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Abstract Geologic records of fault slip in subduction forearcs provide critical data on stress and strain
in the upper plate and the seismogenic potential of hazardous faults. However, few active upper-plate faults
have been identified in the northern Cascadia forearc. Here we investigate the slip history of the Beaufort
Range fault (BRF) on Vancouver Island, BC, Canada, a proposed source of the 1946 M 7.3 Vancouver Island
earthquake, the largest recorded in Cascadia. We use recently-collected lidar data, field mapping, and sur-
veying of offset landforms to map the extent of previously unidentified post-glacial (<14 ka) tectonic scarps
and reconstruct 3D fault slip vectors. Post-glacial landforms show increasing displacement with age, sug-
gesting at least three MW ∼6.5–7.5 earthquakes since ∼14 ka, the most recent <4 ka. These displacements
suggest the BRF is one of the fastest-slipping faults in the northern Cascadia forearc (0.5–2mm/yr). Kinematic
slip inversions of offset geomorphic piercing lines are consistentwith right-lateral transtension along a steeply
NE-dipping fault. BecauseBRF fault geometry and kinematics are similar to the 1946 earthquake, it is a plausi-
ble source. The kinematic similarity of millennial and decadal slip data suggests the BRF has accommodated
transtension over multiple earthquake cycles.

Non-technical summary Subduction zones, like Cascadia, contain onshore fault networks that
can host earthquakes that are dangerous to communities. However in many locations, like Vancouver Island,
Canada, we know little about where these faults are, whether they can produce earthquakes, and what type
of earthquakes they can host. Here we present field geological data from the Beaufort Range fault (BRF) on
Vancouver Island that provide the first evidence that the BRF has hosted recent earthquakes. Newly available,
high-resolution, topographicdata showmany scarps, or vertical offsets of thegroundsurfaceproduced inpast
earthquakes, along a >35-km-long zone. Surveys of landforms that have been offset by the BRF show both
vertical and horizontal offsets along a near-vertical fault. The nearbyM 7.3 1946 Vancouver Island earthquake
had similar vertical and horizontal motion along a near-vertical fault, suggesting that the earthquake might
have happened on the BRF. Our data show there have been at least 3 large earthquakes on the BRF since
∼15,000 years ago, themost recent<4,000 years ago. We observe offsets that suggest these earthquakes had
magnitudes between ∼6.5 and 7.5. Future similar earthquakes could cause shaking damage to many nearby
communities, including the cities of Port Alberni and Nanaimo, and nearby hydroelectric facilities.

1 Introduction
Recent advances in our understanding of subduction
dynamics show that forearc deformation and stress
states vary in both space and time, and can favor exten-
sion, strike-slip, or compressional regimes (e.g., Love-
less et al., 2010; Toda et al., 2011; Hardebeck andOkada,
2018; Regalla et al., 2017; Herman and Govers, 2020).
Particularly in subduction zones like Cascadia, where
upper-plate seismicity is sparse, our ability to recon-
struct forearc stress and strain states, to identify active
faults, and to assess potential hazards using decadal-

∗Corresponding author, elynch@usgs.gov; Now at: U.S. Geologi-
cal Survey Geologic Hazards Science Center, Golden, CO, USA

scale instrumental data alone is limited. This challenge
can be addressed through the integration of millennial-
scale (geologic) with the decadal-scale (instrumental)
earthquake records. Paleoseismic, stratigraphic, and
geomorphic data that record deformation over millen-
nial timescales are therefore critical in assessing the
longevity and evolution of forearc stress and strain
states, the history of the upper plate during megathrust
seismic cycles (e.g., Regalla et al., 2017; Herman and
Govers, 2020), and the potential hazard of forearc faults
(e.g., Thenhaus and Campbell, 2002; Morell et al., 2020;
Benavente et al., 2022).

Several lines of evidence suggest that forearc stress
states and strain histories in the northernCascadia fore-
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Figure 1 Regional tectonic setting showing the location
of the Beaufort Range fault (BRF) and other active faults in
the Cascadia forearc of Canada and the USA. Juan de Fuca–
North America plate convergence vector after Kreemer et al.
(2014). Explorer–North America plate convergence vector
after Gao et al. (2017). Active faults in USA after U.S. Geolog-
ical Survey (2018), LeechRiver fault afterMorell et al. (2017),
volcanoes (light gray triangles) after American Geosciences
Institute (2003), 1946 Vancouver Island earthquake epicen-
ter (white star) after Rogers and Hasegawa (1978). Black
box shows location of Figure 2a. DDMF—Darrington-Devils
Mountain fault; LR—Leech River fault; NO—North Olympic
fault zone; OM–Olympic Mountains; QCF—Queen Charlotte
fault; VI—Vancouver Island.

arc of Vancouver Island (Figure 1) are not adequately
characterized by decadal-scale instrumental records
alone. First, geodetic displacements in the north-
ern Cascadia forearc are primarily related to transient
locking on the megathrust, which obscures records of
upper-plate strain (e.g., Li et al., 2018b; Mazzotti et al.,
2002). Second, studies have demonstrated that perma-
nent forearc deformationmaynot be completely caused
by stresses imposed from interseismicmegathrust lock-
ing (Delano et al., 2017; Herman and Govers, 2020;
Duckworth et al., 2021; Harrichhausen et al., 2024).
Third, upper-plate seismicity is sparse and infrequent
in central Vancouver Island, with rates of <100 events
recorded per year (Balfour et al., 2011; Mulder, 1995).
These rates are far lower than in southern Vancouver
Island, making kinematic stress inversions challeng-
ing. Finally, focal mechanisms of small earthquakes
sourced in the northern Cascadia forearc show nearly
equal amounts of strike-slip and normal faulting on
central Vancouver Island and near-equal horizontal and
vertical stress magnitudes (Wang et al., 1995; Balfour
et al., 2011; Li et al., 2018a). These data suggest the cur-
rent forearc stress state is transient and may fluctuate
between compressive, strike-slip, and normal faulting
conditions over 100–1000-yr timescales throughout one
or more megathrust cycles (Wang et al., 1995).
Despite the relatively minimal rates of seismic and

geodetic strain, the forearc crust of northern Casca-
dia hosts faults capable of seismogenic slip, as inferred
by the occurrence of the M 7.3 1946 Vancouver Island

earthquake, the largest onshore historic earthquake in
Canada (Figure 1; Rogers and Hasegawa, 1978; Rogers,
1979; Lamontagne et al., 2018). The 1946 earthquake
epicenter was located near the northern tip of the Beau-
fort Range fault (Figures 1 and 2), and focal mecha-
nism solutions suggest it occurred along a high-angle,
upper-plate fault that accommodated right-lateral and
extensional slip (Rogers and Hasegawa, 1978; Rogers,
1979). The 1946 earthquake caused moderate damage
to nearby population centers, including Port Alberni,
Comox, and Campbell River on Vancouver Island, and
Powell River on the BCMainland (Hodgson, 1946;Math-
ews, 1979; Clague, 1996). Yet, no surface ruptures were
documented in the dense forest, the fault that ruptured
in the 1946 earthquake remains unknown, and it is un-
clear if transtensional earthquakes like the 1946 earth-
quake typify the region.
Here, we present the first field-based evidence of

post-glacial (Late Pleistocene to Holocene) surface-
rupturing earthquakes along the Beaufort Range fault
(BRF), which has been proposed as a possible source
of the 1946 Vancouver Island earthquake (Rogers and
Hasegawa, 1978; Rogers, 1979). We conducted exten-
sive field mapping and surveying of fault scarps, Qua-
ternary deposits, and incised channels along >20 km of
the fault that showmultiple episodes of lateral andverti-
cal displacement. These data demonstrate that the BRF
has accommodated right-lateral-oblique slip at rates of
∼0.5–2mm/yr since∼14 ka, placing the BRF among the
fastest of any known faults in the northern Cascadia
forearc. These data indicate that the northern Casca-
dia forearc is accruingpermanent, transtensional strain
over millennial timescales. Furthermore, the similari-
ties between the near-surface geometry and kinematics
of the BRF and focal mechanism solutions for the 1946
earthquake suggest the BRF is a viable candidate fault
to have hosted this event.

2 Geologic Setting
The BRF is located in the northern forearc of the Cas-
cadia subduction zone where the Juan de Fuca plate
subducts under the North America plate at a rate of
∼43 mm/yr (Figure 1; DeMets et al., 2010; Kreemer
et al., 2014). The BRF is located along the western flank
of the Beaufort Range, a ∼1600-m-tall, ∼70-km-long,
asymmetric, glacially-scoured mountain range on cen-
tral Vancouver Island positioned ∼60 km south of the
projected northern terminus of the Juan de Fuca slab
(Figure 1; Figure 2b). Active faults (i.e., those that have
ruptured in the Late Pleistocene to Holocene) that ac-
commodate forearc strain are recognized alongmost of
the Cascadia subduction zone in the United States and
southernmost Vancouver Island, Canada (e.g., Figure
1). These faults have each hosted at least one to five
earthquakes in the late Quaternary, and have slip rate
estimates ranging from ∼0.1 to ∼1.5 mm/yr. However,
no active faults have been previously identified in the
northernmost ∼300 km of the Cascadia forearc on Van-
couver Island.
Two major geologic events have shaped the topog-

raphy and geology of the study area. The first is an

2 SEISMICA | volume 2.4 | 2025



SEISMICA | RESEARCH ARTICLE | Special Issue: The Cascadia Subduction Zone | Evidence for an active Beaufort Range Fault

Eocene contractional event that formed the Cowichan
fold and thrust system during terrane accretion (Eng-
land, 1990; England and Calon, 1991; England et al.,
1997). The northernmost thrust fault of the Cowichan
fold and thrust system, previously named the Beaufort
Range fault, is mapped for >40 km along the south-
western side of the Beaufort Range near its base (Fig-
ure 2a; Cui et al., 2017; England and Calon, 1991). In
this paper, we refer to this thrust fault as the “Eocene
bedrock thrust fault” to distinguish it from the active
fault that we document herein (the BRF); we discuss the
relationship between bedrock faulting and Quaternary
fault scarps in Section 8.5.
The NE-dipping Eocene bedrock thrust fault places

Late Triassic Karmutsen Formation (Fm.) basalts over
Cretaceous Nanaimo Group sediments, such that the
peaks of the Beaufort Range are underlain by basalt and
the adjacent Alberni Valley is underlain by sedimen-
tary rocks (Figures 2a, S1; Muller and Carson, 1969). In
the hanging wall of the Eocene bedrock thrust fault,
basalt flow tops in the Karmutsen Fm. are generally
planar and dip gently (<20°) toward the SW (Figure 2a).
Geologic mapping, balanced cross sections, and seis-
mic reflection profiles suggest the bedrock thrust fault
dips NE, at 45° to ∼60° (Yorath et al., 1985a,b; Clowes
et al., 1987). Low-temperature thermochronology data
indicate that uplift and exhumation of rocks in the
Cowichan fold and thrust systemoccurred at∼40–50Ma
(England, 1990; England andCalon, 1991; England et al.,
1997). No post-Eocene thrust sense deformation has
been documented along the bedrock fault (Figures 2a,
S7; Muller and Carson, 1969; Cui et al., 2017).
The second major event that shaped the geology of

the study area was scouring and sedimentation dur-
ing Late Pleistocene glacial episodes. Existing maps
document till, colluvial, and alluvial deposits that ex-
tend to an elevation of ∼300 m along the range front
(Fyles, 1963). While no units in the study area have
been previously dated directly, glacial deposits in the
Alberni Valley have been correlated to the last glacial
maximum at ∼13.6–11 ka, based on ages from marine
shells, peat, and wood in glaciomarine deposits in the
Strait of Juan de Fuca and along the eastern coast of
Vancouver Island (e.g., Clague et al., 1980; Easterbrook,
1992). These units have been correlated to two major
episodes of glaciation. The region was first inundated
by the south-southwestward flowing Cordilleran conti-
nental ice sheet during the Fraser stage glaciation (∼25-
>12 ka; Fyles, 1963; Alley and Chatwin, 1979; Clague and
Ward, 2011). Then, during the retreat of the ice sheet,
the Alberni Valley was occupied by a southeastward-
flowing valley glacier that produced streamlined land-
forms and associated glacial deposits that trend sub-
parallel to the valley bottom (Mosher and Hewitt, 2004;
Easterbrook, 1992; Clague and James, 2002).

3 Approach andmethods
We undertook a multi-stage approach to identify fault-
related deformation (e.g., fault scarps) in dateable Qua-
ternary sediments and to characterize the slip history of
any active faults we documented (e.g., Sieh, 1978; Mc-

Calpin, 1996). First, because the study area contains
dense temperate rainforest and thick soils that limit ex-
posure and accessibility, we began with regional-scale
mapping using lidar and air photos. Of critical impor-
tance were new lidar Digital Elevation Models (DEMs)
along the BRF generated from newly available airborne
lidar point clouds (see Data and code availability state-
ment for lidar information). We used the DEMs to iden-
tify glacial and post-glacial landforms and map poten-
tial fault scarps, though in most instances, the lidar
resolution was insufficient to measure offset of geo-
morphic features. Second, we conducted field work to
determine stratigraphy and stratigraphic relationships
among the Quaternary units, to complete detailed litho-
logic descriptions of those units, and to collect samples
for radiocarbon dating where possible (results are de-
scribed and illustrated in Section 4). Third, we visited
as many potential fault scarp outcrops as were physi-
cally accessible tomap them in detail, evaluate if scarps
were most likely produced by tectonic or non-tectonic
processes, and to document evidence of tectonic dis-
placement of Quaternary units (methods and results
described in Section 5). Fourth, to evaluate whether
any Quaternary scarps reoccupy fault planes associ-
atedwith Eocene bedrock thrust faults and shear zones,
we mapped bedrock lithology and faulting in the field,
along the entire Beaufort Range, wherever accessible
(see Section 6). Fifth,weconducted topographic surveys
across tectonic scarps to quantify themagnitude and di-
rection of slip and to infer slip rates where radiomet-
ric ages were available (Section 7). Finally, we used our
results to infer the post-glacial slip history of the BRF
and to considerwhether our data are consistentwith the
1946 earthquake having occurred along this fault (Sec-
tion 8).

4 Mapping of Quaternary stratigraphy
and landforms

4.1 Lidar-assisted and fieldmapping of surfi-
cial features

We completed regional-scale mapping of an ∼100-km-
long swath of the western side of the Beaufort Range
(Figures 2, S1), in order to identify Quaternary units or
landforms that may be displaced by active faults, and
to identify areas for focused field investigation. Be-
ginning with lidar data and air photos, we examined
surface topography, roughness, morphology, and inset
and burial relationships, and correlated our observa-
tions, where possible, to the existing Quaternary units
mapped by Fyles (1963). We then took our initial map-
ping results into the field to confirm stratigraphic rela-
tionships, and to describe ice-contact units, paraglacial
units, and post-glacial lithological units in detail (Figure
3c).
Within our regional-scale map, we chose two areas

for more detailed study and fieldmapping at 1:3000, be-
cause they had high densities of potential fault scarps,
containedmultiple generations of Quaternary deposits,
and had landforms that were particularly well pre-
served (Sites 1 and 2, Figure 3a-b). Detrital char-
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Figure 2 Geologic and geomorphic setting of the Beaufort Range fault. a: Simplified geologic map of southern Vancouver
Island showing major basement units, thrust faults of the Cowichan fold and thrust system (CFTS), and other forearc faults.
The epicenter of the 1946M 7.3 Vancouver Island earthquake is shown by the focalmechanism (Rogers andHasegawa, 1978).
Maximum horizontal stress directions determined from crustal seismicity after Balfour et al. (2011). Bedding strike and dip
simplified fromMuller andCarson (1969); England (1990);Massey et al. (1991) and this study. Bedrock geology and faults after
the British Columbia Geological Survey compilation by Cui et al. (2017); XELF fault trace after Harrichhausen et al. (2023a).
BRF—Beaufort Range fault. LRF—Leech River fault. SJF—San Juan fault. XELF—XEOLXELEK-Elk Lake fault. Detailedmapping
at Sites 1 and 2 (small white boxes) is shown on Figure 3 and Supplemental Figure S1. White box shows the location of panel
b. b: Hillshaded Canadian Digital ElevationModel (Natural Resources Canada, 2013) showing the topography of the Beaufort
Range and Alberni Valley, the locations of hydroelectric dams, the trace of the Eocene bedrock Beaufort Range thrust fault,
and our interpreted, simplified, trace of the active BRF inferred based on the locations ofmapped scarps. Unannotated DEMs
of Sites 1 and 2 (blue boxes) are shown in Figure 4.

coal samples were collected from natural and anthro-
pogenic exposures of Quaternary deposits where possi-
ble, which yielded radiocarbon ages for three units (Fig-
ure 3c, see Supplemental Text S2 for full details of radio-
carbon methods).

4.2 Quaternary units, ages, and landforms
4.2.1 Ice-contact glacial deposits and landforms

Ice-contact glacial units are the oldest and stratigraph-
ically lowest Quaternary units and landforms mapped
in the study area. At Site 1, these include till (Qt),
kame deposits and terraces (Qk), and hummocky
moraine (Qhm; Figures 3a, S2; Table S1). The till

(Qt) is a very indurated, matrix-supported diamict up
to 40 m thick, containing both locally derived and ex-
otic clasts. Qt mantles bedrock along the southwest-
ern flank of the Beaufort Range mountain front at el-
evations >150–400 m. Qt is the predominant unit ex-
posed at Site 2, surrounding bedrock erosional rem-
nants and underlying post-glacial units described be-
low. Kame deposits (Qk) are indurated, poorly to mod-
erately sorted, stratified sands and gravels that occur
near the base of the range. Kame deposits underlie a se-
ries of five evenly spaced, flat-topped terrace treadswith
steep risers, at 150–300 meters above sea level (masl;
<150 m above the valley floor, Figure 3a). Hummocky
moraine (Qhm) is present on the valley floor at eleva-
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Figure 3 Bedrock and surficial geology of portions of the BRF (See locations in Figure 2a). Mapping is overlain on a com-
posite hillshaded DEM compiled from two bare-earth lidar DEMs gridded to 0.5m and to 2m, and from 30m SRTMDEM (JPL,
2013). Radiocarbon ages are reported in Table 1. Bedrock fault locations compiled from new field mapping and existing
mapping by the British Columbia Geological Survey (BCGS; Cui et al., 2017); strikes and dips from this study. White boxes
outlining Sites 1.1–2.3 correspond to locations shown in Figures 5, 6, S7 and S9. Map of Site 1, along the southern portion of
the BRF, is shown in panel a, andmap of Site 2, along the northern portion of the BRF, is shown in panel b. Panels a and b on
the preceding page. Fault scarps (red lines) occur at the base of the Beaufort Range and along the rangefront up to 1000 m
above the valley floor. Mapped scarps occur in both the hanging wall and footwall of the bedrock BRF. Fault scarps offset
multiple ages of glacial (Qt), paraglacial (Qp1, Qp2), and modern deposits (Qls, Qft, Qaf). c: Correlation of units and legend
for geologic maps in panels a and b. For full unit descriptions, see Table S1. Charcoal samples in these deposits yield ages of
∼9600–3400 cal yr BP (Table 1).

tions of <150 masl. The ice-contact deposits did not
contain identifiable charcoal and could not be dated
directly (Table 1). We interpret Qt, Qk, and Qhm to
correlate with the last deglaciation (regionally dated to
∼13.6–11.5 ka; Halsted, 1968; Alley and Chatwin, 1979;
Blaise et al., 1990; Clague, 1994). We acknowledge the
possibility that deposits associatedwith prior glacial pe-
riods may be present in the study area.

4.2.2 Paraglacial deposits and landforms

At Site 1, the ice-contact glacial tills are overlain by two
generations of paraglacial deposits, Qp1 and Qp2. Qp1
consists of indurated, clast-supported, poorly sorted,
stratified sands and gravels. Qp1 deposits occur as
cone-shaped landforms whose noses merge into Qt at
higher elevations and whose toes are buried by Qp2 at

the foot of the range. Qp2 has a similar composition
to Qp1 and consists of thinly-bedded, clast-supported,
stratified sands and gravels with occasional coarse sand
lenses. Qp2 is distinguishable from Qp1 based on inset
and burial relationships and its position at lower eleva-
tions. We interpret Qp1 and Qp2 to have formed during
a period of rapid landscape change during and imme-
diately following deglaciation (Figures 3c, S2; Table S1;
e.g., Ballantyne, 2002).

We collected one charcoal sample, BR-9, from a strat-
ified fan deposit ∼30 cm below the surface of Qp2, in a
roadcut exposure∼250m SWof the fault scarps at Site 1
(Figures 4, 3, S3). Sample BR-9 yielded an age of∼9.5 cal
ka BP (Table 1), which is consistent with the older esti-
mated age of the Late Pleistocene glacial deposits (Qt,
Qk, andQhm) of∼13.6–11.5 ka BP.The∼9.5 cal ka age is
also consistent with the timescales of paraglacial debris
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cone formation documented in recently deglaciated ter-
rains that suggest paraglacial debris cones and fans
form in the first 100s-1000s of years following deglacia-
tion (Ryder, 1971; Ballantyne and Benn, 1996; Ballan-
tyne, 2002).

4.2.3 Post-glacial units and landforms

The youngest units include post-glacial landslides (Qls),
scree fans (Qsf), alluvial fans (Qaf), and fluvial ter-
races (Qft) that either bury or are inset into the glacial
and paraglacial deposits (Figure 3, Table S1; Figure S2).
Mapped landslides (Qls) are hummocky deposits asso-
ciated with curvilinear headscarps and oversteepened
toes and have widths of 50–600 m. Scree fans (Qsf) are
small (30–250m across) fan-shaped deposits with rough
surfaces that contain cobble- to boulder-sized bedrock
clasts. Qsf occurs at the bases of mapped bedrock expo-
sures at elevations of ∼750 masl. Alluvial fan deposits
(Qaf) are defined as a series of broad, convex, gently-
sloping fansheaded in active or recently active channels
(Figure 3). Alluvial fans consist of poorly to moderately
sorted, clast-supported, stratified deposits containing
silt, sand, pebbles, and boulders, with occasional clast
imbrication and cross-bedding (Table S1). Qaf deposits
are mapped at the base of the range front and bury por-
tions of Qp2, Qt, and Qhm.
At two locations within Site 2 and one within Site 1,

Qaf fan noses merge into deeply incised streams (by
∼1–15 m) that are flanked by a series of up to five flu-
vial terraces (Qft, Figure 3b). Fluvial terrace treads are
20–130 m wide, slope gently downstream, and have ris-
ers up to 5–10 m high. The deposits that underlie the
terraces are moderately to well-sorted, clast-supported
sediments with sub-horizontally stratified interbeds of
rounded cobbles, boulders, and pebbles. At Site 2, Qft
terraces are inset into till-mantled bedrock and are, in
turn, incised by channels feeding Qaf alluvial fans (Fig-
ure 3b), a stratigraphic relationship that shows that at
Site 2, Qft terraces are older than Qaf. In contrast, at
Site 1, Qft appears to grade into the channels that feed
Qaf, indicating that Qft terraces are younger than at Site
2 and are instead correlative to upper portions of Qaf or
the channels inset into Qaf (Figure 3a).
Units Qaf and Qft yielded dateable charcoal frag-

ments. Sample BR-8 was collected from a stratified,
clast-supported sand lenswithin interbedded sands and
gravels in Qaf, ∼0.75 m below the top of the deposit
located ∼500 m SW of fault scarps at Site 1 (Figures
3, 4, S3). Qft yielded a charcoal sample, BR-42, that
was sieved from a bulk sediment sample collected from
a stream cut exposure of stratified pebbles and cob-
bles, located <10 m downhill from mapped fault strand
Ee (Figures 3a, 4, S3). Samples BR-8 and BR-42 are
younger than the age of BR-9 from paraglacial deposit
Qp2 (∼9.5 cal ka BP), suggesting that Qaf is older than
Qft at Site 1.

4.2.4 Abandoned channels

Paraglacial unit Qp1 is incised by a series of aban-
doned, well-preserved paleochannels at Sites 1 and
2 that are currently disconnected from the modern Ta
bl
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stream network. The paleochannels at Site 1 incise till
and colluvium-mantled hillslopes, are typically ∼1–4 m
deep, have V-shaped cross-sections, and are separated
by interfluves with linear ridges and steep flanks (Fig-
ures 3 and 4). These paleochannels incise Qp1, and
merge into the heads of Qp2 deposits, suggesting that
they were active at the time of deposition of Qp2, but
no longer accommodate significant discharge. We in-
terpret the paleochannels at Site 1 to have formed as
the result of fluvial and debris flow scouring and fill-
ing associated with the deposition of Qp2. At Site 2,
offset paleochannels have broad cross-sectional mor-
phologies and are moderately incised into hummocky,
till-mantled hillslopes (Figures 3 and 4). The paleochan-
nels at Site 2 do not clearlymerge into othermapped de-
posits but appear to be cross-cut by younger landslides
at the foot of the range.

5 Quaternary scarps
We used lidar DEMs, field observations, satellite im-
agery (Google Earth Pro, 2016), and historical air pho-
tos (British Columbia provincial government, 1947 and
1952) to evaluate the geometry and context of the to-
pography and identify potential fault scarps. We ap-
plied our scarp mapping approach within a 100-km-
long swath of the western Beaufort Range between the
epicenter of the 1946 Vancouver Island earthquake and
Mt. Arrowsmith (Figure 2). We identified linear and
curvilinear features that are continuous for >50–100 m
and appear to cut across topography and/or Quaternary
landforms (e.g., abandoned channels; Figure 4b-c). We
then examined each feature to rule out candidate fault
scarps that likely formed by non-tectonic processes,
such as anthropogenic disturbances, glacial or gravita-
tional processes, or differential erosion of bedrock.
Landforms of non-tectonic origin include logging

roads, landslide scars, sackungen, glacially striated,
scoured, and plucked surfaces, and scarp-like land-
forms formed by differential erosion (Figure S4). Log-
ging roads typically exhibit a flat base with an over-
steepening of the lateral flanks. Landslide head scars
or “toes” are typically curvilinear and often associated
with hummocky deposits and disrupted topography.
Scarps formed by sackungen typically occur parallel to
topographic contours near the top of the range (eleva-
tions of >1300 m) in parallel linear sets <500 m long
(e.g., McCalpin, 1990). Neither landslide head scars
nor sackungen typically extend across multiple hill-
sides or drainages. Glacially streamlined deposits and
glacially-plucked surfaces tend to have an asymmetry
axis parallel to the ice transport direction (∼120° az-
imuth), and the elevation of crests of glacial lineaments
typically decreases in that same direction. Scarp-like
landforms formed by differential erosion are co-located
with steeply dipping bedding planes or changes in litho-
logic strength across Karmutsen Fm. flow tops.
Scarps that we determined to be produced by tectonic

processes, in comparison, are ∼100–2000 m long, and
occur in en echelon or parallel sets with spacings of
5–100 m. They occur at elevations of ≤500 m above
the valley floor and do not occur in the upper ∼700 m

of the range (above ∼800 m). Individual scarps have
trends of ∼270–300°, cross topographic contours, and
have asymmetric cross-sectional geometries. Tectonic
scarps cross-cutmultiple generations of Quaternary de-
posits and landforms, and produce vertical separation
of the hillside.
In total, we identified 127 tectonically produced

scarps within the 100-km-long swath we examined us-
ing a combination of field and lidar-based observations
(Figure S1). First, all scarps were carefully evaluated on
lidar DEMs to assess the criteria listed above to inter-
pret tectonic vs. non-tectonic scarps. Then, we visited
all scarps that were physically accessible in the field to
use additional field observations of geomorphic form
and context to assess if they were best interpreted as
being of tectonic or non-tectonic origin. Of the entire
set of scarps identified from lidar DEMs, we visited and
mapped 79 as tectonic in the field, spanning a total dis-
tance of ∼35 km. We then further focused our scarp
mapping, evaluations, and descriptions in the two focus
areas at Sites 1 and 2.
At Site 1, we identified a branching set of 3–5 en ech-

elon scarps (e.g., strands F, G, Ew on Figures 5d, 7f).
Scarp heights on individual strands range from 0.5 m
to 6 m. The steepest and tallest scarps are 4–6 m high
and have faces near the angle of repose (32° for strand
Ew at Site 1.2; Figures 5, 7b,f,g). Other scarps exhibit a
more moderate, 23°-dipping scarp face, such as Strand
D at Site 1.2 (Figure 7e). Most of the mapped scarps
(∼70%) have asymmetrical cross-sectional morpholo-
gies with steep, uphill-facing scarps, while a smaller
fraction are preserved as flat, degraded, topographic
features embedded in the high-gradient hillslopes (Sites
1.1–2.3; Figures 4, S4d). Every abandoned channel and
preserved interfluve that crossesmapped scarps is trun-
cated and displaced laterally by at least ∼0.5–2 m (Fig-
ure 7a-c).
At Site 2, scarps occur as parallel or anastomosing

sets of 3–6 strands (Figure 6). The steepness and mor-
phology of scarp faces vary along strike and among
strands. Scarp heights range from 1 to 3 m, with faces
near the angle of repose (∼45° for strand U at Site 2.3;
Figure 6 and S5), and some are large and steep enough
to have effectively ponded large boulders sourced from
uphill (Figure S5). Scarp facing directions vary locally
over short distances, but about two-thirds of the scarps
(n=101) face uphill to theNE.Three streamchannels are
systematically right-laterally sheared by several meters
across 3–5 fault strands (Figure 6).
The scarp geometries, morphologies, and map pat-

terns we observed are most consistent with those that
form along faults in transtensional tectonic systems.
Based on their ‘V’ patterns as they intersect topog-
raphy, these scarps appear to be the product of slip
along a set of steeply-dipping (∼70°), ESE-WNW trend-
ing (∼287°) faults. Field observations show consistent
vertical and lateral offsets of geomorphic piercing lines
across scarps at multiple independent sites, regardless
of local topographic slopes, elevations above the valley
floor, or bedrock versus Quaternary substrate. Mapped
scarps clearly project into adjacent scarps across gaps
and stepovers, occur in en echelon and parallel arrays,
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Figure 4 Examples of tectonic fault scarps visible in hillshaded (315° azimuth, 45° altitude) bare-earth lidar DEMs. a: Unan-
notatedDEMof Site 1 showing anetwork of en echelon∼1- to 6-m-high fault scarps offsetting a series of abandoned channels
and interfluves (see Figure 2b for location). b: Example of an uphill facing scarp developed on a till-mantled hillside. The
scarp offsets a channel thalweg and adjacent interfluve crests both vertically (downhill-side-up) and right-laterally. White
dots show locations of individual survey points, which may not match contours perfectly due to lidar resolution and projec-
tion. Contour interval is 1 m. c: Example of en echelon array of scarps at Site 1. d: Unannotated DEM of Site 2 showing a
network of right-laterally sheared channels (see Figure 2b for location). Examples of non-tectonic landforms are presented
in Supporting Information Figure S4.

and span several tens of kilometers of strike length.
Similar geometries are common in documented strike-
slip fault systems and pull-apart basins, particularly
those with relatively low cumulative offset (e.g., Wes-
nousky, 1988; Hatem et al., 2017; vanWijk et al., 2017).

6 Bedrockmapping

We mapped bedrock lithology and faulting along the
entire Eocene bedrock thrust fault from lidar and in
the field, with more detailed field efforts at Sites 1 and
2 (Figure 2). We identified the location of the Eocene
bedrock thrust fault from direct outcrop exposures of
the fault, zones of increased rock damage and defor-
mation, and outcrop positions of differing hanging and
footwall units. At each fault contact and damage zone
exposure, we measured fault planes, slickenlines, foli-
ation fabrics, and fractures. At locations outside of the
fault zone, we measured the strike and dip of basaltic
flow tops and bedding. We complemented this field
mapping with interpretation of lidar topography in in-
accessible areas, or where no outcrop was found. We

used bedrock outcrops, and outcrops of the fault zone
itself at Sites 1.1 and 2.1, to refine and update the map-
ping of the location of the Eocene bedrock thrust fault
(solid teeth in Figure 3; c.f. Cui et al., 2017).

At Site 1, we mapped two branches of the Eocene
bedrock thrust fault (Figure 3). The upper thrust fault
branch places Triassic Karmutsen Fm. over Late Cre-
taceous Nanaimo Group (Gp.) sedimentary rocks east
and north of Site 1.1 and over Karmutsen basalts west of
Site 1.1. The lower thrust branch places Karmutsen Fm.
and Nanaimo Gp. rocks over the Nanaimo Gp. Bedrock
fault exposures throughout Site 1 show that the hang-
ing wall of the upper thrust fault contains heavily frac-
tured basalt, with an increase in fracture density, al-
teration, and foliated fabric intensity toward the fault
core. Fault and shear planes exposed at these sites ei-
ther dip steeply to moderately toward the SW or gen-
tly toward the NE (Figure S6). The footwalls of both
thrust branches contain tight footwall synclines devel-
oped in Nanaimo Gp. sediments. In each footwall syn-
cline, bedding dips change from 10° SW to near vertical
over a horizontal distance of ∼70 m; we therefore in-
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Figure 5 Unannotated hillshaded lidar DEMs of Sites 1.1, 1.2, and 1.3 (a, c, e, respectively), and annotated hillshaded DEMs
showingmapped faults (labeled fromA to N) and surveyed topographic profiles (numbered from 1 to 25) of Sites 1.1, 1.2, and
1.3 (b, d, f, respectively). See Figure 3 for locations and surficial mapping legend, and Dryad data repository for topographic
profile survey data (Lynch et al., 2025).
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Figure 6 Unannotated hillshaded lidar DEMs of Sites 2.1 and 2.3 (a and c, respectively), and annotated hillshaded DEMs
showing mapped faults (labeled from O to U) and topographic profiles (numbered from 26 to 35) of Sites 2.1 and 2.3 (b and
d, respectively). See Figure 3 for locations and surficial mapping legend, and Dryad data repository for topographic profile
data (Lynch et al., 2025).

terpret the fold axes to be located near each main fault
trace. We observe predominantly dip-slip slickenlines
at Site 1, primarily on damage zone planes (Figure S6).
Karmutsen Fm. basalt flow tops and Nanaimo Gp. bed-
ding in the hanging wall dip gently to the SW (Figures
2b, 3b; Cui et al., 2017). We observe no evidence of fold-
ing in the basalt in the hanging wall at Site 1, nor did we
find evidence of an anticline in Nanaimo Fm. outcrops
in the hanging wall southeast of Site 1 near Mt. Arrow-
smith (Figure 2a).

At Site 2, there is one, steeply-dipping bedrock thrust

fault strand that places Triassic Karmutsen Fm. basalt
over Late Cretaceous Nanaimo Gp. sedimentary rocks
(Figures 3b, S6). The Eocene thrust fault contact and
damage zone are clearly exposed at Site 2.1. The hang-
ing wall north of the fault contains a damage zone of
fractured Karmutsen Fm. basalt, with increasing frac-
ture density within 100 m of the fault core. The main
lithologic fault contact consists of a ∼30–100 cm gouge
zone separating Karmutsen basalt from Nanaimo Gp.
conglomerate, surrounded by a series of <10 cm-wide
gouge zones in hanging wall basalts, and ∼20 cm- to
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Figure 7 Previous page. Examples of right-lateral offsets and fault scarps identified along the Beaufort Range fault. a. Field
photo of vertical and right-lateral displacement of profile 5 at strand C. See Figure 5 for profile location. b. Field photo of
vertical and right-lateral displacement of profile 17 at strand Ew. See Figure 5 for profile location. c. Field photo of vertical
and right-lateral displacement of a channel formnorth of Site 2. d. Field photo of an exposed∼80°-dipping face along strand
Ew between profiles 16 and 17. e. ∼5-m-high, uphill-facing, moderately steep (∼23°) fault scarp along strand D at Site 1.2
(Figures 3a, 5d). f. Topographic profile across three scarps at Site 1.2 associated with fault strands F, G, and Ew extracted
frombare-earth lidar DEM (Profile 14, Figure 5). Fault dips calculated from surveyed scarpmidpoints. Dashed dark blue lines
show the projection of the background hillslope toward the scarps. g. Photo of the ∼6-m-high, steep, preserved face of
Strand Ew shown in the topographic profile in panel f. The uphill-facing fault scarp along strand Ew is ∼32°, much steeper
than the scarp face along strand D (panel e). h. Cartoon cross-section showing the schematic relationships between sets of
sub-parallel and en echelon fault strands, based on observations at Site 1.2. These strands are interpreted tomerge at depth
in a flower structure consistent with strike-slip faulting.

2-m-wide gouge zones in footwall sedimentary rocks.
Bedding in theNanaimoFm. is tightly folded into a foot-
wall syncline, dipping 80° S at 15 m from the fault core,
shallowing to 30° S at 100 m from the fault core, and
sub-horizontal ∼800 m from the fault. At Site 2.2, we
observe damage in the Karmutsen basalt, including a
population of planeswe interpret to be Riedel shears re-
lated to a NW-SE-striking, SW-dipping thrust fault plane
(Figure S6). We observe slickenlines at Site 2.2, pri-
marily on planes within the damage zone. A subset
of main fault planes have slickenlines consistent with
right-lateral and dip-slip motion (Figure S6). Here, the
bedrock fault zone in outcrop is overlain by an unde-
formed drape of till (Figure S7). We do not observe any
evidence of folding in the Karmutsen Fm. in the hang-
ing wall at Site 2 bedrock exposures.

7 Quantifying fault slip across scarps

7.1 Profile collection and reconstruction
methods

We quantified the magnitude and direction of slip
across mapped tectonic fault scarps using field-based
topographic profiles of offset geomorphic piercing
lines. Although lidar DEMs proved instrumental in
identifying scarps, these data were of insufficient qual-
ity to enable delineation of piercing lines and measure-
ments of displacements with confidence. Dense under-
growth prevented the lidar from reaching true ground,
and large trees blocked returns for areas up to 10 m
across (Figure S8). Uneven return spacing precluded
the use of DEM backslipping techniques to quantify
displacements (e.g., LaDiCaoz; Zielke and Arrowsmith,
2012). We therefore collected topographic profiles in
the field using Nikon XS and Spectra Precision Focus
6 total stations, and used the data to reconstruct fault
slip vectors at Sites 1 and 2. Our methods are described
briefly here, but full details of our methods and estima-
tion of uncertainties are provided in the Supporting In-
formation file (Text S3).
Three-dimensional slip vectors can be determined

where fault scarps intersect and offset geomorphic
piercing lines (Figure 8), such as at channel thalwegs or
interfluve crests offset by scarps at Sites 1 and 2. In or-
der to capture the background piercing line geometry
outside of the geomorphicallymodified fault zone, total
station data were collected in the field every ∼0.5–1 m,

to a distance of >20 m uphill and downhill of each fault
scarp (Figures 4, 8, S9). We collected high-resolution
profiles of offset geomorphic piercing lines where the
three-dimensional oblique-slip vector could be calcu-
lated (n=24; Figures 4, 5, 6, S9; Lynch et al., 2025). We
recognize that there can be some ambiguity and un-
certainty in the position of the thalweg or interfluve
(e.g., Zielke et al., 2010; Scharer et al., 2014) and that
post-event processes such as erosion at a scarp crest
and deposition against an uphill-facing scarp could al-
ter the measurable earthquake-related offsets (e.g., Re-
itman et al., 2019). To address these uncertainties, we
follow an approach similar to that used by Zielke et al.
(2010) and Scharer et al. (2014). We asked several dif-
ferent users to select the “best” field-surveyed topo-
graphic points to use in our regressions, discussed be-
low and in more detail in Supporting Information Text
S3. In locations where channels and interfluves were
absent, we collected linear topographic profiles with
trends perpendicular to fault scarps to calculate the ver-
tical (2D) component of displacement (n=6; Figures 5
and 6). We supplemented field profiles with profiles ex-
tracted from lidar topography (n=5; Figure 6). The ma-
jority of the 35 profiles cross multiple fault scarps.

Reliable calculation of a slip vector for any of the pro-
file locations depends on constraining, as well as possi-
ble, the local orientation of the fault plane. No outcrop
exposures of fault planes in Quaternary deposits were
present in the field area, so we instead modeled the
local strikes and dips of fault planes using a modified
three-point problem approach. We assumed that the
midpoints, or inflection points approximately halfway
up a fault scarp, represent the most likely intersections
of the fault plane with the surface. We surveyed scarp
midpoints at multiple locations along each scarp and
determined fault strike and dip through linear regres-
sion of a plane through the surveyed scarp midpoints
using all survey data along a single, continuous fault
strand segment (3–17 points per regression; see Sup-
porting Information file for more details, and Figure 8).
Fault strand regressions yielded predominantly NW-SE-
striking, steeply NE-dipping faults at both Sites 1 and 2,
with a few strands at Site 1 dipping steeply SW.

Once we had strike and dip of a fault plane (and un-
certainties), the location where the fault plane inter-
sects the ground surface, the XYZ coordinates of the
topographic profile, and the number of points in the
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upthrown and downthrown sides of the profile of the
piercing line segments, we used a Monte Carlo-based
R script (SCARP-3D; details in Supporting Information
Text S3) to calculate 3D linear regressions through to-
pographic profiles on the upthrown and downthrown
sides of the fault scarp. We then used these regressions
to solve for the intersection points of the linear regres-
sions with the fault plane (Figure 8). The two intersec-
tion points were used to calculate themeanmagnitudes
and standard deviations of strike slip (SS), dip slip (DS),
and oblique slip (OS) for each piercing line, as well as
the trend and plunge of the slip. For the 6 sites without
channel thalwegs or interfluve crests, we were able to
calculate dip-slip—but not strike-slip—vectors.

Figure 8 Schematic diagrams showing how surveyed ge-
omorphic piercing lines were used to reconstruct 3D fault
slip. a: Block diagram showing an oblique normal right-
lateral offset channel thalweg. SCARP-3D calculates fault
slip components (OS, DS, and SS) from the 3D positions of
the intersections of the fault plane with the linear projec-
tions of the upthrown and downthrown channel segments.
b: Example of a geomorphic piercing line profile in cross-
section. c: Example of a geomorphic piercing line profile
in plan view. In each profile, points were collected every
∼0.5–1 m at least 10–20 m beyond the fault scarp.

7.2 Fault slip sense and displacementmagni-
tudes

Our offset measurements suggest that the BRF fault
system as a whole likely accommodates approximately
equal magnitudes of strike slip and dip slip, but that
some individual fault strands are dominated by dip slip,
while others are dominated by strike slip (Table S2).

Oblique-slip magnitudes across individual fault strands
range from ∼2 to 7m at Site 1 and from ∼2 to 5m at Site
2, with strike slip to dip slip ratios ranging from ∼0.3:1
to 1.5:1 (Figure 9; Table S2). Cumulative oblique slip
magnitudes, calculated by summing displacements of
a piercing line across multiple parallel strands at a site,
range from 3.6–21.2 m at Site 1 and from 3.3–11.1 m at
Site 2, with an average strike slip to dip slip ratio of 1.1:1
(Figures 9, 10). We note that cumulative oblique-slip
magnitudes at Site 2 are likely underestimated, given
that it was only possible to determine cumulative slip
across a portion of the mapped strands due to limited
access and preservation.
Our offset measurements show that slip magnitudes

are greater along faults cutting older deposits than
younger ones, indicating that older units have experi-
enced at least one earthquakemore. Figure 10a-b shows
examples of this phenomenon at Sites 1.2 and 2.3. For
example, along Strand D at Site 1.2 (location in Figure
5), vertical separation is 5.8 m along an offset interfluve
developed in Qp1, the oldest offset deposit at the site,
whereas only 4.7 m of vertical separation is present on
the adjacent, younger channel incised into Qp1 (Fig-
ure 10a). Even less vertical separation (2.3 m) was ob-
served where a younger Qft fluvial terrace crosses fault
strand Ee (profile 3, Figure 5). Similarly, at Site 2.3,
the till-mantled hillslope typically has larger vertical
separation than channels incised into till (Figure 10b).
For example, profile 28 at Site 2.3 in Qt shows 4.1 m
of vertical separation across strand Q, whereas profile
33 along a younger channel incised into Qt shows only
2.9 m of vertical separation. These same relationships
are mimicked in the set of cumulative right-lateral and
oblique slip measurements at 23 interfluves and chan-
nels at Site 1 (Figure 9). Older interfluves developed in
Qp1 are consistently associatedwith greater cumulative
right-lateral and oblique slip than younger channels in-
cised into Qp1 (Figure 10c). Average right-lateral and
oblique slip magnitudes for interfluves are 8.8±3m and
12.7±4.4m, respectively, as compared to 4.8±3.4m and
9.8±3.9 m in thalwegs.

7.3 Inversion for fault slip kinematics

We used slip vector data generated by SCARP-3D to in-
vert formean pressure- (P) and tension- (T) axes, as well
as pseudo-focal mechanisms using Bingham statistics
in FaultKin 7.6 (Marrett and Allmendinger, 1990; All-
mendinger et al., 2012). In this inversion, slip is as-
sumed to have occurred in the direction of maximum
resolved shear stress on the fault plane (e.g., Angelier
and Mechler, 1977; Riller et al., 2017). Outputs from
these inversions may, under certain assumptions, be
used to approximate local principal stress axis orien-
tations at the time of deformation (e.g., Angelier and
Mechler, 1977; Riller et al., 2017).
Kinematic inversions of all data from Sites 1 and 2, as

well as inversions performed on subsets of data from in-
dividual sites, all yield right-lateral transtension (Figure
11). Slip vector data (n=50) yield an average slip vector of
∼110°/45° along a NWstriking, steeply NE-dipping fault
(∼300°/80°), with P- and T-axes at 170°/37° and 058°/26°
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Figure 9 Displacement measured across the Beaufort Range fault at Sites 1 and 2. (2σ uncertainty) a-c. Magnitude of slip
across single fault strands at given piercing points (dip slip in panel a, strike slip in panel b, and 3D oblique slip in panel c).
Shapes in panels a and b correspond to the type of landform. Distance along strike is reported as the position where the
piercing line crosses the fault strand. Colors in panel c correspond to individual fault strands, whose along-strike extents are
also shown (see Figures 5 and 6 for locations). d. Summation of all of the slip vectors across all of the fault strands that a
piercing line crosses. Distance along strike is the centroid distance of a profile relative to a local reference frame. Note that
interfluve crests (triangles) show more displacement than channel thalwegs (squares). Colors in panel d correspond to the
mapped unit (see Figure 3).

respectively (Figure 11e). Kinematic inversions of data
subsets from individual sites yield only slight variations
from this overall trend (Figure 11a-d).

8 Interpretation of the post-glacial
history of the Beaufort Range fault

8.1 Evidence for an active fault
Our field data and observations provide evidence that
the scarps we map along the southwestern flank of the

Beaufort Range are tectonic in origin and are associ-
ated with slip along an active Beaufort Range fault. We
identify 127 “valley-side up” scarps that offset multi-
ple generations of Quaternary deposits and landforms
(Figures 2b, 3). The scarps we map along the BRF de-
fine an ∼500-m-wide zone of surface ruptures, span-
ning ∼85 km of fault length, that we interpret to be
the surficial expression of a throughgoing fault zone at
depth. These scarps occur in en echelon and parallel
arrays, clearly project into adjacent scarps across gaps
and stepovers, and span several tens of kilometers of
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Figure 10 Topographic profiles showing larger magnitudes of offset in older Quaternary landforms than in younger ones.
Profile locations shown in Figures 5, 6. a. Comparison of vertical separations (VS) from three piercing lines at Site 1.2. The
red profile (profile 10, strand D) is from an interfluve developed in Qp1 (∼11.5–9.5 cal ka BP). The blue profile (profile 11,
strand D) is from a channel whose age correlates with Qp2 and is incised into Qp1 (∼9.5 cal ka BP). The green profile (profile
3, strand Ee) is from a Holocene stream terrace (∼3.5 cal ka BP). b. Comparison of vertical separations at Site 2.3. The red
profile (profile 28, strand Q) is across a till-mantled hillslope (Qt, ∼13.6–11.5 ka), and the blue profile (profile 29, strand Q)
represents separation of a younger channel incised into till. c. Comparison of cumulative slip estimates from Site 1.2 profiles
showing larger slip magnitudes for interfluve piercing lines than for channel thalwegs. Site 1.2 profiles extend∼800m along
strike (see Figure 5a). Solid, blue symbols and lines represent oblique slip across channel thalwegs. Open, blue symbols and
dashed lines are cumulative, right-lateral (RL) slip estimates for faults across channels. Solid, red symbols and lines are for
oblique slip across interfluves. Red, open symbols and dashed lines represent right-lateral slip across interfluves. Upward-
pointing arrows indicate minimum slip estimates in locations where displacements across one or more strands could not be
reconstructed.

strike length near the base of the Beaufort Range (Fig-
ures 2b, 4, 5, 6). Field observations show consistent ver-
tical and lateral offsets across scarps at multiple inde-
pendent sites, regardless of local topographic slopes, el-
evations above the valley floor, or bedrock versus Qua-
ternary substrate. The three-dimensional, “V” shaped
geometries of scarps as they cross interfluves and chan-
nels are consistent with formation by slip along a set of
steeply dipping fault planes. Scarps in en echelon sets
suggest formation in a right-lateral transtensional sys-
tem, and kinematic inversions of slip recorded by off-
set piercing lines similarly yield pseudo-focal mecha-
nisms consistent with right-lateral transtension along a
steeply NE dipping fault plane (Figure 11).

The discontinuous nature of the mapped strands is
likely due to the limited preservation potential of scarps
that are developed in unconsolidated material, and oc-
cur in the steep terrain and wet climate characteris-
tic of the Beaufort Range (e.g., Reitman et al., 2023),
and the glacial history limiting preserved deposits to
the past ∼14 kyr. Similar discontinuous and distributed
rupture patterns are documented elsewhere in the Cas-
cadia forearc (e.g., along the North Olympic, Darring-
ton Devils Mountain, Seattle, Leech River, and Boulder
Creek faults, Personius et al., 2014; Sherrod et al., 2013;
Nelson et al., 2003; Morell et al., 2017; Schermer et al.,
2021), and in historical ruptures in subduction and non-
subduction settings (e.g., Yuanet al., 2022; Li et al., 2012;
Biasi and Wesnousky, 2016; Koral, 2000; Ainscoe et al.,

2019; Bawden, 2001; Rodriguez Padilla et al., 2024). If all
of themapped scarps in this study are in fact associated
with a continuous or even semi-continuous subsurface
fault network, as we suggest, then the BRFwould be the
longest strike-length active fault identified in northern
Cascadia to date.

8.2 Evidence for multiple, post-glacial,
surface-rupturing earthquakes

Our results indicate that the BRF has hosted multiple
surface-rupturing earthquakes since deglaciation of the
Alberni Valley (∼14–11 ka). This interpretation is sup-
ported by differential scarp heights and cumulative slip
magnitudes calculated for offset landforms of differ-
ent ages at Sites 1 and 2 (Figure 10). At Site 1, in-
terfluve crests developed in the older paraglacial unit
Qp1 have greater vertical separation (by ∼1 m) and
greater cumulative oblique slip (by ∼1–3 m) than aban-
doned channel thalwegs incised into that same unit.
The abandoned channels, in turn, have greater vertical
separation (by ∼2.4 m) than the displacement surveyed
across a younger Qft fluvial terrace. The differential off-
set between interfluves, channels, and fluvial terraces
suggests the occurrence of at least three earthquakes
since the deposition of Qp1 at Site 1 (∼13.6–9.5 ka; Fig-
ure S2). At Site 2, differential heights of ∼2 m be-
tween scarps developed in till-mantled hillslopes versus
younger channels incised into the hillslopes suggest at
least two surface-rupturing earthquakes have occurred
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Figure 11 Right-lateral transtension along the Beaufort Range fault demonstrated by oblique slip of linear piercing points
formed by paraglacial interfluves and channel thalwegs. Oblique-slip vectors and pseudo-focal mechanisms shown here are
from kinematic inversions of detailed total station surveys of fault scarps and these offset geomorphic piercing lines. a-d:
Kinematic data at four sub-sites along the BRF (see Figure 3 for locations). Upper panels: Lower hemisphere equal area pro-
jections showing fault planes, slip vectors, and hanging-wall motions. Lower panels: P- and T-axes and linked Bingham fault
plane solutions for faults at Sites 1.1, 1.2, 1.3, and 2.3. These slip vectors and kinematic inversions are consistent with right-
lateral oblique motion on northeast-dipping planes. e: Composite kinematic inversion for all surveyed sites along the BRF.
Lower hemisphere equal area projection showing P- and T-axes and linked Bingham fault plane solutions. f: Focal mecha-
nism solutions for the 1946 M 7.3 Vancouver Island earthquake (see Figure 2a for epicentral location; Rogers and Hasegawa,
1978). Model A is Rogers and Hasegawa’s preferred model. Note the similarity in orientations of nodal planes and P- and
T-axes for BRF fault kinematics.

at Site 2 following the deposition of Qt (∼13.6–11 ka).

While the difference in cumulative vertical separa-
tion between landforms of different ages is relatively
small, on the order of 1–2 m, this difference is repro-
ducible across 8 out of the 12 measured profiles span-
ning ∼800 m in distance at Site 1. These 1–2 m differ-
ences in offsets are an order of magnitude larger than
the absolute measurement uncertainty of the total sta-
tion primary topographic data (<1 cm) or the inherent
roughness of the forest floor (typically 10s of centime-
ters but rarely at most 50 cm). We focus on the smaller
abandoned channels in this study because the major
drainages on the Beaufort Range are extremely active
seasonally, and have enough discharge to occasionally
move large boulders. Therefore, the larger streams
have more than enough power to erode through scarps
and straighten out their profiles compared to observed
offsets on the BRF.

If the average difference we observe in cumulative
oblique slip between interfluves and channels (1–2.4m)
is the result of at least one event, we can estimate the

minimum number of events necessary to produce the
total observed slip in the oldest offset deposits. If one
earthquake produces 1–2.4 m of slip, the cumulative
oblique-slip offsets of 10–15 m may be the product of
three or more earthquakes since ∼11–14 ka. This in-
ference is corroborated by displacement-length scaling
relationships. For faults with lengths of 35–100 km, as
we map for the BRF, a single earthquake is predicted to
result in an average surface slip of 0.4–3 m (Wells and
Coppersmith, 1994; Wesnousky, 2008), and thus our to-
tal offsets of 10–15 m are consistent with three or more
events.

If our three-event interpretation is correct, we can
broadly constrain the timing of earthquakes by com-
bining our estimates of deposit ages at Site 1 (Table 1;
Figure 3c) with offset magnitudes (Table S2; Figures
9, 10). The first earthquake occurred after the deposi-
tion of Qp1 (<11–14 ka), but before the abandonment
of channels incised into Qp1, because the cumulative
oblique offset is larger in interfluves developed in Qp1
than in channels subsequently incised into Qp1 (Figure
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9; Figure S2). The timing of channel abandonment is
not directly dated, but our correlation of channel inci-
sion to the deposition of Qp2 suggests channel aban-
donment occurred after the deposition of Qp2 (radio-
carbon dated to ∼11 to 6 ka) and before the deposition
of Qaf (radiocarbon dated to ∼6–3 ka). Therefore, the
first earthquake(s) likely occurred after ∼11–14 ka, but
before ∼6–3 ka. The second earthquake occurred after
channel abandonment and before the development of
the fluvial terrace at Site 1, based on the difference in
offset between channels and insetQft terraces (Figure 9;
Figure S2). Our estimate of the age of channel abandon-
ment and the radiocarbon age obtained from terrace de-
posits indicates the second earthquake likely occurred
after 11–6 ka but before <4 ka. The third earthquake
occurred after the deposition of the offset Qft terrace at
Site 1. The radiocarbon age acquired from Qft suggests
the third earthquake occurred after ∼4 ka.
We note that the above estimates rely on the assump-

tion that landscape adjustment to fault offset occurs at
similar rates on interfluves and channels. It is possible
that offset magnitudes in channels underestimate total
slip due to differential scarp degradation and sediment
ponding, and may not solely be the product of slip dur-
ing different numbers of events. We note, however, that
even if we discount the differential offset of interfluves
and channels, the total scarp height and oblique slip in
interfluves, displacement-length scaling estimates, and
differences in offset between Qp1 and Qt depositions
still suggest multiple earthquakes on the BRF since the
Late Pleistocene.

8.3 Estimates of earthquakemagnitudes and
post-glacial slip rates

Estimates of earthquakemagnitudes and fault slip rates
are primary data used for seismic hazard analyses (e.g.,
Morell et al., 2020; Hatem et al., 2022) and can yield
important information about how strain is partitioned
across multiple faults in a system. Despite uncertain-
ties on slip magnitudes for individual earthquakes and
on earthquake ages, we can place rough bounds on
themagnitudes of past earthquakes and the post-glacial
(<10–14 ka) slip rate for the BRF.
Wecanuse displacement-length scaling relationships

to constrain paleo earthquake magnitudes using either
the estimated slip per earthquake or the total length
of the active fault (Wells and Coppersmith, 1994; Wes-
nousky, 2008). The ∼1–3 m of slip per earthquake we
infer suggests that the BRF could have hosted MW 6.9
to 7.2 earthquakes. This range is very similar to that
corresponding to our mapped fault length of 35–85 km,
which suggests MW 6.8 to 7.4 earthquakes. Such earth-
quakemagnitudes are similar in scale to theM 7.3 mag-
nitude calculated for the 1946 Vancouver Island earth-
quake (Rogers and Hasegawa, 1978), which caused sig-
nificant damage, including to telephone wires, under-
water telegraph cables, and the hospital in Port Alberni,
BC (Hodgson, 1946). An earthquake of a similar mag-
nitude today would pose a significant hazard not only
to Port Alberni, but also to the nearby communities of
Nanaimo, Parksville, Qualicum Beach, and Courtenay,

and dams on Comox Lake and Elsie Lake (Figure 2a).
Furthermore, we can use our constraints of unit ages

and event timing to estimate slip rates for the BRF. Ide-
ally, slip rates are calculated from two or more precise
earthquake ages and the slipmagnitude associated with
each (e.g., Working Group on California Earthquake
Probabilities, 1990; Hatem et al., 2025). In the absence
of precise earthquake ages that can be used to calcu-
late a closed-interval slip rate (e.g., Styron, 2019;DuRoss
et al., 2020), an open-interval slip rate can be estimated
by dividing the cumulative displacement of a dated
landformby its age. Open-interval estimates yieldmini-
mum slip rates because the time elapsed since themost
recent slip event is unknown, as is the time elapsed be-
tween surface formation and displacement (e.g., Hatem
et al., 2025). Wenote that both closed- and open-interval
slip rates can be underestimated if there is considerable
off-fault deformation (e.g., Harrichhausen et al., 2023a;
Styron, 2019).
We have applied both approaches for our Site 1 data,

where we have evidence for at least three earthquakes
and associated slip vectors. Both open-ended and
closed-interval approaches yield slip rates for the BRF
that range from ∼0.5 to ∼2 mm/yr. The open-ended ap-
proach yields an oblique slip rate of ∼0.7–1.3 mm/yr,
based on the ∼10 to 15 m of cumulative oblique
slip across all mapped fault strands and an estimated
deglaciation age of ∼13.6–11.5 ka. Just one closed-
interval calculation can be made, using the ∼8–9 m of
cumulative displacement of channels at Site 1 and the
difference in age between the Qft terrace and the inter-
fluves, which could range from ∼3.5 to 13.6 kyr. This
yields a slip rate estimate of 0.6–2.6 mm/yr.
Our data demonstrate that, even at the lower bound

of uncertainty, the Beaufort Range fault is one of the
fastest slipping active faults in the northern Cascadia
forearc. Our slip rate estimates of ∼0.5 to ∼2 mm/yr
indicate that the BRF has a higher slip rate than the
nearby Leech River fault (0.2–0.3 mm/yr; Morell et al.,
2017, 2018) and the Darrington-Devils Mountain fault
zone (0.14 ± 0.1 mm/yr; Personius et al., 2014), and
a similar slip rate to the North Olympic fault zone
(1.3–2.3mm/yr, 3–5 post-glacial earthquakes; Schermer
et al., 2021). This observation indicates that the BRF is a
major crustal structure accommodating permanent de-
formation in the northern Cascadia forearc.

8.4 Slip on the BRF compared with the kine-
matics of the 1946 earthquake

Late Pleistocene to Holocene faulting along a NW-SE
striking, steeply NE dipping active BRF is kinematically
and spatially compatible with the slip inferred from
seismic wave inversions for the 1946 Vancouver Island
earthquake (Figure 11). The attitudes of nodal planes
produced in our kinematic slip inversions (∼300°/80°NE
and ∼200°/40°NW) have similar geometries to the NW-
SE and NE-SW striking nodal planes reported for the
1946 earthquake (320°/80°NE and 230°/85°NW; Rogers
and Hasegawa, 1978; Figure 11f, Table S3). Our pre-
dicted slip vectors associated with the NW-SE striking
nodal planes have trends of 096-135° and plunges of 10-
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48°, similar to the ranges published for the 1946 earth-
quake (trends of 114 to 183° and plunges from 05 to
54°). Additionally, the stress axes determined for the
1946 focalmechanismsolutionshavemoderately plung-
ing, southerly trending P-axes and sub-horizontal T-
axes with trends similar to those determined for the ac-
tive BRF (Figure 11).
Our fault slip vectors and transtensional pseudo-focal

mechanisms for the BRF are also similar to fault plane
inversions based on geodetic motions associated with
the 1946 earthquake (Slawson and Savage, 1979). Repeat
surveys of topographic benchmarks across the Beau-
fort Range at the latitude of the earthquake epicenter
(∼49.45° N) suggest ∼1–2.5 m of right-lateral oblique
slip on a steeply (70°) NE-dipping fault plane that ex-
tended for 60 km along strike (Slawson and Savage,
1979). Our mapped Sites 1 and 2 along the BRF lie
within the modeled earthquake rupture area, and the
fault plane dip is similar to the 60–88° NE dip we deter-
mined for the BRF. In addition, slip inversions for the
1946 earthquake fault planes indicate the crustal slip is
best reproduced by ∼1 m of right-lateral and ∼2 m dip
slip, along 60 km of fault length parallel to the BRF at
0–5 km depth (Slawson and Savage, 1979). Therefore,
both the relative ratio of strike slip to dip slip (∼0.5:1)
and the estimated slip per earthquake (∼1–2 m) mod-
eled for the 1946 earthquake are similar to our slip ra-
tios of 0.3–1.5:1 and estimates of ∼1–3 m of oblique slip
per BRF earthquake.
These correlations suggest that, if the 1946 event

ruptured along a northwest-southeast striking, steeply
northeast-dipping plane, as suggested by Rogers and
Hasegawa (1978) and Slawson and Savage (1979), the
BRF is a likely candidate for hosting the 1946 event. It
is worth noting that no other candidate fault has been
identified. Our estimated age of the most recent event
of <3–4 ka allows for this possibility. However, the field
data reported here cannot constrain the timing of the
most recent event along the active BRF beyond that it
occurred after ∼3–4 ka, and therefore cannot conclu-
sively test whether the 1946 event ruptured along the
BRF within our field area.

8.5 Relationship of the active BRF to inher-
ited structures

The proximity of the strands of mapped BRF scarps to
the surface trace of the Eocene bedrock fault suggests
the possibility that the recent deformation we observed
reflects reactivation of that Eocene thrust fault plane.
However, several lines of evidence suggest that the sur-
face trace of themappedbedrock thrust fault has not ex-
perienced slip since the Late Pleistocene. First, none of
the recent scarpswe identified exactly coincidewith the
mappedEocene fault. Some scarps are up to 500maway
from the Eocene bedrock thrust fault and occur in both
the hanging wall and footwall of the fault (Figure 3).
Second, active fault strands have different geometries
and kinematics than the Eocene bedrock thrust fault.
Fault plane strikes on active scarps differ by as much as
15° from those on the Eocene fault (Figures 3 and S6).
Slip senses on active strands require NE-side-downmo-

tion on steeply dipping faults (60-80°), whereas bedrock
fault exposures, seismic reflectionprofiles, exhumation
histories, and balanced cross sections indicate NE-side-
up slip on the bedrock thrust fault on a moderately (45-
60°) dipping fault plane (e.g., Yorath et al., 1985a; Clowes
et al., 1987; England and Calon, 1991). Third, we ob-
served at several sites thatQuaternary depositswere not
offset across the Eocene fault (Figure S7). These obser-
vations suggest that the BRF and Eocene thrust fault do
not share a principal slip surface, at least at the ground
surface.
We postulate several scenarios that may explain the

relationship between the active BRF and the Eocene
bedrock thrust fault. We consider the possibility that
the active BRF could be a bending moment fault ac-
commodating extension in the shallow layers of active,
thrust fault-related antiforms due to thrust slip on the
Eocene fault (e.g., Philip and Meghraoui, 1983). Our
field observations, however, preclude this scenario be-
cause we found no evidence of antiformal folding of
Karmutsen, Nanaimo, or Quaternary formations, nor
did we find evidence of thrust-sense offset of Quater-
nary deposits anywhere along the fault. Instead, we
consider one of the two following scenariosmore likely.
The active BRF could reactivate the Eocene fault if
steeply dipping (60-80°) BRF faults in the near surface
merge with the more gently dipping (45-60°) Eocene
fault at depth. This scenario requires that the bedrock
thrust fault has changed slip sense since the Eocene,
and now accommodates right-lateral transtension. Al-
ternatively, the subsurface projections of the steep ac-
tive BRF and more gentle Eocene bedrock faults could
diverge at depth. Similar instances of new faults cutting
across ancient, now inactive faults have been reported
for the northern Cascadia forearc along the Leech River
and North Olympic faults (Morell et al., 2017; Li et al.,
2018a; Nelson et al., 2017; Schermer et al., 2021).
Finally, we also consider the apparent discrepancy

between the NE-side-up topography of the Beaufort
Range and the NE-side-down slip sense we determined
for the active BRF. It is likely that much of the relief on
the western side of the Beaufort Range is the product
of differential erosion of the softer Cretaceous Nanaimo
Gp. sediments that underlie the Alberni Valley, relative
to the more resistant Karmutsen Fm. basalts that un-
derlie the range crest (Muller and Carson, 1969). Such
differential erosion would be consistent with typical
glacial valley morphology, and would suggest that the
inherited structure of the bedrock in the hangingwall of
theEocenebedrock thrust is amajor control on themor-
phology of the Beaufort Range. These observationsmay
also indicate that slip on the active BRF is a relatively
young phenomenon, and that the cumulative magni-
tude of NE-side-down motion on the active BRF is too
small to generate large topographic relief.

8.6 Implications for forearc stress state and
strain accommodation

The results of our work demonstrate that this por-
tion of the Cascadia forearc has experienced perma-
nent, right-lateral transtensional deformation for at
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least ∼11–14 kyr. This interpretation is supported by
the similarity between geologically determined fault
kinematics, integrated overmultiple Late Pleistocene to
Holocene earthquakes, and the seismically and geodet-
ically determined kinematics for the 1946Vancouver Is-
land earthquake. In addition, P- and T-axes from kine-
matic slip inversions for the active BRF and those in-
verted for the 1946 Vancouver Island earthquake (Fig-
ure 11) are consistent with regional stress patterns
derived from historical seismicity (Figure 2a; Balfour
et al., 2011). These data suggest that a transtensional
stress state has persisted in the northern Cascadia fore-
arc over both millennial and decadal timescales in the
Quaternary. Given that recurrence rates for upper-
plate fault seismic cycles are likely on the order of
1000s of years (e.g., Morell et al., 2018; Schermer et al.,
2021), and megathrust cycles have recurrence intervals
of ∼390–540 years (e.g., Walton et al., 2021), the defor-
mation we observed must represent a long-term, re-
gional stress pattern, rather than the type of short-lived
change that results from timing within the megathrust
seismic cycle (e.g., Wang et al., 1995; Loveless et al.,
2010; Regalla et al., 2017).
The persistence of right-lateral transtensional earth-

quakes throughout the Late Pleistocene to present indi-
cates that tectonic forces are the principal drivers of de-
formation along the BRF, rather than changes in crustal
loads and viscoelastic relaxation of the crust and man-
tle, as documented in other glaciated regions (e.g., An-
derson et al., 1989; Lagerbäck, 1990; Muir-Wood, 2000).
Such “glacially-induced” earthquakes typically occur
duringorwithin 3–6kyr of glacial retreat, whenchanges
in ice loads and crustal stresses from the viscoelastic re-
bound are most rapid (Steffen et al., 2014), but defor-
mation along the BRF has continued for 7 to >10 kyr
after deglaciation of the Alberni Valley. Additionally,
we note that glacial unloading typically reduces verti-
cal stress, and given that our slip data indicate the BRF
accommodates transtension, such unloading would re-
duce the deviatoric stress, making failure less likely.
Thus, any stress changes due to glacial unloading are
likely secondary to the primary tectonic forces promot-
ing transtensional deformation in the north Cascadia
forearc.
Comparison of displacements on the Eocene bedrock

thrust fault in the Beaufort Range and the active BRF
indicates that stress field conditions in this portion of
the northern Cascadia forearc have changed since the
Eocene from contraction to right-lateral transtension.
Eocene contraction was the product of the accretion
of the Crescent and Pacific Rim terranes to the North
America plate, which led to the development of the
Cowichan fold and thrust belt, including the Eocene
bedrock thrust in the Beaufort Range (England and
Calon, 1991; Harrichhausen et al., 2022). This deforma-
tion ended by ∼40 Ma, when subduction of the Juan de
Fuca platewas established (England et al., 1997;Madsen
et al., 2006).
The right-lateral transtension documented on the

BRF on Vancouver Island differs from the right-lateral
transpression documented on forearc faults farther
south in the northern forearc (the Darrington-Devils

Mountain, Southern Whidbey Island, Leech River, and
XEOLXELEK-Elk Lake faults, Figures 1, 2a; Sherrod
et al., 2008; Personius et al., 2014; Schermer et al., 2021;
Morell et al., 2018; Harrichhausen et al., 2021, 2023b).
Kinematic data alone, as we present here, are insuffi-
cient to determine the causes of this difference. How-
ever, we offer two potential factors that could explain
the spatial variation in strain accommodation. First,
paleomagnetic data and geodetic rotations show active
bending of the Olympic Orocline, such that the north-
ern Cascadia forearc of central and northernVancouver
Islandhas been rotating counterclockwise since∼18Ma
(Wells et al., 1998; Johnston and Acton, 2003; Finley
et al., 2019; Harrichhausen et al., 2021). Counterclock-
wise rotation of the forearc on Vancouver Island away
from the stable continental interior could explain the
transtension that drives deformation on theBRFon cen-
tral Vancouver Island. Second, transtension may be re-
lated to changes in convergence rate or obliquity re-
lated to the northwardmigration of the northern termi-
nus of the Juan de Fuca plate and the ∼4 Ma formation
of the Explorer microplate (Madsen et al., 2006; Wells
et al., 1998; Wang, 2000; McCaffrey et al., 2013; Li et al.,
2018b; Audet et al., 2008). Kinematic data from the BRF
alone, however, are insufficient to distinguish the rela-
tive contributions of these different processes. Regard-
less of cause, these kinematic data are consistent with
persistent transtensional deformation over millennial
and decadal timescales, along active, hazardous faults
in the northern Cascadia forearc.

9 Conclusions
We provide the first geologic field evidence for a ma-
jor active fault on central Vancouver Island with con-
straints on the kinematics, deformation rates, and state
of stress in this portion of the northern Cascadia fore-
arc. Field mapping and topographic profiles along the
Beaufort Range fault (BRF) document >35 km of NW-
striking, primarily NE-dipping fault strands along the
southwestern flank of the Beaufort Range that offset
Late Pleistocene to Holocene post-glacial deposits. We
observe an increase in scarp height and total offset with
increasing unit age that provides evidence for at least
three surface-rupturing earthquakes on the BRF since
∼13.6–11 ka, the most recent of which occurred in the
past ∼3–4 kyr. Slip magnitudes reconstructed from off-
set piercing lines, total fault length, and the ages of off-
set deposits suggest that the BRF is capable of hosting
earthquakes of MW 6.5–7.5, and has a Late Pleistocene
to Holocene slip rate of 0.5 to 2 mm/yr. Notably, kine-
matic slip inversions for the BRF yield transtensional
pseudo-focal mechanisms, fault geometries, slip vec-
tors, and P- andT-axes that are all similar to those deter-
mined for the 1946 Vancouver Island earthquake, sug-
gesting that the BRF may have hosted that damaging
earthquake. The consistency of right-lateral transten-
sional slip kinematics between the 1946 earthquake and
Late Pleistocene to Holocene slip on the BRF suggests
that this portion of the northern Cascadia forearc has
accommodated regional transtension over decadal to
millennial time scales, spanning multiple earthquake
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cycles.
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4. The OxCal program v. 4.4 by C. Bronk Ramsey used
for radiocarbon calibration is available at https://
c14.arch.ox.ac.uk/oxcal/OxCal.html.

5. The R. Allmendinger FaultKin 7.6 program used
for plotting and analyzing fault plane and slip
vector data in Figure 11 is available at https://
www.rickallmendinger.net/faultkin.

6. The OSX Stereonet 9.9.4 program used for plot-
ting bedrock fault planes and slickenlines in Figure
S6 is available at https://www.rickallmendinger.net/
stereonet.
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