in-progress global modeling
project. Spatially, the block model extends quite far outside of the study region (Figure 5), to fully capture the motion
of major plates and to eliminate the possibility of unmodeled elastic locking from outside the model affecting results
(i.e., locking on the San Andreas or southern Cascadia affecting estimated block motions and subduction locking
patterns in central and northern Cascadia, or the Alaska subduction zone affecting rates on the Fairweather and
Denali faults).

The block model uses two types of data, GNSS, which includes Global Positioning System data, and geologic slip
rates. Both data types were compiled from a variety of sources, described below, some of which are themselves
compilations. Additionally, the motion of the Explorer plate is controlled by the Explorer-North America pole from
Braunmiller and Nédbélek (2002).

The model uses 427 geologic slip rates. The slip rates are either Quaternary rates from crustal faults (generally
from offset Quaternary geologic units) and minor data from the Queen Charlotte Transform and Chatham Strait
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fault, or 0.78 Ma-present mid-ocean spreading rates derived from seafloor magnetic anomalies on the Juan de Fuca
ridge, describing relative motions between the Pacific, Juan de Fuca and Gorda plates (DeMets et al., 2010). With the
exception of offshore data, there is one slip rate in Canada (Haeussler et al., 2017), on the Denali fault. Most fault slip
rates from the contiguous US are from the compilation by Hatem et al. (2022); others are from Willis et al. (2007);
DeMets et al. (2010); Delano et al. (2017); Haeussler et al. (2017); Brothers et al. (2018, 2020); Duckworth et al. (2021);
Witter et al. (2021).

The model uses 6911 GNSS velocities. These come from several sources: the compilation by Elliott and Frey-
mueller (2020) for the Alaskan/Queen Charlotte region, the worldwide compilation for the Global Strain Rate Model
by Kreemer et al. (2014), and the MIDAS data maintained by University of Nevada Reno (Blewitt et al., 2018). All data
are in a well-constrained stable North American reference frame. The data are filtered such that the newest data are
used for a single site if the site is present in more than one dataset, with the exception of data clearly contaminated
by co- and post-seismic effects from large earthquakes such as the Haida Gwaii event; the Global Strain Rate Model
and Elliott datasets are filtered to remove these, but the MIDAS dataset is produced algorithmically (Blewitt et al.,
2016) and is not.

A notable characteristic of the deformation data is the sparsity of data in western Canada, especially outside of
Vancouver Island and the Vancouver Metropolitan Region. Data sparsity is the largest factor reducing confidence
in the modeling results, as the slip rates are unlikely to be well constrained in the absence of measured velocities.
This would be particularly problematic if a large slip rate were being inferred on a fault surrounded by sparse data
availability. Luckily, this is not observed in this model due to low strain rates suggested by GNSS velocities in the

poorly-sampled interior of BC and western NWT.
3.2.2 Results

The block model fits the velocities with a root-mean-square error of 5.1 mm/yr. The mean misfit is 1.7 mm/yr, com-
pared to a mean velocity magnitude of 10.2 mm/yr. The largest misfits are above the shallower part of the subduction
zones (especially the Alaskan forearc) where there are high spatial gradients in the geodetic velocity field, suggesting
that the model is not perfectly capturing shorter-wavelength variations in subduction zone coupling. The residuals
through many other regions are relatively low (less than 2 mm/yr) and show no systematic orientation.

The predicted velocities are shown in Figures S4 and S5. The residuals are shown in Figures S6 and S7. Compar-
isons of the observed vs. predicted geologic slip rates are shown in Figure S8.

The block modeling yields moderate to low slip rates (<2 mm/yr) throughout Canada (Figure 6), except on the
Queen Charlotte transform and its northward extension to the Denali fault. The QCF slips at ~45 mm/yr, lower than
the geologic rates of Brothers et al. (2020) but within uncertainty and well aligned with other recent research (Elliott
and Freymueller, 2020).

The Mackenzie thrust slips at 1-2.5 mm/yr (Figure 6). The rates are the highest in the south, near where the
Nahanni earthquakes occurred (Figure 1). Shortening rates decrease slightly southward along the Rocky Mountain
thrust front, with rates of 1.640.5 mm/yr through BC to 1.5+0.5 mm/yr in Alberta. The Rocky Mountain Trench has
rates around 0.5 mm/yr, with comparable uncertainties (meaning that a zero rate is marginally within the uncer-
tainty).
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140°W 130°W 120°W

Figure 6 Results from the block modeling inversion. Line thickness on all faults proportional to the square of the slip rate.
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50°N

130°W 125°W 120°W 115°W

Figure 7 Results from the block modeling inversion. Line thickness on all faults proportional to the square of the slip rate.

Slip rates on the Pacific coast are similar. The Coastal Shear Zone has a 2.2+1.0 rate for the outermost fault,
and <0.5 mm/yr for the innermost one (Figure 6, Figure 7). Farther south in the Pacific Ranges, where upper-plate
shortening may result from partial locking of northern Cascadia, rates are similar but accommodated on a wider
array of faults, and therefore accommodating more net strain across the region (Figure 7).

Slip rates on the longer Vancouver Island faults (the West Coast and Beaufort Range faults) are the highest, 2-2.7
mm/yr. These rates decrease moderately to the south, and dramatically to the east; the San Juan and Leech River
faults slip at 0.3-0.6 mm/yr (with large uncertainties), and the Gulf Islands faults are all <1 mm/yr.

The pattern of locking on the Cascadia subduction zone is similar to that seen in other studies (e.g., Graham
et al., 2018; Lindsey et al., 2021), with an area of strong locking beneath the Olympic peninsula of WA. Analysis of
the locking pattern reveals that the inboard limit of the effects of locking on the geodetic velocities is fairly limited,

with rates near zero east of -120°(Figure S9).

3.3 Hazard modeling

3.3.1 Seismic Source Model construction

Our goal in this study is to understand the potential impact of including shallow crustal faults on seismic hazard.
These comparisons are best made by adding fault sources derived from the block model to the existing Canada’s 6th
Generation Seismic Hazard Model (CanSHM6) seismic source model, while modifying the existing seismic source
model as minimally as possible; edits are made only to remove duplicated structures and to avoid double counting
of seismicity on faults and the area sources they are embedded in.

Because we are not intending to produce a comprehensive, independent PSHA model, we do no formal explo-
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ration of the impact of various modeling parameters and strategies, or include them as logic tree branches repre-
senting epistemic uncertainty in the seismic source model logic tree. CanSHMS is used as-is.

The first step in seismic source model construction is to make seismic sources from the block model results.
To do this, we use newly-developed tools that are part of the OpenQuake Model Building Toolkit called Fermi (Sty-
ron et al., 2024). Fermi creates fault network models, which allow subfault to multifault ruptures (Field et al., 2015;
Chartier et al., 2019), removing strict fault segmentation and its associated issues, such as a restrictive and unrealistic
range of earthquake geometries and magnitudes. Fermi works through methods that are similar to previous work,
in particular OpenSHA’s Fault System Tools, developed as part of UCERF (Field et al., 2015; Milner et al., 2022).

Each three-dimensional fault surface from the block model, without any geometric simplification, is broken into
subfaults (fault patches) as close to 10x10 km as possible, while still dividing the fault surface into equally-sized units.
There are 154 faults within the seismic source model (a spatial subset of those in the more expansive block model),
and these are divided into 3041 subfaults. Each of these subfaults can rupture independently, forming the smallest
ruptures in the fault sources. Then, larger ruptures are created by assembling rectangular collections of subfaults
on each fault (conforming to rupture aspect ratio limitations). These single-fault ruptures may then also be joined
to form multifault ruptures, which are sets of single-fault ruptures that occur together in the PSHA model, as long
as each rupture in the set is less than a specified jump distance’ of 10 km from another rupture. We have imposed
a maximum of 7 single-fault ruptures within each multifault rupture. This produces millions of ruptures, so we
limit multifault ruptures to those those that only involve full-fault single-fault ruptures. The multifault ruptures are
then assigned plausibilities based on how well connected the linked faults are in terms of jump distance, rupture
geometry, and slip—azimuth consistency.

Then, the rupture set is filtered to remove the few ruptures with magnitudes below M,, 6.0, as these are modeled
by the area sources. This yields 38,785 unique ruptures.

The long-term occurrence rate for every rupture is found by solving for rates that sum to the seismic slip rate on
each subfault (Figure S10), as well as fitting a model-wide magnitude-frequency distribution (Figure S11) moment
balanced to the summed seismic slip rates for all faults. The seismic slip rate is the fraction of the total slip rate on
the fault that represents slip released in mainshocks, discounting the fraction released through aftershocks, after-
slip, interseismic creep, and other processes which are less seismically hazardous; we have used 0.7 as the seismic
fraction, which is a value that in our experience works well in many orogens worldwide that have more well-studied

fault networks as well as more frequent and therefore better characterized seismicity.
3.3.2 Merging of faults and area sources

Once the fault sources have been created and the rupture rates found through inversion, the new fault sources and ex-
isting seismic source model must be merged. The existing model comprises both distributed (area) sources and fault
(planar) sources. Every fault source in the existing CanSHM6 model is represented in the block model. To maximize
internal consistency, we replace all faults in the model, with the exception of those representing the Cascadia and
Alaska-Aleutian subduction systems (as differences in the modeling strategies for subduction may mask the effects
of including crustal faults in key areas of the model).

The rest of the original CanSHMS6 seismic source model is composed of area sources. Block model faults that
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do not directly replace existing faults are within one or more area sources, and in principle, model the same earth-
quakes. Therefore, we must avoid ‘double counting’ seismicity, i.e. having multiple sources in the model capable of
producing the same seismicity. The area sources in the model are calibrated on the instrumental seismic catalog,
and therefore produce all of the seismicity within their borders. Small to moderate magnitude seismicity is found
throughout the area sources, but larger earthquakes are typically within about 20 km distance of mapped faults.
Therefore, we have reduced the rates of ruptures above M,, 6.0 by 80% in area sources with modeled faults inside,
generally consistent with the accepted premise that large earthquakes will generally occur on faults (e.g. Adams and
Clague, 1993). This allows for some higher-magnitude seismicity to occur throughout the modeled region, but the
majority of this seismicity will occur on the faults with rates derived from the deformation modeling results. Area
sources without substantial faulting in their interiors are unchanged.

It should be noted that this approach does not involve balancing total moment release rate to ensure it is preserved
between the stock and block models. This is not considered because the seismic catalog used for CanSHMS6 is only
about 150 years: not sufficiently long to include moment released from large crustal earthquakes on all fault sources
(Halchuk et al., 2015a).

The CanSHMBS6 seismic source model logic tree contains 6 branches, corresponding to epistemic uncertainties in
the characterization of seismicity in eastern Canada. The sources for eastern Canada do not contribute to hazard in
or near western Canada, so we have removed those sources from the source model and ground motion logic trees.
Only one source model branch is present for the west; we have modified this.

The CanSHMS6 also uses a ground motion model that requires a slightly customized version of the OpenQuake
Engine. However, small modifications to the ground motion model have been made that allow it to be used (and
included) with the standard version of the OpenQuake Engine (Pagani et al., 2014), while producing virtually iden-
tical results for western Canada. We have used this modified GMM with the OpenQuake Engine (version 3.24.0-

git29b7ce8d46) for all hazard and risk calculations.
3.3.3 Hazard results

The hazard map showing the peak ground acceleration (PGA) measured in g at a 10% exceedance rate in 50 years
from the block model is shown in Figure 8. The map showing the same metric from the stock CanSHM6 model is
shown in Figure 9. Figure 10 shows the change in PGA from the stock to the block model.

The first-order result is that the hazard map produced by the block model is quite similar to that produced by the
stock model. This indicates that the inclusion of the faults does not dramatically change the expectations of ground
shaking in western Canada.

However, there are some second-order changes. Hazard has increased near the fault traces throughout much of
the study area, which is not surprising. The increase is largest in southern BC, particularly in the interior of Van-
couver Island, due to the Beaufort Range fault (Lynch et al., 2025), the southeastern Pacific Ranges and the adjacent
Thompson Plateau, and the southernmost Rocky Mountain Trench.

There is also a hazard increase along the Coastal Shear Zone in Alaska, and the central and parts of the Mackenzie
thrust front, where slip rates are relatively high as well. The block modeling results indicate a transfer of strain from
the central Denali fault down through the Fairweather and northern QCF, leading to an increase in hazard on those
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PGA (g), 10% exceedance in 50 years

Figure 8 Peak Ground Acceleration (g) for an exceedance rate of 10% in 50 years, from the Canada block model.
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Figure 9 Peak Ground Acceleration (g) for an exceedance rate of 10% in 50 years, from the stock Canada model (SHM®6).
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faults and a decrease in hazard on the eastern Denali fault in the Yukon Territory (though in absolute terms, the
hazard is still quite high).

The largest change, in absolute terms, is a decrease in the hazard just west (offshore) of Haida Gwaii, and a sub-
stantial increase to the south of the archipelago. The decrease in hazard in Haida Gwaii seems to be related to
CanSHM using a higher activity for the Haida Gwaii Thrust than what is observed in geologic constraints, which
provide the primary control on the block model inversion there.

At the 2% exceedance probability in 50 years, which is relevant to Canada’s building codes, the patterns of change
are similar (Figures S12, S13, S14). The discrepancies are larger, because faults become more of a determinant of
hazard at higher return periods.

We have selected nine communities for more in-depth analysis, indicated in Figures 8, 9, and 10. These com-
munities were chosen either to highlight the differences in hazard between the models, or because they represent
a substantial fraction of the population in the study area. Due to the data sparsity and other uncertainties in the
fault modeling, described above, we view these results as illustrative rather than prescriptive: they demonstrate the
potential for changes to seismic hazard in western communities, which may motivate continued study of potentially
active faults. Hazard curves for PGA were calculated at these cities for the stock CanSHM6 model, the block model
(Figure 11).

The hazard curves in Figure 11 show that for many of the study sites, especially those with relatively high hazard in
the stock model, the change in hazard is minor. In particular, for Vancouver (the largest population center in the study
area), the hazard curves are almost identical. The other communities in the Cascadia region (Victoria and Tofino)
are similar, because their hazard is largely influenced by the Cascadia subduction zone rather than much smaller
and slower-moving crustal faults. The other high-hazard site, Burwash Landing (on the eastern Denali fault), saw a
decrease in hazard as the block model transfers central Denali strain south along the Fairweather Fault rather than
along the Denali Fault system to the southeast.

The communities in the interior of southern BC and Alberta saw mild to strong increases in hazard in the fault
model, with the magnitude of increase influenced by their distance to major faults, and the rupture behavior of those
faults. Of the ten cities considered, Kelowna and Calgary showed the smallest increases, though the hazard curve at
Calgary (as well as Lillooet) shows a much more dramatic increase at higher return periods, indicating the influence
of relatively strong but infrequent earthquakes. This is also seen at Tofino, where the Cascadia megathrust shows a
similar influence on hazard. The changes at Kamloops and Cranbrook are larger at moderate return periods, due to

more frequent but smaller-magnitude seismicity on nearby faults.
3.4 Risk Modeling

To better understand the implications of the change in hazard, a probabilistic risk assessment was undertaken for
several key cities in western Canada. The assessment is based on Canada’s National Seismic Risk Model (Hobbs et al.,
2023), using the stochastic risk calculator of the OpenQuake Engine (Pagani et al., 2014) to evaluate the financial losses
at return periods of 475, 2475, and 4975 years — equivalent to a 10%, 2%, and 1% probability of exceedance in 50 years,
respectively. The site conditions (Allen and Wald, 2009), vulnerability functions (Hobbs et al., 2023) and exposure
model (Journeay et al., 2022) are identical to those in the National Risk Model. The hazard model for risk calculations
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0.0
PGA (g), 10% exceedance in 50 years

Figure 10 Difference in PGA (g) from the stock model (Figure 9) minus the block model (Figure 8). Positive values (red)
indicate an increase in hazard from the block model compared to the stock model, while positive values (blue) indicate a
decrease in hazard from the block model compared to the stock model.
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Figure1l Hazard curvesforselected communities. The mean block modelisinblack. The stock modelisinred. Ca=Calgary.
BL=Burwash Landing. Ke=Kelowna. Ka=Kamloops. L=Lillooet. T=Tofino. Vi=Victoria. Va=Vancouver. Cr=Cranbrook.
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is abridged to include only the western portion (Kolaj et al., 2023), as was done for the hazard calculations. This allows
for greater proportional sampling of the western logic tree without wasted computations, without affecting the results
within the area of interest for this study. Specifically, this is achieved by limiting the hazard model to only one of the
six logic tree branches, given that the western model is the same in all six, and then removing stable crustal fault
sources from the source model file. This is done for the “stock" and “block" versions of the model.

Risk is assessed, alphabetically, in Calgary, Alberta; Cranbrook, BC; Burwash Landing, Yukon; Lillooet, BC; Kam-
loops, BC; Kelowna, BC; Tofino, BC; Vancouver, BC; and Victoria, BC. These are locations (Table 1) that demonstrate
the impact of the change in hazard between the existing 2020 National Building Code of Canada (NBCC2020) model
and the block model described herein. Some of them are major cities with population over 100,000 (e.g. Calgary,
Vancouver, and Kelowna) with the potential for large impacts on the provincial or national economy, whereas others
are small cities or towns located nearby to faults considered in this model. There is also a large difference between
the climates experienced by these locations, with some having almost Mediterranean conditions and others facing
prolonged near-arctic winters. Climate information is also provided in Table 1, as the impact of an earthquake has
the potential to be significantly more serious if harsh conditions do not permit sheltering in place without power or

camping outdoors, such as would be the case during winter most of the cities considered.

Pop. Asset Value  #Bldgs.  Coldest Temp.  Hottest Temp.

Burwash

Landing 100 30 45 -44.7 26.0
Tofino 1900 821 671 5/ 25.8
Victoria 86900 38777 14471 -6.4 30.2
Vancouver 631700 197695 93999 013 29.7
Lillooet 2300 1019 1077 -24.6 31.3
Kamloops 90300 27937 27182 -24.4 35.8
Kelowna 127400 44534 34851 -19.7 35.6
Cranbrook 20100 8300 7500 -27.0 33.1
Calgary 1239700 263174 325529 -33.6 31.9

Table 1 Exposure of select cities considered. Population (‘Pop., nighttime) to nearest hundred, Asset Value (in millions
2019 CAD), and Number of Buildings (‘# Bldgs.) are taken from the exposure model used herein (Journeay et al., 2022).
Temperatures (‘Temp.’) are the hottest and coldest daily temperatures observed in a 30 year period from 1981-2010, from
www.climatedata.ca, reported in degrees Celsius.

3.4.1 Risk Modeling Results

The results of the risk analysis for select cities are shown in terms of loss exceedance curves in Figure 12 and Table 2.
While the “block" model strongly increases the risk for some locations (e.g. Calgary, Cranbrook, and Lillooet, where
the “block” loss and its uncertainty is outside of the uncertainty of the “stock" model), it has a muted impact at other
locations (e.g. Vancouver, Victoria, Tofino, and Kelowna) and actually decreases the risk slightly at Burwash Landing
in the Yukon.

These results highlight that there is a potential for a sizeable increase in risk across western Canada from incor-
porating geodetic data into hazard models, particularly in the interior of BC and east through the Rocky Mountains.
Given that BC has the highest risk of any province in Canada, this increase could exacerbate the known issue that
the expected 500-year loss across the country is will potentially exceed the capacity of the property and casualty in-
surance sector to remain solvent (Hobbs et al., 2023; Kelly et al., 2013). As shown in Table 2, mean 475 year losses in
Calgary and Lillooet would be 1.3 and 2.3 times larger, respectively, in the block model than in NBCC2020. This cer-
tainly underscores the need to better understand the seismic potential of the Rocky Mountain Thrust Front, which
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Figure 12 Mean loss exceedances curve for the communities considered in this study, including 5th and 95th percentiles
shown by transparency. The “stock" NBCC2020 model is indicated in orange whereas the “block" model described in this
study is shown in blue. Ca=Calgary. BL=Burwash Landing. Ke=Kelowna. Ka=Kamloops. L=Lillooet. T=Tofino. Vi=Victoria.
Va=Vancouver. Cr=Cranbrook.
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runs very close to Calgary. In Cranbrook this increase is estimated to be 20 times larger, given the low level of seis-
mic risk for Cranbrook with the current hazard model. It therefore benefits not only the scientific and engineering
communities to better constrain fault slip rates and geodetic locking across western Canada, but also the insurance

and finance sectors that hold much of the economic exposure.

NBCC2020 Model Block Model
AAL 475 2475 4975 AAL 475 2475 4975

Burwash

Landing 28 3,453 11,477 14,555 14 776 6,719 10,148
Tofino 334 32,372 195,788 262,309 414 48,024 230,490 298,583
Victoria 18,097 1,721,619  6,079944 8,588,837 | 26450 2,817,542 8,353,524 11,081,008
Vancouver | 62,397 5145661 19768577 30,319,160 | 71,145 5,256,006 17,952,658 27,616,434
Lillooet 34 1,282 10,633 28,865 205 3,071 180,239 347,674
Kamloops 517 18,245 66,231 172,161 1,510 109,225 386,041 744,159
Kelowna 1,071 35,839 143,927 473,416 1,692 59,166 198,508 413,567
Cranbrook 169 7,116 43,668 131,238 1,537 142,896 925,049 1,525,965
Calgary 2,745 149,234 755,484 1,709,729 | 8,356 201,784 4,048,147 13,333,218

Table 2 Mean risk modeling results, in thousands 2019 CAD, by municipality, for Average Annual Loss (AAL), and return
period losses of 475, 2475, and 4975 years. All values are rounded to nearest thousand.

4 Discussion and conclusions

4.1 Discussion

The research presented in this paper constitutes our best effort to characterize active and potentially active (or capa-
ble) faulting throughout the entirety of western Canada given the available data, and then assess the impact of those
faults on seismic hazard and risk in the region, as represented by the changes to CanSHM6 and Canada’s 1st Genera-
tion Seismic Risk Model (CanSRM1). Due to data sparsity throughout much of the study area, there is a great deal of
remaining epistemic uncertainty in the hazard and risk estimates presented herein. We therefore caution that these
findings are best interpreted in a relative sense, to highlight the potential impact of active faulting, rather than a
precise assessment of the true hazard or risk. The results suggest that many faults in mainland Canada may be active
at rates up to a few mm/yr, consistent with the coherent regional strain field. This is enough to affect seismic haz-
ard near these faults. In areas where faults were already present in CanSHM, the geodetic characterization of these
faults produced little effect. For areas closer to the newly-characterized faults, the hazard generally is increased.
The pattern of changes in the risk is similar.

The modeled increases in hazard are generally mild to moderate, in an absolute sense. Given the estimated ac-
tivity level of the faults, much of the study region would be elevated from a fairly low to a moderate seismic hazard
region, such that it more closely resembles Washington to the south. Nonetheless, the relative changes in hazard and
risk at the study communities away from the Cascadia zone range from 1.5 to 20 times the CanSHM levels.

The modeled impacts of geodetically- and geologically-suggested slip along these potentially active faults are,
therefore, alarming. However, more work is needed. It must be stated with emphasis that these faults can only be
considered potentially active as no criteria was applied to limit the block model to faults with documented Holocene
activity. Additionally, the geodetic network outside of the Cascadia region is extremely sparse. The slip rates on
many of the faults are determined by a small number of GNSS stations which are located primarily for accessibility
rather than for optimal determination of active deformation patterns and rates. This is quite understandable given
the terrain; however, similarly large and challenging tectonic provinces such as Tibet have had more comprehensive
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geodetic monitoring for decades (e.g., Zhang et al., 2004; Gan et al., 2007). Though paleoseismological investigations
of some faults are purported to exist in the grey literature, such as engineering reports, relatively little peer-reviewed,
publicly available, research is available to confirm or conclusively deny Quaternary fault activity, much less provide
slip rates or recurrence intervals on many of the faults considered herein.

We strongly suspect that further investigation of these faults will substantially modify the results presented here.
It is our hope that this study will motivate such work. For example, we think it possible that with additional data, the
apparent strain throughout eastern BC into western AB, manifested here as slip on the Rocky Mountain Trench and
thrust front, may be reduced. However, since it has been a persistently observed signal for years (e.g., Mazzotti et al.,
2011), it clearly warrants dedicated and urgent attention.

Canada is a developed nation with a strong history of seismic hazard assessment to improve public safety. The
increases in expected losses caused by the consideration of these potentially active faults (Table 2) are many orders
of magnitude larger than the costs associated with more study. Obviously, simply studying the faults will not directly
reduce losses, but no amelioration of the risk will occur in the absence of the information necessary to firmly quantify
the hazard, particularly in regions which are currently believed to be low risk. Increasing both the density of the
geodetic coverage over the Cordillera, through continuous and campaign GNSS stations, and targeted paleoseismic

or neotectonic investigations on specific faults would be useful and complementary.

4.2 Conclusions

We have synthesized the available geologic and geodetic data on active and potentially active faults throughout west-
ern Canada through the use of a block model to characterize the fault slip rates. Subsequently, we modified the
existing Canadian seismic hazard model (CanSHM) to include these faults, and calculated seismic hazard and risk
consistently with both the ‘stock’ and ‘block’ models in order to assess the impacts of the potentially active faults on
the hazard and risk.

Results are summarized with the following points:

1. The geodetic data and block model suggest low to moderate slip rates (up to a few mm/yr) on potentially active

faults across western Canada.

2. Increases in seismic hazard and risk due to consideration of potentially active faults are low to moderate in
absolute terms, but away from the Cascadia subduction zone, the increases are much larger in relative terms.

This is particularly noticeable in communities near newly modeled faults, such as Lillooet and Calgary.

3. The sparsity of data used to constrain the solutions greatly limits confidence in the results. Given the scale of
the increases to hazard, renewed data collection efforts should be undertaken to reduce uncertainty and enable

the management of potential hazards in the region.
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