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ABSTRACT

New paleoseismic trenching indicates late Quaternary oblique right-lateral slip on the
Leech River fault, southern Vancouver Island, Canada, and constrains permanent forearc
deformation in northern Cascadia. A south-to-north reduction in northward Global
Navigation Satellite System velocities and seismicity across the Olympic Mountains,
Strait of Juan de Fuca (JDF), and the southern Strait of Georgia, has been used as evidence
for permanent north-south crustal shortening via thrust faulting between a northward
migrating southern forearc and rigid northern backstop in southwestern Canada.
However, previous paleoseismic studies indicating late Quaternary oblique right-lateral
slip on west-northwest-striking forearc faults north of the Olympic Mountains and in
the southern Strait of Georgia are more consistent with forearc deformation models that
invoke oroclinal bending and(or) westward extrusion of the Olympic Mountains. To help
evaluate strain further north across the Strait of JDF, we present the results from two new
paleoseismic trenches excavated across the Leech River fault. In the easternmost Good
Hope trench, we document a vertical fault zone and a broad anticline deforming glacial
till. Comparison of till clast orientations in faulted and undeformed glacial till shows evi-
dence for postdeposition faulted till clast rotation, indicating strike-slip shear. The orien-
tation of opening mode fissuring during surface rupture is consistent with right-lateral slip
and the published regional S, ., directions. Vertical separation and the formation of
scarp-derived colluvium along one fault also indicate a dip-slip component. Radiocarbon
charcoal dating within offset glacial till and scarp-derived colluvium suggest a single sur-
face rupturing earthquake at 9.4 & 3.4 ka. The oblique right-lateral slip sense inferred in
the Good Hope trench is consistent with slip kinematics observed on other regional west-
northwest-striking faults and indicates that these structures do not accommodate signifi-
cant north-south shortening via thrust faulting.
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subduction zones (e.g., Wang et al, 2019). However, the
processes that produce the varying styles of forearc strain over
many seismic cycles remain incompletely understood.

Studies of the spatial distribution, kinematics, and rates of
slip on active upper plate fault systems can help constrain the
conditions and mechanisms responsible for the disparate types
of forearc strain observed globally. For example, regional uplift
paired with extensional faulting in Crete, Greece, suggests that
uplift in the Central Hellenic forearc is caused by underplating
at the down-dip edge of the locked portion of the subduction
zone (Gallen et al., 2014). In addition, normal faults in the fore-
arc of northern Chile accommodate margin perpendicular
extension through a combination of coseismic elastic rebound,
subduction erosion, and interseismic flexure of the upper crust
(Allmendinger and Gonzélez, 2010). Finally, geologic and
geomorphic mapping shows that formation and uplift of the
Fila Costeia thrust belt in the inner forearc of the Middle
America subduction zone is controlled by the subduction of
the overthickened crust of the Cocos ridge (Sitchler et al.,
2007; Morell et al., 2013).

At the Cascadia subduction zone, paleoseismic data from
active forearc faults in Oregon and Washington state suggest
that vertical axis forearc rotation (Fig. la; Finley et al., 2019)
and forearc sliver migration (Fig. 1b; Wells et al., 1998; Wang
et al., 2003; Sherrod et al., 2013) are the driving forces of fore-
arc deformation, but these mechanisms in the northern forearc
near the United States—Canada border are less well understood.
Northward migration and clockwise rotation of the southern
Cascadia forearc relative to stable North America (NA) are at
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Figure 1. (a) Map showing the tectonic setting of Cascadia. Juan de Fuca (JDF)
plate motion with respect to North America (NA) (DeMets et al., 2010) shown
in thick black arrows. Red lines are contours of depth to the subducting slab
(McCrory et al., 2012). Clockwise rotation of southern Cascadia (blue) and
counterclockwise rotation of northern Cascadia (red) with respect to stable NA
is adapted from Finley et al. (2019). (b) Northward component of Global
Navigation Satellite System (GNSS) velocities from the onshore inner forearc as
a function of latitude. GNSS data are from Mazzotti et al. (2002). (c) Upper
plate crustal seismicity (<35 km depth) in northern Cascadia from 1 January
1970 to 29 April 2015. Compiled by Brocher et al. (2017) from the Pacific
Northwest Seismic Network/Advanced National Seismic system. Sy max
directions calculated from clusters of crustal earthquake focal mechanisms
(Balfour et al., 2011) are shown with black arrow pairs.

least partially accommodated by a network of predominately
northwest-southeast-striking oblique faults in Oregon and
southwest Washington (Blakely et al, 2000; Brocher et al.,
2017; Wells et al., 2020) and east-west-striking folds and thrust
faults in the Puget Lowland (Fig. 2; Johnson et al, 1994;
Brocher et al, 2001; Blakely et al, 2002, 2011). However,
how forearc strain is accommodated north of the Olympic
Mountains and the Puget Lowland remains a topic of debate
(e.g., Wells et al., 1998; Finley et al., 2019).

Here, we examine the late Quaternary kinematics and slip
history of the Leech River fault on southern Vancouver Island,
British Columbia, Canada. This active forearc structure
(Morell et al., 2017, 2018) lies in a key region where geodetic
and seismicity studies suggest that forearc strain may decrease
northward along the strike of the subducting slab (Fig. 1b;
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Figure 2. Schematic of alternative permanent forearc deformation models and
map of late Quaternary—Active fault traces in northern Cascadia. (a,b) Black
arrows show forearc motion with respect to stable NA, and red and blue
arrows show counterclockwise and clockwise rotation, respectively, of the
northern and southern Cascadia forearc. Thin black lines are the approximate
surface traces of late Quaternary faults shown in (c). (a) “Backstop” model:
Northward migration of the Oregon block is accommodated by north—-south
shortening in western Washington State and southern Vancouver Island due
to collision with the Canadian Coast Mountains acting as a rigid buttress
(hatched region), which would induce thrust faulting on the Leech River fault
(LRF). (b) “Orocline” model: Northward migration of the Oregon block is
accommodated by orodlinal bending of the Cascadia forearc, which would
induce right-lateral slip on the LRF as a result of flexural slip on the northern
limb of the orocline (see inset). Contemporaneous left-lateral slip on faults
south of the Olympic Mountains, as a result of flexural slip on the southern

limb of the orocline, would permit westward escape of the Olympic Peninsula.
(c) Late Quaternary-active fault traces in the northern Cascadia forearc from
the U.S. Geological Survey (USGS) Quaternary fold, and fault database for the
United States. Selected faults show slip sense: Canyon River (CR) and Saddle
Mountain (SM) faults (Wilson et al., 1979; Walsh et al., 1997; Walsh and
Logan, 2007; Witter et al., 2008; Blakely et al., 2009; Barnett et al., 2015;
Bennett et al., 2017), Seattle fault zone (SFZ) (Johnson et al., 1994, 1999;
Blakely et al., 2002; Nelson et al., 2003), Tacoma fault zone (TF) (Sherrod
et al., 2004), North Olympic (NO) fault zone (Nelson et al., 2017; Schermer
et al., 2020), southern Whidbey Island fault zone (SWIF) (Johnson et al.,
1996; Sherrod et al., 2008), Boulder Creek fault (BC) (Sherrod et al., 2013),
Devils Mountain fault (DM) (Johnson et al., 2001; Personius et al., 2014;
Barrie and Greene, 2018). The LRF is an along-strike continuation of the
Devils Mountain fault and southern Whidbey Island fault zone.

Mazzotti et al., 2002; Balfour et al., 2011), and where the fore-
arc transitions from active uplift of the Olympic Mountains
(e.g., Brandon et al., 1998; Adams and Ehlers, 2017) to the less
seismically active Canadian forearc. We use paleoseismic
trenching and structural and geomorphic mapping to
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determine the timing, extent, and kinematics of Quaternary
ruptures on the Leech River fault. We explore the implications
for how networks of crustal faults accommodate forearc strain
and consider the resulting seismic hazard to nearby population
centers.
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TECTONIC SETTING

Along the Cascadia subduction zone, the Juan de Fuca plate
subducts toward the northeast beneath the NA plate
(Fig. la). At the latitude of the Leech River fault, Global
Navigation Satellite System (GNSS) data, paleomagnetic
data, and instrumental seismicity suggest several margin-
parallel variations in strain accumulation of the onshore
Cascadia forearc. First, GNSS surface velocities with respect
to stable NA (Miller et al, 2001; Mazzotti et al., 2003;
McCaftrey et al., 2007; Finley et al., 2019) and paleomagnetic
rotations (e.g., Prothero et al, 2008; Wells and McCaffrey,
2013) show opposing senses of forearc rotation north and
south of the Olympic Mountains, accordant with oroclinal
bending from 18 Ma to the present day (Fig. la; Wells
and McCaffrey, 2013; Finley et al., 2019). Second, residual
GNSSS velocities, in which elastic deformation resulting from
coupling along the megathrust is removed, suggest westward
extrusion of the forearc relative to stable NA near the
Olympic Mountains (Mazzotti et al., 2002, 2011). Finally,
across the Olympics, there is a south-to-north reduction
in the northward component of forearc GNSS velocities that
requires net north-south crustal shortening (Fig. 1b;
Khazaradze et al., 1999; Mazzotti et al., 2002). This observa-
tion is supported by instrumental crustal seismicity, which is
clustered in the Puget Lowland and the southern Strait of
Georgia and diminishes significantly north of the Leech
River fault (Fig. 1¢; Brocher et al., 2017). Focal mechanisms
from this data primarily indicate right-lateral slip on west-
northwest-striking faults or left-lateral slip on south-south-
west-striking faults, and north-south shortening on reverse
faults (Fig. 1¢c; Brocher et al., 2017; Li et al., 2018). The maxi-
mum horizontal compressive stress (Sym.c) directions
derived from this seismicity are directed north-south to
northwest-southeast (Balfour et al., 2011), parallel to the
margin and consistent with the north-south shortening
predicted from the GNSS velocity gradient (Fig. 1b,c).

Models for permanent forearc deformation in
northern Cascadia

Two models of permanent forearc deformation have been
proposed to accommodate the north-south-oriented margin-
parallel shortening in the upper crust near the Olympic
Mountains and southern Vancouver Island. In the “backstop”
model, the Canadian Coast Mountains act as a barrier against
a northward migrating southern Cascadia forearc sliver, known
as the Oregon block (Fig. 2a; Wells et al, 1998; Wang et al.,
2003; Sherrod et al., 2013). Considering the west-northwest
strike of the Leech River fault, north-south shortening of the
upper crust on southern Vancouver Island against a rigid
buttress to the north predicts reverse slip sense on the Leech
River fault, similar to the Seattle and Tacoma faults in the
Puget Lowland (Fig. 2¢; Johnson et al., 1994, 1999; Nelson et al.,
2003; Blakely et al., 2002; Sherrod et al., 2004).

4 e Bulletin of the Seismological Society of America

In the second “orocline” model, active strike-slip faults
surrounding the Olympic Mountains instead accommodate
deformation induced by oroclinal bending (Fig. 2b). Finley
et al. (2019) suggest that right-lateral west-northwest-striking
faults to the north of (including the Leech River fault) and left-
lateral west-southwest-striking faults to the south of the
Olympic Mountains accommodate deformation analogous
to flexural slip on the limbs of the orocline (e.g., Fig. 2b;
Donath and Parker, 1964; Babaahmadi and Rosenbaum, 2015),
with shortening, uplift, and westward extrusion occurring
within the core of the Olympic Mountains (e.g., Brandon and
Calderwood, 1990; Brandon et al., 1998; Batt et al, 2001;
Pazzaglia and Brandon, 2001; Adams and Ehlers, 2017;
Nelson et al., 2017; Michel et al., 2018). The accompanying
westward extrusion may also induce right-lateral and left-lat-
eral faulting north and south of the Olympic Mountains,
respectively (e.g., Nelson et al, 2017). This model is compatible
with paleoseismic studies of regional Holocene-active fault kin-
ematics (e.g., Sherrod et al, 2008; Personius et al., 2014;
Barnett et al., 2015; Nelson et al., 2017; Schermer et al., 2020)
that show oblique left-lateral and right-lateral faults south and
north, respectively, of the Olympic Mountains (Fig. 2¢).

In this study, we examine the late Quaternary kinematics of
the Leech River fault in the context of these tectonic models by
testing whether this structure has accommodated reverse
slip (Fig. 2a), or, instead, it has hosted oblique or strike-slip
faulting (Fig. 2b).

Previous paleoseismic studies of the Leech River
fault
The Leech River fault, which separates the Mesozoic Pacific
Rim and Wrangellia terranes to the north against the Eocene
Crescent terrane to the south (Fig. 3; MacLeod et al., 1977;
Muller, 1977; Fairchild and Cowan, 1982; Massey et al., 2005),
has been traditionally considered to be last active as a thrust
(Clowes et al., 1987) or oblique left-lateral fault (Fairchild and
Cowan, 1982) in the Eocene to Oligocene. However, several
recent studies that combined geologic and geomorphic map-
ping with paleoseismic trenching suggest that the Leech
River fault has hosted surface-rupturing earthquakes in the late
Quaternary. Mapping of an ~60 km long, ~1 km wide fault
zone formed in late Quaternary glacial sediment suggests that
faulting postdates the last glaciation ~13,100 calendar years
before 1950 (cal B.P.) (Fig. 4; Morell et al., 2017; Graham,
2018). Paleoseismic trenching across a fault scarp developed
in Holocene-aged loess and colluvium revealed stratigraphic
and structural evidence for three surface rupturing earthquakes
at 1.7 0.1, 2.2 0.1, and 8.7 &= 0.3 ka (Morell et al., 2018).
Late Quaternary right-lateral slip on the Leech River fault is
suggested by seismicity and paleoseismic investigations of
along-strike fault systems. Oblique right-lateral slip during
Holocene surface rupturing earthquakes is observed in paleo-
seismic trenches on both the Devils Mountain and southern
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Figure 3. Geologic terrane map of southern Vancouver Island highlighting
the Leech River fault, which juxtaposes the Pacific Rim and Wrangellia
terrane from the Crescent terrane. Right-lateral slip on the Devils Mountain
fault, the offshore continuation of the Leech River fault, is from Barrie

and Greene (2018) and Personius et al. (2014). Geology adapted from
Massey et al. (2005). Blue boxes show locations of Figure 4 and Barrie and
Greene (2018) study locations.
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blue box. Surficial geology and lithological contact fault adapted from
Massey et al. (2005), Morell et al. (2017), and Graham (2018).

Whidbey Island fault systems (Johnson et al., 1996; Sherrod
et al., 2008; Personius et al., 2014), which appear to merge with
the Leech River fault along strike (Fig. 2). These results are
Volume XX Number XX
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consistent with right-lateral offset of Holocene submarine
landforms along the offshore portion of the Devils
Mountain fault (Barrie and Greene, 2018), only ~10 km east
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of the Leech River fault (Fig. 3). These paleoseismic results also
agree with kinematic results from microseismicity studies,
which exhibit primarily right-lateral focal mechanisms along
the trace of the Leech River fault (Li et al., 2018).

Although these data sets argue for right-lateral slip of the
Leech River fault throughout the late Quaternary, some of
the recent paleoseismic studies argue for dip-slip surface ruptur-
ing earthquakes. Deformed postglacial channel thalwegs and
interfluves at the previous paleoseismic trenches on the Leech
River fault (Fig. 4) exhibit little to no lateral offset, arguing
for predominantly dip-slip late Quaternary surface ruptures
(Morell et al., 2017). These observations are consistent with kin-
ematic indicators (e.g., slickenlines and colluvial wedge develop-
ment) in the paleoseismic trenches that show three dip-slip
surface rupturing earthquakes.

Discrepancies in Holocene sense of slip, determined from
studies on and nearby the Leech River fault, may be due to com-
plex strike-slip surface ruptures, which highlight the need to
obtain fault kinematics from additional locations on the fault.
Studies show that measurements from a single transect or single
trench may not be representative of the predominant kinematics
of a single rupture sequence (e.g., 2016 M,, 7.0 Kumamoto earth-
quake, Toda et al., 2016). To help address the difference between
the observed dip-slip surface rupture on the Leech River fault
(Morell et al, 2017, 2018), and right-lateral fault kinematics
observed in seismicity data (Li et al., 2018) and paleoseismic data
from faults along strike (Johnson et al., 1996; Sherrod et al., 2008;
Personius et al., 2014; Greene et al., 2018), we place new con-
straints on the kinematics of the Leech River fault by analysis
of this structure at multiple locations along its surface trace.

METHODS

We use a combination of light detection and ranging (lidar)-
based geomorphic mapping and paleoseismic trenching to
document the presence of surface ruptures and evaluate the tim-
ing and kinematics of displacement. The use of these methods in
northern Cascadia has proven successful in overcoming chal-
lenges presented by (1) dense vegetation, which can obscure
fault-related features; (2) relatively slow rates of crustal deforma-
tion, which may be associated with long earthquake recurrence
intervals (e.g., <1 mm/yr, McCatffrey et al., 2007); and (3) the
recent continental glaciation ~13,100 cal B.P. (Armstrong et al.,
1965; Alley and Chatwin, 1979) that has resulted in a limited
thickness and stratigraphic extent of the late Quaternary sedi-
mentary record (e.g., Personius et al., 2014).

We excavated two paleoseismic trenches—the Good Hope
and Hummingbird trenches—7 km east-southeast of previous
paleoseismic trenching sites on the Leech River fault (Morell
et al., 2018) and 25 km west of the city of Victoria, British
Columbia (Fig. 3), to characterize late Quaternary fault kin-
ematics at multiple points along strike of the fault. We chose
the location of our paleoseismic trenches based on surficial
geology mapping (adapted from Graham, 2018) and new
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topographic analysis of fault scarps that we conducted using
2 m resolution digital elevation models (DEMs) derived from
bare-Earth lidar ground returns with an estimated vertical pre-
cision of 10 cm (James et al., 2010). We used several criteria to
determine if these scarps were of tectonic origin including:
their location parallel with and along strike of previously
mapped brittle faulting in Eocene bedrock, continuity of scarps
across other topographic features, their location away from
obvious human-made geomorphic features, and whether
scarps exhibited vertical separation of a previously continuous
surface. We used a Monte Carlo routine to estimate vertical
separation, based on different possible surface regressions
on the slopes above and below the topographic scarp (e.g.,
Thompson et al., 2002). The uncertainty is based on a 95%
confidence interval of the results of the Monte Carlo routine.

The trenches were excavated and logged in the summer
of 2018. The Good Hope trench was ~17 m long, the
Hummingbird trench was ~39 m long, and both trenches were
~1 m wide and up to ~2 m deep. After excavation, we set up a
1 x 1 m reference grid on each wall using a level and measuring
tape. Digital photographs of each wall were then taken with
enough overlap to create orthorectified photomosaics using
Agisoft PhotoScan software (e.g., Reitman et al., 2015), and these
photomosaics were used as base maps for digital trench logging
on tablets. Large-format high-resolution trench logs with photo-
mosaics for the Good Hope and Hummingbird trenches are
provided in the supplemental material (Figs. S1-S4).

We measured and statistically analyzed orientations of gla-
cial till clasts within and outside of fault zones to characterize
the location and style of faulting in the Good Hope trench.
Given previous experimental (e.g., Hooyer and Iverson, 2000;
Carr and Rose, 2003; Thomason and Iverson, 2006) and field
(e.g., Dowdeswell and Sharp, 1986; Ham and Mickelson, 1994;
Carr and Rose, 2003) observations, we expect the long axis of
prolate clasts in undeformed lodgment till to trend parallel to,
and plunge opposite the flow direction of, the overriding ice. In
undeformed meltout till, we expect the a/b planes of oblate
clasts to lie parallel to their plane of deposition (Boulton, 1971),
unless they were imbricated during resedimentation. In
contrast, in faulted lodgment till, we expect the long-axis ori-
entations of prolate clasts to either deviate from the mean clast
orientation of undeformed till, or to rotate into parallelism
with fault-related shear (e.g., Cladouhos, 1999). In faulted
meltout till, we also expect to observe oblate clasts rotated into
parallelism with fault-related shear or random clast orienta-
tions representing a lack of imbrication.

We collected lineation measurements of 50 clasts in unde-
formed lodgment till and 75 clasts from within the fault zones
formed in lodgment till. We also collected attitudes of a/b planes
of 55 clasts in undeformed meltout till and 50 clasts from the
inferred fault zones formed in meltout till. We used Past 3 soft-
ware (Hammer et al., 2001) to perform Bingham tests (Bingham,
1974) to examine whether each of these sample sets exhibits a
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stratigraphic order, to trim the
probability distribution of the
unit ages and model the
ages of the paleoearthquakes
using Monte Carlo routines
and Bayesian statistics
(Lienkaemper and Ramsey,
2009). We report calibrated
event ages from the OxCal
model as the median and
uncertainty, equal to 95% con-

(b)

Topo profile —
Hillslope surface — k&

Good Hope trench ~~ fegressions

40 60 80 100 120 140 160 180
Distance (m)

A mu ;

B agh,

Figure 5. (a) Surficial geology draped over slope map and (b) unannotated slope map showing fault scarps and the
location of the Good Hope and Hummingbird trenches (see Figs. 3 and 4 for location). Surficial geology legend is
same as Figure 4. Glacier flow direction, derived from measurements of whalebacks and drumlins, is shown with a
green arrow in the southeast corner of (a). Fault scarp locations (red) adapted from Morell et al. (2017). Inset at top
left of (b) shows a topographic profile along line A-B with vertical separation of the hillslope across the fault scarp
at the Good Hope trench. Uncertainties in vertical separation were calculated using a Monte Carlo routine that uses
the 95% confidence interval of the surface regression through the ground surface.

fidence interval, rounded to the
nearest century in thousands of
calendar years (ka) before 1950.

RESULTS

Glacial and tectonic
geomorphology

Our study area is located along
a north-facing slope to the
south of a pronounced
~1-2 km wide valley that gen-
erally follows the surface trace
of the Leech River fault. The
slopes on either side of the val-

ley are mainly covered by gla-
cial till associated with the
Fraser glaciation (25-10 ka,
Clague and Ward, 2011), and
Fraser glaciofluvial deposits
dominate the wvalley floor
(Figs. 4 and 5a; Blyth, 1997;
Graham, 2018). Bedrock expo-

population with a uniform distribution, and nonparametric
Mardia-Watson-Wheeler tests (e.g., Batschelet, 1981) to exam-
ine whether the data sets were statistically different from one
another. To determine the local dominant glacial flow direction
within a ~4 km radius of the trenches, we identified and
measured glacial flow indicators, such as drumlins and roche
moutoneés, using bare-Earth lidar-derived hillshade and slope
maps, and averaged the azimuths of these measurements.

We performed C dating of 12 macroscopic charcoal samples
from surficial units in the Good Hope trench to determine their
ages and bracket the timing of any earthquake events. The
samples were dated at the Keck Carbon Cycle AMS Laboratory
in Irvine, California. OxCal (Bronk Ramsey, 2017) was used to
calibrate the radiocarbon ages with the IntCal13 *C production
curve (Reimer et al, 2013) to determine a range of possible
calendar ages reported as cal B.P. (calendar calibrated ages before
1950) (e.g., Stuiver and Reimer, 1993). We then used OxCal to
incorporate all available chronological constraints, such as
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sures locally outcrop in stream
cuts near the valley bottom and
in steep bluffs in the highlands above the valley.

Hillshade and slope maps derived from bare-Earth lidar
data (Fig. 5) show numerous till and bedrock features, indica-
tive of a dominant southerly local glacial flow direction asso-
ciated with the recent Fraser glaciation. A calculation of the
axial mean and standard error of 41 streamlined features, such
as whalebacks, rock drumlins (e.g., Evans, 1996), and sedimen-
tary drumlins (Table Al), determine an average glacial flow
direction of 194.8° £ 2.5° (Fig. 5). These features exhibit blunt
and rounded profiles at their northern ends and exhibit more
gentle relief and gradually sloping forms at their southern ends.
Whalebacks and drumlins occur more prominently at eleva-
tions of ~100 m above the modern river valley (Fig. 5), where
less fluvial reworking has occurred than in the valley bottom.

A strand of the Leech River fault is located on the south side
of the valley drained by Old Wolf Creek, which flows west
toward the Sooke River (Fig. 5). The fault strand is ~100 m
south of the shear zone that is the contact between schist of
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the Pacific Rim terrane and basalt of the Crescent terrane
(Fig. 4). This strand consists of discontinuous south-facing
(uphill-facing) scarps, with vertical separation (e.g., Fig. 5b,c),
formed in both bedrock and glacial deposits. The scarps are
segmented and separated by discontinuities such as overlap-
ping fault segments or gaps up to 2 km in length.

The two paleoseismic trenches were excavated perpendicular
to the fault scarps on the north-facing slope in Figure 5b. We
chose not to investigate any potential fault scarps on the terrace
risers along the Sooke River to the west (Fig. 5a), where placer
gold mining and town development in the mid-1800s (e.g.,
Paterson and Basque, 2006) may have disturbed sediments that
would potentially record late Quaternary fault-related deforma-
tion. Vertical separation across the fault strand (Fig. 5¢) and a
lack of strike-slip offset of channel thalwegs and interfluves that
cross the fault scarps (Fig. 5) led us to expect dip-slip surface
rupture along this segment of the Leech River fault. Therefore,
we determined that paleoseismic trenching perpendicular to the
fault trace would have the greatest likelihood of exposing fault
offset (e.g., McCalpin, 2009).

The Hummingbird trench was excavated 20 m east along
strike from an ~125 m long basalt bedrock scarp that strikes
108° (Fig. 5b). The scarp is an ~0.5-3 m high south-facing cliff
and consists of minor left-stepping en échelon segments that
are 10-50 m long and spaced 5-10 m apart. The exposed
bedrock scarp ends west of the Hummingbird trench site and
continues to the east as an ~650 m long topographic bench
and uphill-facing scarp developed in glacial till and hill-
slope-derived colluvium. The Good Hope trench is located
625 m east of the Hummingbird trench (Fig. 5b), where the
south-facing scarp is ~1 m high. This northern scarp overlaps
for ~100 m with another, less continuous, uphill-facing scarp
located ~35 m south of the Good Hope trench and continues
for ~250 m east, until it is obscured by a road cut.

We estimate 5.2+ 0.2 m of vertical separation of the
ground surface (Fig. 5¢) across the fault scarp where the
Good Hope trench is excavated (Fig. 5b). The surface regres-
sion of the slope uphill and to the south of the topographic
scarp matches the slope of the ground surface well. The lower
surface regression was calculated using only the topographic
profile ~20 m north of the topographic scarp before the slope
is modified by a road cut (Fig. 5¢).

Good Hope trench

Stratigraphy. The Good Hope trench reveals a faulted and
folded glacial stratigraphic sequence composed of four units
(Fig. 6; Table 1). The stratigraphy comprises lodgment till (unit
GH1) at the base of the trench, overlain by meltout till (unit
GH2), scarp-derived colluvium (unit GH3), and hillslope-
derived colluvium (unit GH4). Within ~0.2-1 m of the ground
surface, an O—Ae-B soil horizon has developed within all units.
The trench wall reference grid (Fig. 6) is used hereafter to
describe specific locations within the trenches.

8 e Bulletin of the Seismological Society of America

Unit GH1 is a consolidated diamict that we interpret as a
subglacial lodgment till. This unit contains clasts ranging in
size from pebbles to boulders that increase in abundance near
the top of the unit. The clasts in unit GH1 are rounded and
consist of a variety of lithologies, including locally sourced
schist and distally sourced intrusive igneous rocks. The matrix
of unit GH1 is a well-consolidated light-gray silty clay, with
rare 1-5 cm thick beds of sand, which locally exhibit small
(~30 cm wavelength) tight southward-verging folds that may
be a result of subglacial, syn-depositional deformation. The
matrix also exhibits a well-developed subhorizontal fissile fab-
ric subparallel with clast alignment. The well-defined fissility
and consolidation is typical of a till deposited under the high
pressure and stress imposed by an overriding glacier (e.g.,
Kriiger, 1979; Ham and Mickelson, 1994; Evans et al., 2006),
thought to be 1-2 km thick on southern Vancouver Island
during the Fraser glaciation (e.g., Alley and Chatwin, 1979;
Clague and James, 2002).

Unit GH2 is an unconsolidated, clast-supported diamict that
we interpret as meltout till that conformably overlies unit GHI.
This unit has subangular-to-subrounded pebbles, cobbles, and
occasional boulders. Clasts exhibit varied lithologies, similar
to those in unit GHI1, among a matrix composed of
medium-to-fine sand and silt. Unit GH2 is poorly stratified,
but exhibits rare discontinuous lenses of well-sorted medium-
to-coarse sand near the base of the unit on both walls of
the trench (between 10H and 12H, Fig. 6). The thickness
of unit GH2 is greatest (~1 m) at the southern end of the trench,
where the meltout till extends to the modern ground surface.

Unit GH3 consists of unconsolidated diamict, which we
interpret as a scarp-derived colluvium. At 12H, it flanks the
south limb of an anticline where it is an ~1 m thick wedge
that pinches out toward the south and unconformably overlies
the meltout till (unit GH2). The scarp-derived colluvium is
supported by a sandy matrix and contains subrounded-to-
rounded pebbles and occasional cobbles and boulders that
are more frequent near its basal contact.

Unit GH4 has a matrix that consists of sandy loam and is
clast supported. The clasts consist of abundant angular bould-
ers, cobbles, and relatively few pebbles that have varied lithol-
ogies, including basalt, intrusive rocks, and schist. South of
12H, the unit is largely overprinted by a <30 cm thick O
and Ae soil horizon that is heavily bioturbated and unconsoli-
dated. We designate unit GH4a where, from 3H to 12H, it con-
formably overlies meltout till (unit GH2) and scarp-derived
colluvium (unit GH3). North of 14H, we designate unit GH4b,
where this unit overlies lodgment till (unit GH1) above an
erosional unconformity. At this location, it thickens to ~0.6 m
toward the north. We interpret unit GH4 to be hillslope-
derived colluvium developed on the underlying glacial till
facies. South of 12H, we interpret that overland flow stripped
clay and silt from the matrix of unit GH4a concentrating
coarse clasts.
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The modern O and Ae soil horizon is developed into all
four stratigraphic units, and we also map an ~0.5-1 m thick,
rust-colored B soil horizon beneath the O and Ae horizons
(Fig. 6). Light-gray clay accumulation (C horizon) at the base
of the B horizon loosely corresponds with the top of the
less-permeable lodgment till (unit GH1) along the length of
most of the trench, except where the lodgment till (unit
GH1) is topographically higher and eroded due to folding
and faulting between 12H and 15H. Here, the base of the B
horizon is highly irregular and is ~0.15-0.6 m below the O
and Ae horizons.

Faults and folds. Three steeply dipping anastamosing fault
zones deform the lodgment till (unit GH1) and the meltout till
(unit GH2). Fault A, an ~0.5-0.7 m wide subvertical fault zone
that strikes ~130°-150° is only exposed in the east wall of the
trench between 12H and 13H and terminates to the west
against a 1 cm wide, northeast-southwest-striking subvertical
fault exposed in the trench floor (Fig. 6). The lodgment till
- 2021
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Fault, defined by

Fissility trace clay seam

*06 Charcoal sample ~ =rmeeeees Fault, inferred

Figure 6. Trench logs for the Good Hope trench. The west wall has been
reversed to show correlation with the floor (map view) and east wall.
Folding (as seen by warped lodgment till fabric or fissility) and northside up
motion on fault A produced a scarp that deposited colluvium on top of
lodgment and meltout till. 1 m grid spacing.

(unit GHI1)-meltout till (unit GH2) contact shows at least
0.5 m of apparent northside up vertical separation across fault
A. Where the fault zone crosscuts lodgment till (unit GH2), the
matrix is less consolidated, lacks horizontal fissility, and the
clasts are randomly oriented. The randomly oriented clasts,
less consolidated matrix, and the overlapping wedge of
scarp-derived colluvium (unit GH3), which is deposited into
the top of this fault zone, indicates material collapse into the
fault zone that we interpret as filling of a fissure either during
rupture or shortly thereafter.

Fault B is ~0.2-0.5 m wide and is exposed in both
trench walls and the trench floor between 10H and 11H
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(Figs. 6 and 7a). Several small, ~1 cm wide, subvertical anas-
tamosing clay seams located within this fault zone emanate
from the fault into the surrounding lodgment till (unit
GHI). The clay seams exhibit a lighter-gray color than the
surrounding silty clay and contain thin (<5 mm) margins of
rust-colored, oxidized till. The fault zone is less discrete where
it crosscuts the overlying meltout till (unit GH2), but it can be
identified in unit GH2, in the west wall, by vertically rotated
cobbles (Fig. 6). Although this fault propagates through the
lodgment-meltout till contact, there is no visible offset of this
contact, which rules out significant vertical slip on this fault
strand given the orientation of the trench near-perpendicular
to the fault zone.

Fault C is located south of fault B on the east wall of the
Good Hope trench (between 9H and 10H, Figs. 6 and 7b).
This fault coalesces with fault B in the trench floor and there-
fore is not visible in the west wall. Fault C is an ~2-25 cm wide
fault zone that, similar to fault B, does not vertically offset the
lodgment till (unit GHI1)—meltout till (unit GH2) contact;
however, it does truncate an ~3 cm thick sand bed observed
within the lodgment till (unit GH1), which is not observed
north of the fault (Fig. 7b).

The only fault with measurable offset was fault A and we
estimate its minimum apparent dip-slip offset by measuring
the minimum vertical offset of the lodgment till (unit GH1)
—meltout till (unit GH2) contact along a subvertical projection
of the fault. On the downthrown block, this contact is mapped
continuously to the southern edge of fault A. On the upthrown
block, this contact is not visible because it has likely been
eroded. However, we assume it is parallel to both the ground
surface and the lodgment till fabric and we estimate that its
minimum possible elevation is coincident with the ground sur-
face (Fig. 8a). From this inference, we estimate a minimum
~1.1 m of apparent dip-slip offset across fault A after the dep-
osition of unit GH2. Unfortunately we did not find any slicken-
lines on fault surfaces in the Good Hope trench that would help
place additional constraints on fault kinematics.

In addition to faulting, both the fabric defined by the fissility
and the upper contact of unit GH1 are folded into a gentle
Volume XX Number XX
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Figure 7. (a) Interpreted (left) and uninterpreted (right) photos showing fault
B (solid red lines represent clay seams in fault) in the Good Hope trench at
10.5H, 1V on the east wall. The contact between lodgment till (unit GH1)
and meltout till is shown with light-brown solid line. (b) Interpreted (left)
and uninterpreted (right) photos showing fine-grained sand bed (solid
white) in the lodgment till (unit GH1) truncated by fault C in the east wall of
the Good Hope trench at 9.5H, 0V.

anticline in both walls of the Good Hope trench (between
12H and 15H, Fig. 6). The upper contact of unit GHI1 defines
a tighter fold than the fissility, which we interpret to be
due to vertical offset on fault A and erosion of the topographic
scarp.

Clast orientations. We measured 125 lineations of prolate
lodgment till (unit GHI1) clasts and 105 a/b planes of oblate
meltout till (unit GH2) clasts to delineate the presence of
sheared Quaternary sediment in the Good Hope trench (Fig. 9).
Lodgement till clast measurements from within faults B and C
were grouped together, because fault C alone did not contain
enough measurable clasts and fault C coalesces with fault B
in the trench floor (Fig. 6). Probability tests for a uniform dis-
tribution of biaxial azimuths (Bingham test) and the probabil-
ities that the sets of measurements belong to equal distributions
(nonparametric Mardia-Watson-Wheeler test) are shown in
Table 2. The significance level for each of these tests is p = 0.05.

The 50 prolate clasts measured in the undeformed lodgment
till (Table A2) in the Good Hope trench exhibit preferred ori-
entations, with gentle-to-moderate plunges and trends subpar-
allel to the dominant glacial flow direction (194.8° £ 2.5°,
Fig. 9a), determined from 41 measurements of glacier flow
indicators (Table A1) in lidar-derived hillshade and slope maps
(Fig. 5). The prolate till clast trends from this data set exhibit
a nonuniform distribution, with an average orientation of
38.8° & 19.2° (Table 2). When considered as a biaxial azimuth,
this average orientation is subparallel with the average domi-
nant glacial flow direction associated with the last regional
glaciation.
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Measurements of 50 clast orientations from sheared
lodgment till (unit GH1) in faults C and B (Table A3) are
approximately perpendicular to the dominant glacial flow
direction—an observation that suggests that these clasts may
have been rotated during coseismic rupture (Fig. 9a). The clast
orientations in faults B and C exhibit a nonuniform distribu-
tion, with an average trend of 289.1° £ 23.3° (Table 2) and a
moderate-to-gentle plunge. This average trend is oriented
approximately perpendicular to the dominant glacial flow
direction of 194.8°+ 2.5° and subparallel to the west-
northwest strike of the Leech River fault within the vicinity
of the Good Hope trench. The biaxial azimuths in undeformed
lodgment till, and faults B and C, belong to different popula-
tions in which p(same) = 1.185 x 1072 (Table 2).

Unlike faults B and C, long-axis clast orientations in fault A
(Table A4) exhibit a uniform distribution, and their azimuths
do not belong to statistically different populations than clast
azimuths in the undeformed till or in faults B and C (Fig. 9a).
The orientations of clasts in fault A exhibit steep-to-gentle
plunges and a high probability for a uniform, random distri-
bution of trends in which p(uniform) = 0.6531 (Table 2).
Because the prolate clasts in fault A exhibit random orienta-
tions, they do not correspond with glacial flow direction or
fault zone orientations.

A Bingham test suggests the poles to a/b planes of oblate
clasts in undeformed meltout till (unit GH2) (Table A5) belong
to a statistically different population than the poles to planes in
sheared meltout till in fault B (Table A6). Poles to a/b planes in
the undeformed meltout till have a p(uniform) = 1.682 x 107¢
and cluster about a mean plane orientation of 010°/23°
(Fig. 9b). The fact that they do not belong to a random
distribution but cluster around a mean vector suggests that the
meltout till may be imbricated. Imbricated meltout till clasts
tend to lie in the plane of deposition and preserve englacial

12 o Bulletin of the Seismological Society of America

Modeled date (cal B.P.)

Figure 8. (a) Minimum apparent dip slip on fault A in the east wall of the
Good Hope trench and locations of the charcoal samples used in our OxCal
model. A minimum of ~1.1 m of dip slip on fault A is calculated by
projecting the minimum height of the upthrown unit GH1/unit GH2 contact
to the projection of the main slip surface. Calibrated radiocarbon age ranges
of macroscopic charcoal samples that define the timing of surface rupture in
the Good Hope trench are also shown. Uncertainties are based on 95%
confidence interval of probability density functions (PDFs). Legend is the
same as Figure 6. (b) OxCal model (Bronk Ramsey, 2017) showing
chronological order of the modeled ages (shown as PDFs) of stratigraphy
and the surface rupturing earthquake observed in the Good Hope trench.
Solid line below shows the 95% confidence intervals of the PDFs. The model
inputs are radiocarbon ages shown in Table 3 and the minimum age of
deglaciation (~13, 100 cal B.P., Alley and Chatwin, 1979). Further details
of the model are shown in Table 4.

debris fabrics, which vary depending on their location within
the glacier (e.g., Boulton, 1971). Therefore, we cannot infer
flow direction from the dip direction of the till clasts. In con-
trast to the undeformed meltout till clasts, the poles to orien-
tations measured in faulted meltout till (fault B) have a
p(uniform) = 0.3462, therefore, they may belong to a uniform
distribution of points in a sphere. This distribution suggests
that the a/b planes of clasts within fault B are not imbricated
and have been deformed by fault offset subsequent to their
deposition.

Radiocarbon dating. Median calibrated radiocarbon ages
from the Good Hope trench (Figs. 6 and 8a) range from
12.8 to 0.2 ka (Table 3). Three samples, 02, 03, and 12, exhibit
young ages (185 =+ 170 cal B.P, 512+ 16 cal B.P, and
854 =+ 88 cal B.P., respectively). These samples were removed
from the OxCal model, because they were sampled from within
the modern soil horizon and their ages most likely reflect
modern soil development and bioturbation. One sample
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Figure 9. (a) Lower hemisphere equal area stereonet projections showing orientations of the long axes of prolate
pebble and cobble clasts in sheared lodgment till from fault A, faults B and C combined, and undeformed lodgment
till. Black half-rose diagrams show the distribution of bidirectional azimuths in 20° bins, and arrows show the
average bidirectional lineation trend. Uncertainty of the bidirection lineation trend is shown in light gray, beyond
the radius of stereonet. Blue half-rose diagram shows distribution of glacial flow directions measured from slope
and hillshade maps in 5° bins and the average trend. Uncertainty of the average glacial flow trend is shown in light
blue, beyond the radius of stereonet. Radius of the stereonet is equal to 50 data points for rose diagrams. (b) Lower
hemisphere equal area stereonet projections of poles to a/b plane orientations of clasts within undeformed and
faulted meltout till (unit GH2) in the Good Hope trench. Undeformed meltout till clasts were measured between 5H
and 7H in both east and west walls. These poles fit a mean plane orientation of 010°/23°. Faulted meltout till clast
orientations were taken from fault B between 10H and 11H, in both the east and west walls (see Fig. 6). Kamb
contours (colored regions) show number of standard deviations away an area (5% of stereonet) is from having a
uniform distribution of n points. Orientations analyzed using Stereonet 10 (Cardozo and Allmendinger, 2013). For
complete list of clast and glacial flow orientations, see Tables A1-A6.

(07) from the meltout till (unit GH2) yields an age of
12.8 £ 0.1 ka, whereas samples from the overlying scarp col-
luvium (unit GH3) exhibit ages that range from 8.5 to
4.9 £ 0.1 ka. The four remaining charcoal ages were extracted
from the B soil horizon developed on the meltout till (unit

GH2), the scarp-derived collu-
vium (unit GH3), and the hill-
slope-derived colluvium (unit
GH4), and range in age from
4.0 to 1.2 £0.1 ka. Thus, all
of these ages suggest that these
samples are in stratigraphic
order, with little to no recycling
of older charcoal into younger
units. The one exception is sam-
ple 05 from the scarp-derived
colluvium (unit GH3), which
yielded an age of 8.5 £ 0.1 ka.
This sample is in close proxim-
ity to and above sample 06,
which yielded a younger age
of 59 £0.1 ka. Considering
the proximity of these samples
to one another, we consider it
likely that sample 05 could be
recycled or inherited from an
older unit. To consider this pos-
sibility, we performed two dif-
ferent OxCal models—one with
and one without sample 05—to
determine the ages of the strati-
graphic units in the Good Hope
trench. OxCal codes and tabu-
lated results for both models are
provided in the supplemental
material.

The age ranges of the
scarp-derived colluvium (unit
GH3) and the meltout till (unit
GH2) determined in our
OxCal models bracket the tim-
ing of the surface rupturing

earthquake that created a topographical scarp. As only one col-
luvial wedge is exposed in the Good Hope trench (unit GH3),
only one surface rupture age is constrained. In the first model,
including sample 05, the earthquake rupture event age is
10.7 £ 2.1 ka. In the second model (Table 4; Fig. 8b), without

TABLE 2
Lodgment Clast Orientation Statistics

Sample Set p (Uniform)* Mean Biaxial Azimuth® p (same) as Fault A*
Undeformed till 4.06 x 1078 38.8°+19.2° 0.785

Fault A 0.6531 N/A

Fault B + C 4.964 x 1073 289.1° £ 23.3°

p (same) as Fault B + C3

1.185 x 1072
9.586 x 1072

*Probability that the sample set belongs to a population with a uniform distribution (p (uniform)) determined using a Bingham test.

"Mean trend calculated from biaxial azimuths. Only a single azimuth is reported, but azimuth +180° is equally viable.

*Probability that biaxial azimuths within two sample sets belong to the same distribution determined using a Mardia-Watson-Wheeler test.
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TABLE 3

Summary Statistics of Uncalibrated and Calibrated Unmodeled Radiocarbon Concentrations and Ages from the Good Hope

Trench
Maximum  Minimum Median Standard
Fraction Age Age Mean Age Age Deviation
Sample* Location' (modern) D' C (%) 4C Age (B.P.) (cal B.P.)* (cal B.P.) (cal B.P.) (cal B.P.) (cal B.P.)
01 2.85H, 2.08V 0.7107 £ 0.0017 -289.3+ 1.7 2,745 = 20 2,876 2,780 2,828 2,826 28
02 5.75H, 1.94Vv 0.9802 £ 0.0022 -19.8+2.2 160 + 20 285 - 161 185 85
03 5.95H, 1.83V 0.9443 +£ 0.0022 -55.7+22 460 + 20 529 498 512 512 8
04 8.94H, 1.90V 0.6393 £ 0.0013 -360.7 + 1.3 3,595 + 20 3,970 3,841 3,901 3,897 33
05 12.58H, 2.40V 0.3831 £ 0.0010 -6169+10 7,710+ 25 8,546 8,426 8,489 8,490 34
06 12.55H, 2.21V 0.5241 + 0.0011 4759 = 1.1 5,190 + 20 5,990 5,912 5,947 5,939 24
07 15.76H, 2.89V 0.8569 + 0.0017 -143.1 1.7 1,240 = 20 1,264 1,081 1,192 1,210 49
08 11.30H, 2.13V 0.2546 £ 0.0009 -7454 09 10,990 + 30 12,971 12,733 12,840 12,831 62
09 11.40H, 2.13V 0.6323 £ 0.0014 -367.7 +1.4 3,685+ 20 4,088 3,933 4,029 4,036 39
10 12.25H, 2.42V 0.5813 £ 0.0013 -4187 + 1.3 4,360 + 20 4,971 4,860 4,918 4,918 36
11 12.05H, 2.42V 0.6343 £ 0.0014 -365.7+ 1.4 3,655+ 20 4,081 3,901 3,983 3,973 51
128 12.57H, 2.65V 0.8935 + 0.0019 -106.5+ 1.9 905 = 20 911 762 843 854 44

*Samples excluded from favored OxCal model are in italics.

*Macroscopic charcoal samples collected from the east wall of the Good Hope trench.

*Ages were calibrated using OxCal version 4.3.2 (Bronk Ramsey, 2017) with the IntCal13 atmosphere curve (Reimer et al., 2013). Calibrated age (cal B.P.).

SSample from west wall.

sample 05, the rupture age is 9.4 =+ 3.4 ka. We favor the second
model, in which all of the charcoal samples are in stratigraphic
order, even though it results in a larger uncertainty (Fig. 8b).

Hummingbird trench

The Hummingbird trench, located 625 m west-northwest of
the Good Hope trench (Fig. 5), revealed a stratigraphic
sequence we interpret as, starting from the base: basalt (unit
HBB), lodgment till (unit HB1), meltout till (unit HB2), and
hillslope-derived colluvium (unit HB3) (Fig. 10; Table S3). The
Quaternary glacial and postglacial stratigraphy exposed in the
Hummingbird trench is similar in composition to that exposed
in the Good Hope trench (see supplemental material); how-
ever, we did not observe fault offset of glacial and postglacial
sediments. Instead, we document brittle faulting of the under-
lying basalt that we interpret to be related to distinctive
bedrock topography.

From OH to 35H (Fig. 10), the excavation depth of the
Hummingbird trench was restricted due to resistant basalt
bedrock (unit HBB). The contact between bedrock and over-
lying deposits is irregular and exhibits ~0.5-3 m deep and
~1-10 m wide troughs separated by ridges that are 0.3-1.5 m
below ground surface. The linear axes of the ridges and troughs
are oriented ~290°—an orientation that is similar to the ~3 m
high bedrock fault scarp located 20 m west of the trench.

Variably deformed, chlorite and epidote altered, fine-grained
basalt overprinted by brittle faulting was observed in the trench
floor. From 19H to 27.5H (Fig. 10), we observed well-foliated
basalt with 3-10 mm layers of fine-grained epidote and quartz
juxtaposed with layers of fine-grained chlorite and mafic miner-
als. The foliation is subvertical and oriented ~290°, parallel with
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the ridges and troughs formed by unit HBB and the bedrock
scarp to the west of the trench. This foliation is overprinted
by brittle fractures. South of 19H and north of 27.5H, the basalt
is massive, fine-grained, and has a mottled texture due to epidote
and chlorite alteration. The massive basalt has 10-20 cm spaced
<1 cm wide subvertical quartz veins oriented ~290°. Brittle frac-
tures and faults that overprint the basalt are concentrated within
the troughs formed by the bedrock topography and Quaternary
sediment in these troughs contains angular basalt boulder- and
cobble-sized rip-up clasts. Slickenside orientations and kinematic
indicators of faults in the basalt reveal several modes of slip
on predominantly west-northwest-striking and moderately to
steeply north-dipping faults (Fig. 10). Kinematic inversion of
these orientations reveals no consistent slip direction.

We propose that the plucking of rock from brittle fault zones
by overriding glaciers, similar to the formation of a roche
moutoneé (e.g., Carol, 1947; Lewis, 1954), formed the troughs
seen in the bedrock topography and the bedrock scarp ~20 m
east of the trench. Two observations from the Hummingbird
trench support this interpretation: the location of the majority
of the brittle fractures and faults in bedrock at the base of the
bedrock troughs, and the occurrence of angular basalt clasts
above the basalt-till contact within these troughs. Our observa-
tion that the bedrock scarp to the west of the Hummingbird
trench and the ridges and troughs formed by the basalt (unit
HBB)-meltout till (unit HB2) contact are parallel with basalt foli-
ation, suggests that brittle faulting may be taking advantage of
and aligning parallel with preexisting planes of weakness in
the bedrock. This process of bedrock scarp formation may be
common in glaciated regions and should be taken into consid-
eration when mapping active faults based on topographic scarps.
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Bedrock fault orientations Legend
ﬁ?ﬁ;‘;@'}},;“p\ Unit descriptions Key Contacts
wall Hillslope-derived colluvium ~ P» Roots —- Contact, certain
H82]  Meltout till <2, Clasts, undifferentiated -~ .. Contact, inferred
Lodgment il <. Clasts, basalt ~_ Brittle fault shown with
Basalt e Fissility trace apparent dip and slip
n=8 Ductile shear fabric — Bedding trace sense where measured
DISCUSSION Figure 10. Trench log of the west wall of the Hummingbird trench. It has

Our new geomorphic mapping and paleoseismic trenching
reveal evidence for Holocene-active, oblique right-lateral fault-
ing on the Leech River fault, with one surface rupturing earth-
quake that occurred at 9.4 + 3.4 ka. We interpret this
deformation to be a result of ongoing permanent tectonic
strain accumulation and unrelated to (post)glacial stress
changes. Therefore, we address how our results affect seismic
hazard assessment on southern Vancouver Island and consider

been reversed to be consistent with the Good Hope trench logs and bedrock
geology is shown where it was exposed on the trench floor. Bedrock
topographical lows and ridges may be formed by plucking of loose brittle
fault zone rock during glaciation. Lower hemisphere stereonet projection
shows fault planes and slickenline lineations (black dots) with slip sense
(arrows) of the hanging wall relative to the foot wall where they were
measured. Apparent slip sense (hanging wall with respect to footwall) was
determined from visible offset along faults. Fault plane and slickenline data
plotted and analyzed using FaultKin 7.5 (Allmendinger, 2016).

TABLE 4

Summary Statistics of Calibrated Radiocarbon Ages (cal B.P.) from Preferred OxCal Model of the Good Hope Trench Stratigraphy

Maximum Age Minimum Age Confidence Mean Age Standard Deviation Median Age
Name* (cal B.P.) (cal B.P.) Interval (%) (cal B.P.) (cal B.P.) (cal B.P.)
07 1,264 1,082 95.4 1,192 49 1210
01 2,876 2,780 95.4 2,828 28 2827
04 3,970 3,841 95.4 3,901 33 3897
11 4,080 3,901 95.4 3,983 51 3973
09 4,089 3,933 95.4 4,029 39 4036
Soil
10 4,971 4,860 95.4 4,918 36 4918
06 5,990 5,912 95.4 5,947 23 5939
GH3
Earthquake 12,756 5,984 95.4 9,386 1986 9383
08 12,945 12,725 95.4 12,826 57 12,818
GH2
Deglaciation 13,103 12,812 95.4 12,963 86 12,970
Ice free' 13,100

*Ages are in stratigraphic order, and were modeled and calibrated using OxCal versi
flce free at 13,100 B.P. (Alley and Chatwin, 1979) is used as maximum age for the
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their consistency with the two proposed models for deforma-
tion of the northern Cascadia forearc (Fig. 2).

Fault kinematics

Good Hope trench. A single surface rupturing earthquake
deforming both the lodgment till (unit GH1) and the meltout
till (unit GH2) best explains our observations of the
Quaternary stratigraphy exposed in the Good Hope trench
(Fig. 6). Vertical offset of the basal contact of the meltout till
(unit GH2) along fault A (Fig. 8) and rotations of meltout till
clasts in faults B and C away from their depositional orienta-
tion (Fig. 9b) strongly suggest that both till units were
deformed. As both units were deformed, we infer that if any
postglacial erosion of the lodgment till (unit GH1) occurred, it
occurred before the observed surface rupturing earthquake. In
addition, as only one scarp-derived colluvial wedge (unit GH3)
was observed in the Good Hope trench (Fig. 6), we suggest that
faults A, B, and C all ruptured coevally.

We find evidence that both dip slip and strike slip are
accommodated by faults in the Good Hope trench. A dip-slip
component to faulting is indicated by ~1.1 m of apparent dip
slip on fault A (Fig. 8) and folding of lodgment till fissility
(Fig. 6). Vertical offset along fault A must have a component
of true dip slip and cannot be attributed to only apparent dip
slip, because there is vertical separation of the basal contact of
the meltout till (unit GH2) in the west wall of the trench and
fault A is truncated in the trench floor (Fig. 6). This observa-
tion argues that vertical separation observed in the Good Hope
trench is mainly due to folding and(or) plastic vertical offset of
glacial till above a buried fault (e.g., Brooks et al., 2017) and not
a result of apparent lateral offset. The truncation of fault A in
the trench floor also shows that it is geometrically improbable
for fault A to have enough horizontal offset to have ~1.1 m of
apparent vertical offset.

We interpret that the vertical separation measured on the
topographic profile (5.2 & 0.2 m, Figs. 5c and 11b) is related
the observed anticline in the Good Hope trench (Fig. 6). As
vertical separation in the west wall Good Hope trench is taken
up by plastic deformation, we suggest that formation of a broad
anticline, with a fold hinge to the north of the Good Hope
trench, accounts for the additional ~4 m of vertical offset that
is not accounted for by vertical offset along fault A. In addition,
erosion of the northern, upthrown block near the fault scarp
(e.g., Fig. 11b) would cause an underestimate of vertical offset
through near-field observations and may account for some of
our observed discrepancy in vertical offset. A similar discrep-
ancy between topographic vertical separation and vertical off-
set on faults was observed in the Morell et al. (2018) trench
study, which also may be due to distributed deformation such
as folding (e.g., Brooks et al., 2017).

The deformation in the Good Hope trench cannot be
explained entirely by dip slip, because there is also significant
evidence for strike-slip deformation. The strongest evidence
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for strike slip on faults B and C is based on the rotation of
prolate clasts in sheared lodgment till (unit GHI) and the
absence of recognizable vertical displacement on these faults.
The ~80° or ~100° rotation about a vertical axis away from
mean glacial flow direction of lodgment till (unit GHI) clasts
within faults B and C (Fig. 9a) requires shear after deposition.
We suggest that postglacial strike-slip shear is the most prob-
able mechanism for this rotation, as we expect that dip slip
would induce rotation of the clasts about a horizontal axis
(e.g., Cladouhos, 1999). A second line of evidence for strike
slip is that fault C truncates a fine-grained sand bed that is
observed south of the fault (Fig. 6: east wall, 9.4H, 0.8V;
Fig. 7b), but no correlative sand bed is observed in the ~1 m
high exposure of this lodgment till north of the fault. We
contend that the simplest explanation for this observation is
strike-slip offset of a laterally discontinuous sand layer.

We interpret fault A, in addition to accommodating dip slip,
as a tension fracture, or fissure, based on clast orientations
within the fault (Fig. 9a), and the location of the fault on an
anticline (Fig. 6). The randomly orientated prolate clasts
observed within fault A suggest that the lodgment till here
has been disrupted, but the magnitude of shear strain along this
fault was not large enough for the establishment of a preferred
clast orientation. Instead, we interpret that gravitational collapse
of material into the fault zone during fissuring caused the
observed random clast orientations and relatively poor consoli-
dation of the till within this ~0.5 m wide fault zone. Fault A is
truncated in the floor of the Good Hope trench against a north-
east-striking subvertical fault (Fig. 6), which likely allowed for
fissure formation in fault A (Fig. 11). We interpret this fissure
to be a tension fracture similar to those that have been observed
on mole tracks or pressure ridges that are common during
oblique strike-slip rupture (e.g., Philip and Meghraoui, 1983;
Bray et al., 1994; Lin et al, 2004; Rao et al., 2011).

Our observations of both strike-slip and dip-slip postglacial
fault rupture at our study location indicates oblique strike-slip
faulting, which also is consistent with our observations of an
anticline or pressure ridge with tension fractures. Surface rup-
tures of the 1980 M,, 7.1 El Asnam earthquake (Philip and
Meghraoui, 1983), the 2001 M,, 7.8 Kunlun earthquake (Lin
et al., 2004), the 2010 M,, 6.8 Yushu earthquake (Lin et al.,
2011; Rao et al,, 2011), and the 2010 M,, 7.1 Darfield earth-
quake (Quigley et al., 2012), all exhibit pressure ridges and
mole tracks with tension fractures occurring on the uplifted
and folded ground surface. These fractures tend to occur as
en échelon fractures oblique to the main fault strike and are
located near the hinge of the pressure ridge (e.g., Philip and
Meghraoui, 1983; Lin et al., 2004; Quigley et al., 2012), similar
to how fault A is located and oriented in the Good Hope
trench (Fig. 11).

The orientation of fault A and our interpretation that it
accommodates opening mode fracturing and dip slip is most
consistent with right-lateral strike slip on faults B and C
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Figure 11. (a) Kinematic interpretation projected onto the Good Hope trench floor depicting concurrent fissure
opening on fault A and right-lateral slip on faults B and C. Both the horizontal stress directions determined
from fault geometry (Symin is perpendicular to opening mode fault A), and Symax = 137° £ 18° calculated from
seismicity (Balfour et al., 2011) predict right-lateral slip on faults B and C. Seismicity-derived Sy mayx Uncertainty

earthquake on the Leech River
fault. High-precipitation rates
vegetation on
Island
results in intense erosion and

and dense
southern Vancouver

shown in gray. (b) Schematic east-facing cross section depicting time series of events that formed the stratigraphy

observed in the Good Hope trench. () Prerupture glacial stratigraphy. (II) Pressure ridge and tension crack formation
and dip slip on fault A and strike-slip faulting on faults B and C during earthquake rupture. (Ill) Formation of scarp-
derived and hillslope-derived colluvium. Approximate vertical separation of the ground surface immediately after
fault rupture (I) and at present (lll) are denoted with dashed blue lines and illustrate the discrepancy between
minimum vertical offset on fault A and vertical offset of the ground surface. Locations of faults at depth in (II) are

uncertain and denoted with dashed red lines. Legend is same as Figure 6.

bioturbation of Quaternary
sediment, which have inevitably
degraded the fault scarp and
could have partially to fully
realigned channels and inter-
fluves that were originally offset

(Fig. 11a). Two lines of evidence support this interpretation of
right-lateral slip. First, the predicted orientation of
SHmax> Dased on the orientation of the opening mode fissure
(fault A) at the Good Hope trench predicts right-lateral slip
on faults B and C (Fig 11a). Opening mode tension fractures
in brittle strike-slip fault are often aligned
perpendicular to Sy, and parallel with Sy ... (e.g., Bartlett
et al., 1981; Sanderson and Marchini, 1984; Fossen, 2016),
and this relation has been recognized in surface ruptures
(Lin and Nishikawa, 2011; Rao et al., 2011; Quigley et al,
2012). Second, our fault geometry-derived Sy, Orientation
is also parallel with Sy« = 137° £ 18°, independently
calculated from seismicity (Fig. 1la, Balfour et al, 2011).
Right-lateral slip would still be predicted on these faults if
an approximately north-northwest-south-southeast regional
St max Orientation (Fig. 1c) is considered, even though fault
A would be less favorably oriented as a tension crack.

High rates of erosion and potential strike-slip offset,

systems

comparable to the 2 m resolution of the lidar DEM used for
geomorphic mapping, explain why we do not observe right-
lateral offset of geomorphic features at our study site. Crustal
surface rupturing strike-slip earthquakes, with comparable
Volume XX Number XX

- 2021 www.bssaonline.org

by ~5m (eg, Burbank and

Anderson, 2011; Zielke, 2018;
Reitman et al, 2019). This degradation and realignment would
have reduced and obscured the apparent strike-slip surface offset
along the Leech River fault both in lidar-based maps and
beneath thick vegetation in the field.

Hummingbird trench. Strike-slip and dip-slip faulting
observed in basalt at the base of the Hummingbird trench
(Fig. 10), 625 m west-northwest along strike from the
Good Hope trench, is typical of brittle strike-slip faulting
in bedrock. These strike-slip faults can result in the
formation of flower structures or fault duplexes that contain
both strike-slip and dip-slip faults (e.g., Wilcox et al., 1981;
Woodcock and Fischer, 1986; Sylvester, 1988; Bayasgalan
et al, 1999; Woodcock and Rickards, 2003; Toda et al,
2016). Fault slickenline orientations show abrupt meter-scale
spatial changes in fault slip sense (Fig. 10), which is also
common on strike-slip faults where block rotation can be
accommodated on multiple fault strands (e.g., Woodcock
and Fischer, 1986; Sylvester, 1988; Woodcock and
Rickards, 2003).

Complex surface rupture during strike-slip earthquakes,
such as the 2001 Kunlun earthquake (Lin et al., 2004), 2010
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Landers earthquake (Aydin and Du, 1995; Zachariasen and
Sieh, 1995), and 2016 Kunamoto earthquake (Toda et al,
2016), can explain why fault rupture of Quaternary sediments
was observed at the Good Hope trench but not along strike at
the Hummingbird trench. First, it is possible that the earth-
quake rupture observed in the Good Hope trench terminated
before reaching the Hummingbird trench. Second, the topo-
graphic scarp that the Good Hope trench was excavated across
projects west-northwest to the very northern end of the
Hummingbird trench (Fig. 5), where a road cut may obscure
the active fault scarp. Third, variations in vertical slip along
other strike-slip surface ruptures have been observed (e.g.,
Zachariasen and Sieh, 1995; Quigley et al., 2012; Gold et al.,
2013), and a topographical scarp produced by surface rupture
near the Hummingbird trench may have been minor (<0.5 m)
compared with the scarp at the Good Hope trench. The loca-
tion of the Good Hope trench at a right-stepping jog of the
surface trace of the fault (Fig. 5) implies compression (along
a right-lateral fault), generating increased vertical separation
and scarp height. If the scarp along strike is subdued in com-
parison, it may not be visible in bare-Earth lidar images and we
speculate that it could be located north or south of the
Hummingbird trench. Finally, segmentation of surface rup-
tures during earthquake surface rupture is common and kilo-
meter-wide gaps can occur along strike or between en échelon
fault segments (e.g., Fig. 5a; Zachariasen and Sieh, 1995; Lin
and Nishikawa, 2011; Gold et al., 2013). Therefore, it is pos-
sible that the Hummingbird trench was excavated in one of
these gaps.

Comparison with previous paleoseismic trench results.
Our interpretation of right-lateral fault slip at the Good Hope
trench and dip-slip surface ruptures observed at the previous
trenches on the Leech River fault suggest along-strike variation
of kinematics that can be also be explained by complex strike-
slip fault behavior. At the previous Leech River fault trench site
7 km west-northwest of this study (i.e., Morell et al, 2018),
three surface rupturing north side up dip-slip earthquakes
are observed; however, it was not possible to make the distinc-
tion between a compressional or extensional fault system.
These previous trenches may only record dip slip due to their
location on a restraining bend and (or) slip partitioning on
strike-slip surface ruptures. These previous trenches are
located where a 20° change in orientation of fault strike occurs
(Fig. 3), and right-lateral slip would produce a constraining
bend and local reverse faulting. In addition, strike-slip surface
ruptures can be highly irregular with dip slip and strike slip
partitioned on different strands of the fault (e.g., Chen et al.,
2001; Weinberger, 2014; Barnhart et al. 2015; Toda et al,
2016). If complex fault rupture occurred along this stretch
of the Leech River fault, fault kinematics at the Good Hope
trench could vary from those observed in the previous trenches
7 km away.
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Evaluating (post)glacial stress versus tectonic stress
as an origin for deformation in the Good Hope
trench

There is evidence in glaciated terranes that earthquakes and sur-
face rupture can be triggered by changes in static stress during
and after glaciation. Subglacial fractures (e.g., Muir-Wood, 1989;
Boulton and Caban, 1995; Thorson, 2000; Jarman and
Ballantyne, 2002), sackungen (e.g., McCalpin and Irvine, 1995;
Hippolyte et al., 2006), and surface rupturing earthquakes (e.g.,
Anderson et al., 1989; Davenport et al., 1989; Muir-Wood, 1989;
Lagerback, 1990; Jarman and Ballantyne, 2002) have all been
attributed to these stress changes. Because the range of the earth-
quake rupture age in the Good Hope trench (9.4 & 3.4 ka,
Fig. 8b) almost extends back to deglaciation (~13,100 cal B.P,,
Alley and Chatwin, 1979), we evaluate the possibility that the
observed deformation in the Good Hope trench could be related
to glacial stresses and find that our observations are not consis-
tent with their defining characteristics.

Our observations are not accordant with faulting and frac-
turing of subglacial sediment that is a result of stress imparted
on the earth’s surface beneath thick ice sheets (e.g., Muir-
Wood, 1989; Boulton and Caban, 1995; Thorson, 2000;
Jarman and Ballantyne, 2002). One potential mechanism for
fracture and clay seam development is fracturing and escape
of pressurized water from permeable units below the nonper-
meable clay and silt (e.g., Boulton and Caban, 1995; Van Der
Meer et al., 1999; Evans et al., 2006). These structures are
observed to widen downward and contain entrained sediment
from more permeable lower units (e.g., Boulton and Caban,
1995; Rijsdijk et al., 1999; Van Der Meer et al, 1999; Evans
et al., 2006). However, the sediment we observe within fault
zones in the Good Hope trench has the same matrix and clast
grain size as the wallrock (although deformed) and is unlikely
to be injected from permeable coarser-grained units. Also, the
presence of offset on fault A (Fig. 6), the truncation of a sand
bed by fault C (Fig. 7), and rotated prolate clasts within faults B
and C (Fig. 9) shows that slip is accommodated in these fault
zones, and the observed clay seams are not just minor joints
and fractures in the lodgment till.

We also rule out the formation of sackungen formed during
postglacial isostatic rebound. Sackungen are usually contour-
and ridge-parallel linear features that form during deep-seated
gravitational slope deformation or during gravitational spread-
ing of bedrock ridges (e.g., McCalpin and Irvine, 1995), and
they may be coseismic (e.g., Hippolyte et al., 2006; Delano et al.,
2018). Opening mode fracturing on fault A could be a result of
deep-seated slope failure; however, the location of the fault
near the base of the slope, which is only ~200 m to the north
(Fig. 5), makes this unlikely. Strike slip on faults B and C is also
unlikely to be a result of any gravitational processes that result
in dip-slip faulting (e.g., Bovis, 1982; McCalpin and Irvine,
1995). Finally, sackungen also tend to occur in swarms of
multiple parallel scarps (e.g., McCalpin, 1999; Hippolyte et al,
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2006), but only one or two parallel scarps are identified along
the Leech River fault in our study area (Fig. 5).

Changes in lithostatic stress connected with deglaciation
have been shown to trigger earthquakes (e.g., Anderson et al.,
1989; Davenport et al., 1989; Muir-Wood, 1989; Lagerback,
1990; Jarman and Ballantyne, 2002; Craig et al., 2016), but
the principal stress directions and kinematics of earthquake
rupture we observe in the Leech River fault trenches argue
for a tectonic origin. Postglacial release of vertical stress
increases deviatoric stress if o is vertical and can cause reverse
faulting (Muir-Wood, 1989; Jarman and Ballantyne, 2002),
which may have resulted in dip slip on fault A in the Good
Hope trench and in the Morell et al. (2018) trenches.
However, postglacial strike-slip faulting on faults B and C
and stress inversion (e.g., Balfour et al, 2011) suggest that
03, at this location, is horizontal and the deviatoric stress would
not be affected by glacial unloading. In addition, if deglaciation
was responsible for releasing long-term tectonic strain built up
during glaciation, a clustering of rupture events would be
expected during postglacial isostatic rebound (e.g., Muir-
Wood, 1989; Craig et al., 2016). However, two of the observed
earthquake rupture ages at the Morell et al. (2018) trenches
(1.7 £ 0.1and 2.2 £ 0.1 ka) occurred well after postglacial iso-
static rebound was complete in the middle Holocene (Clague
and James, 2002), which suggests that tectonic stresses con-
tinue to drive deformation on the Leech River fault.

Hazard implications
The results from our study further establish the presence of
Holocene-active forearc faults in the northern Cascadia and
help determine the maximum rupture length on the Leech
River and the Devils Mountain fault systems. Rupture length
is a key criterion in seismic hazard models of northern
Cascadia that take into account earthquakes on active crustal
faults to calculate hazard that results from ground shaking
(Halchuk et al., 2019; Kukovica et al., 2019). A confident cor-
relation of the slip event recorded in the Good Hope trench,
with slip events observed in the Morell et al. (2018) trenches
and on faults along strike of the Leech River fault, is not pos-
sible due to the large uncertainty in our event age. However,
the combination of these earthquake records reveal that fault
rupture on the Leech River fault could possibly propagate
along the Devils Mountain fault. Morell et al. (2018) recorded
three rupture events on the Leech River fault, and only one
event, at 8.7 £ 0.3 ka, falls within the age range of our slip
event (9.4 + 3.4 ka). On the Devils Mountain fault, the
along-strike extension of the Leech River fault to the east,
paleoseismic investigations by Personius et al. (2014) record
an earthquake at 8.1 & 0.1 ka that also overlaps with the age
range of our event. These potential correlations raise the pos-
sibility of synchronous fault rupture of the eastern portion of
the Leech River fault with the Devils Mountain fault. An event
involving both of these faults could have a rupture length
Volume XX Number XX
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>100 km, and empirical fault scaling relationships (e.g.,
Wesnousky, 2008; Stirling et al., 2013) show that a strike-slip
rupture of this length can result in an M, > 7 earthquake.
Earthquake rupture of this magnitude at the Good Hope
trench site has the potential to cause strong shaking and
damage in the Victoria metropolitan area (10 km to the east)
and other population centers in the region (e.g., Bellingham,
Port Angeles, Anacortes, Washington).

In addition to the hazard the Leech River fault presents to
southern Vancouver Island from ground shaking, coseismic
surface rupture could directly damage infrastructure that lies
on the fault trace. Calculating the hazard that results from
coseismic surface rupture (probabilistic fault displacement
hazard analysis, e.g., Coppersmith and Youngs, 2000; Youngs
et al., 2003; Petersen et al., 2011) requires a range of data,
including the location of active fault ruptures (e.g.,
Coppersmith and Youngs, 2000). Our mapping of a Holocene
coseismic surface rupture at the Good Hope trench is within
~25 km of key infrastructure on southern Vancouver Island,
such as the Jordan River hydroelectric dam, and roads, bridges,
and various other utilities in the Victoria metropolitan area
(Fig. 3). Continuing the mapping of Holocene surface
ruptures on the Leech River fault along strike will be important
to improve assessments of hazard to infrastructure in this
region.

Implications for regional tectonics

Our study is the first to show evidence for postglacial oblique
right-lateral surface rupture on the Leech River fault, and our
interpretation of a right-lateral fault system with the formation
of a pressure ridge implies that the Leech River fault does not
accommodate significant north-south shortening. This inter-
pretation argues against a forearc deformation model in which
thrust faulting on the Leech River fault accommodates north-
ward migration of the Oregon block against a rigid Canadian
backstop (e.g., Fig. 2a; Wells et al., 1998; Wang et al., 2003;
Sherrod et al., 2013). Instead, we infer that north-south short-
ening across the Olympic Mountains predicted by the GNSS
velocity field (Fig. 1b) is accommodated by oroclinal bending
(Fig. 2b) and reverse faulting and folding to the south and east
of and within the Olympic Mountains.

Oblique right-lateral slip on the Leech River fault is consis-
tent with this structure accommodating bending of the
Olympic orocline (e.g., Finley et al., 2019) and(or) westward
extrusion of the Olympic Mountains (e.g., Nelson et al., 2017).
Counterclockwise rotation of northern Cascadia about an oro-
cline with a vertical axis in the Olympic Mountains predicts
right-lateral flexural slip on west-northwest-striking faults
(e.g., Fig. 2b; Donath and Parker, 1964; Hollingsworth et al.,
2006), consistent with our observations and studies on other
west-northwest-striking crustal faults north of the Olympic
Mountains (Fig. 2; Johnson et al, 1996; Personius et al.,
2014; Nelson et al., 2017; Greene et al., 2018; Schermer et al.,
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2020). Flexural slip would also predict an increase in strike-slip
rates or displacement away from the fold hinge of the orocline
(e.g., Fossen, 2016), which we cannot verify without strike-slip
rates along the Leech River fault. Upper crustal seismicity
(Fig. 1c) is diminished along the northwest limb of the orocline
and may reflect a reduction in slip; however, reduced forearc
seismicity toward the trench has also been hypothesized to be a
result of subduction interface permeability (Savard et al,
2018). Our hypothesis that right-lateral slip on the Leech
River fault accommodates bending of the Olympic orocline
is also consistent with westward extrusion of the Olympic
Mountains relative to stable NA (Nelson et al., 2017; Finley
et al., 2019). This extrusion may be accommodated by right-
lateral west-northwest-striking faults north of the Olympic
Mountains, including the Leech River fault and left-lateral
west-southwest-striking faults south of the Olympic
Mountains (Nelson et al., 2017; Finley et al., 2019). West
and northwest directed residual GNSS velocities on the north-
west coast of the Olympic Peninsula and southwest coast of
Vancouver Island (e.g., Mazzotti et al., 2002, 2011) are consis-
tent with trenchward extrusion. If this model is correct, our
observations imply that the forearc crust as far north as the
Leech River fault may also be extruding west with respect
to stable NA.

The Quaternary oblique right-lateral kinematics that we
document on the Leech River fault are opposite (in lateral
sense) to left-lateral and thrust faulting that is interpreted dur-
ing Eocene accretion of the Crescent terrane to ancestral NA
(Fairchild and Cowan, 1982; Clowes et al., 1987; England et al.,
1997; Johnston and Acton, 2003; Eddy et al., 2017), indicating
a possible temporal switch in kinematics. A similar switch in
kinematics is also observed on the Devils Mountain fault
(Personius et al, 2014). Ongoing right-lateral slip on the
Leech River fault may have initiated during bending of the
Olympic orocline that commenced ~18 Ma (Wells and
McCaftrey, 2013). This temporal switch may also have
coincided with the counterclockwise rotation of Leech River
fault with respect to the maximum horizontal stress directions.
These hypotheses could be tested by determining the timing of
the switch in fault kinematics on the Leech River fault.

CONCLUSIONS

Exposure of deformed Quaternary glacial till in the Good Hope
trench and brittle faulting in the Hummingbird trench reveals
evidence for oblique right-lateral strike-slip fault rupture on
the Leech River fault. Surface rupture of the fault does not dis-
play characteristics associated with glacially derived deforma-
tion and we suggest that the observed deformation is tectonic
strain. In the Good Hope trench, oblique right-lateral fault
rupture formed an anticline that deformed glacial sediments
deposited during and immediately after the last glacial maxi-
mum (~13,100 cal B.P., Alley and Chatwin, 1979). Analyses of
prolate clast orientations differentiate between sheared and
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undeformed glacial till and suggest strike-slip faulting coupled
with opening mode fracture and fissure filling. The fault geom-
etry observed in the Good Hope trench, paired with previously
calculated Sy ., directions (Balfour et al., 2011), suggest that
the Leech River fault is accommodating oblique right-lateral
slip that is consistent with observed microseismicity (Li et al.,
2018) and slip on the along-strike Devils Mountain fault
(Personius et al., 2014; Barrie and Greene, 2018) and southern
Whidbey Island fault (Johnson et al., 1996). Radiocarbon dat-
ing of the scarp-derived colluvium and offset meltout till indi-
cates an earthquake rupture age of 9.4 &+ 3.4 ka, which
overlaps with earthquake events reported along strike on the
Leech River fault (Morell et al., 2018) and the Devils Mountain
fault (Personius et al., 2014). This overlap emphasizes the pos-
sibility for a 2100 km fault rupture along both the Leech River
fault and the Devils Mountain fault and the potential for these
faults together to host M, > 7 earthquakes based on
fault scaling relationships. We suggest that complex strike-slip
fault rupture along the Leech River fault explains the lack of
observed Holocene faulting at the Hummingbird trench 625 m
west-northwest of the Good Hope trench, as well as the rec-
ognition of only dip-slip rupture at the paleoseismic trench site
7 km west-northwest of our study (Morell et al., 2017, 2018).

Our study, along with the recognition of primarily oblique
right-lateral slip on other west-northwest-striking crustal faults
north of the Olympic Mountains (e.g., Johnson et al, 1996;
Personius et al., 2014; Nelson et al, 2017; Barrie and Greene,
2018; Schermer et al., 2020), implies that faults in this region
do not accommodate large amounts of north-south shortening
against a rigid backstop via thrust faulting (e.g., Wells et al,
1998; Wang et al, 2003; Sherrod et al., 2013). Instead, oblique
right-lateral slip in this region may accommodate flexural slip
and westward extrusion of the Olympic Mountains, as suggested
in recent tectonic models that invoke bending of an orocline
about a vertical hinge axis in the Olympic Mountains
(e.g., Nelson et al, 2017; Finley et al., 2019).

DATA AND RESOURCES

The U.S. Geological Survey (USGS) Quaternary faults and fold database
used for Figure 2c is available at https://www.usgs.gov/natural-hazards/
earthquake-hazards/faults (last accessed March 2020). The light detec-
tion and ranging (lidar) dataset (James et al., 2010) used for our digital
elevation models (DEMs) and slope maps of our study area (Fig. 5) is
available at https://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb
?path=geoscan/fulle.web&search1=R=285486 (last accessed June 2020).
The @. Hammer Past program version 3.21 (v.3.21) used for statistical
analyses of our clast orientation data (Table 2) is available at https://
accessed July 2019). The R
Allmendinger Stereonet program v.10.1.6 used for plotting and analyz-

folk.uio.no/ohammer/past/  (last

ing glacial flow directions and clast orientations (Fig. 9) is available at
http://www.geo.cornell.edu/geology/faculty/RW A/programs/stereonet.
html (last accessed September 2018). The C. Bronk Ramsey, OxCal 14C
calibration program, v.4.3. is available at https://c14.arch.ox.ac.uk/
oxcal.html (last accessed June 2020). The R. Allmendinger FaultKin
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7.5 program used for plotting and analyzing fault plane and slickenline
data in the Hummingbird trench (Fig. 10) is available at http://www
.geo.cornell.edu/geology/faculty/RW A/programs/faultkin.html (last
accessed October 2017). The supplemental material provides detailed
stratigraphic descriptions of the Hummingbird trench and large-format
high-resolution trench logs, interpreted photomosaics, and uninter-
preted photomosaics of the Good Hope and Hummingbird trenches.
The supplemental material also includes tables of our preferred and
alternate OxCal model age results and the OxCal codes for each
model.
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APPENDIX
The Appendix section contains the datasets (Tables A1-A6)
used for the analyses of glacial flow direction and till clast
orientations.
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TABLE A1
Glacial Flow Indicator Types, Locations, and Azimuths

Feature Type* Start Easting® Start Northing End Easting End Northing Azimuth
Map-scale groove 446,196 5,371,271 446,155 5,371,151 197
Streamlined ridge 446,441 5,371,308 446,371 5,371,119 198
Streamlined ridge 446,566 5,370,880 446,448 5,370,615 202
Drumlin 449,709 5,370,043 449,661 5,369,731 186
Streamlined ridge 448,953 5,370,540 448,893 5,370,252 189
Streamlined ridge 448,860 5,370,510 448,816 5,370,279 188
Streamlined ridge 448,916 5,370,191 448,871 5,370,054 196
Streamlined ridge 449,329 5,370,290 449,249 5,370,069 198
Streamlined ridge 447,825 5,370,568 447,723 5,370,267 196
Bedrock drumlin 448,514 5,369,841 448,461 5,369,692 197
Map-scale groove 448,853 5,369,949 448,811 5,369,867 205
Streamlined ridge 449,146 5,369,805 449,109 5,369,705 198
Roche moutonée 449,783 5,370,074 449,764 5,369,956 191
Drumlin 449,662 5,369,715 449,640 5,369,578 187
Streamlined ridge 450,080 5,369,755 450,060 5,369,596 185
Bedrock drumlin 450,174 5,369,746 450,152 5,369,675 195
Bedrock drumlin 450,153 5,369,626 450,151 5,369,566 179
Bedrock drumlin 450,267 5,369,645 450,238 5,369,565 197
Map-scale groove 449,745 5,369,578 449,734 5,369,527 191
Map-scale groove 450,127 5,369,466 450,060 5,369,247 195
Streamlined ridge 450,016 5,369,497 449,972 5,369,420 208
Drumlin 451,236 5,370,694 451,168 5,370,312 188
Bedrock drumlin 448,677 5,369,987 448,651 5,369,935 204
Bedrock drumlin 448,845 5,370,020 448,823 5,369,970 201
Roche moutonée 446,092 5,371,455 446,082 5,371,407 190
Roche moutonée 446,116 5,371,428 446,104 5,371,375 190
Bedrock drumlin 445,932 5,371,434 445,910 5,371,369 197
Bedrock drumlin 445,998 5,371,425 445,984 5,371,388 198
Streamlined ridge 446,429 5,371,017 446,394 5,370,952 206
Streamlined ridge 449,264 5,369,680 449,204 5,369,534 200
Streamlined ridge 449,626 5,369,785 449,599 5,369,680 192
Streamlined ridge 449,025 5,370,103 448,985 5,370,006 200
Streamlined ridge 448,582 5,369,842 448,551 5,369,766 200
Streamlined ridge 450,031 5,369,739 450,014 5,369,611 185
Drumlin 453,287 5,369,889 453,257 5,369,615 184
Roche moutonée 441,161 5,372,397 441,123 5,372,333 209
Streamlined ridge 444,387 5,371,690 444,386 5,371,557 178
Bedrock drumlin 445,979 5,371,279 445,949 5,371,192 197
Roche mouton'ee 445,782 5,371,206 445,761 5,371,157 200
Map-scale groove 449,583 5,370,025 449,544 5,369,881 193
Drumlin 449,453 5,371,520 449,429 5,371,441 195

*Feature type interpreted from light detection and ranging (lidar).
All coordinates are reported in NAD 83 BC Environment Albers NAD 83 UTM Zone 10.
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TABLE A2

Plunge and Trend of Prolate Clasts in Undeformed
Lodgment Till (Unit GH1) in the Good Hope Trench

TABLE A3

Plunge and Trend of Prolate Clasts in Faulted Lodgment Till

in Faults B and C (Unit GH1) in the Good Hope Trench

Location*

SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
SH-6H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H
6H-7H

Plunge

30
20
22
21
5

10
39
4

34
10
4

2

9

7

17
13
19
4

26
8

49
21
10
7

18
38
27
9

25
37
11
35
30
38
38
25
5

15
7

23
20
8

18
5

13
19
21
26
18
10

Trend

077
012
055
023
180
143
053
189
045
175
173
173
042
255
032
026
088
210
347
060
035
078
257
235
235
084
308
047
305
000
129
042
1M1
106
060
080
258
019
025
356
180
050
054
178
218
114
313
187
182
254

Clast Size'

W U U U U U U U U U UN(MN VUV VMUV TV VUV U U UV U UV U U U U U UV U UM TV TV N UV UV VT VT TN TV TN

Location

10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
10H west
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east

Plunge

40
21
17
3

10
30
15
47
3

5

49
2

32
22
42
27
27
17
42
76
6

28
43
20
28
35
17
16
15
20
4

34
30
38
9

35
27
10
5

74
18
7

18
40
10
7

0

14
14
39

Trend

105
70
20
327
120

277
70

197
130
184
251
276
260
112
126
328
145
123
281
242
60

332
138
172
317
238
103
252
250
200
306
310
20

121
226
45

210
35

300
280
285
297
"

119
117
127
110
136
52

Clast Size*

N 9 TN MN Y™V VN VTV ™©VW™©VW™UV™UVTUV UV VWM UVUVTUVTUVTUVTUVTUV U U UV ULV TUV U UM TUVTVTUVTUV UV UV UV UV TV M UV TV TV O

*Qrientations were measured in both walls.

P is pebble sized, and C is cobble sized.
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TABLE A4 TABLE A5 (Continued)
Plunge and Trend of Prolate Clasts in Faulted Lodgment Till

in Fault A (Unit GH1) in the Good Hope Trench Location Strike Dip Dip Direction Clast Size*
5H-6H west wall 252 55 South P
Location Plunge Trend Clast Size* 5H-6H west wall 310 a4 North p
12H east 20 130 p 5H-6H west wall 327 19 North P
12H east 15 53 P 5H-6H west wall 0 27 East p
12H east 30 19 P 5H-6H west wall 255 72 South C
12H east 60 67 p 5H-6H west wall 89 75 South C
12H east 27 87 p 5H-6H west wall 347 27 East C
12H east 5 120 P 5H-6H west wall 333 83 West C
12H east 22 13 P 5H-6H west wall 336 29 North P
12H east 4 2 P 6H-7H west wall 329 51 North C
12H east 24 179 P 6H-7H west wall 312 33 North P
12H east 30 12 p 6H-7H west wall 0 45 East P
12H east 64 248 p 6H-7H west wall 6 30 East C
12H east 22 73 P 6H-7H west wall 257 66 South P
12H east 14 310 P 6H-7H west wall 320 58 North C
12H east 9 340 P 6H-7H west wall 280 35 South p
12H east 20 204 P 6H-7H west wall 300 24 North C
12H east 32 273 p 6H-7H west wall 274 31 South C
12H east 18 290 p 6H-7H west wall 290 20 South p
12H east 5 248 p 6H-7H west wall 10 73 East C
12H east 17 34 p 6H-7H west wall 272 17 North P
12H east 3 156 P 6H-7H west wall 280 34 North C
12H east 57 190 P 6H-7H west wall 220 35 Southeast P
12H east 6 80 p 6H-7H west wall 321 35 North P
12H east 4 32 p 6H-7H west wall 265 37 South C
12H east 70 214 P 6H-7H west wall 252 34 South P
12H east 75 330 p 6H-7H west wall 325 78 North C
6H-7H west wall 324 80 North P
*P is pebble sized, and C is cobble sized. 6H-7H west wall 3 63 East C
6H-7H west wall 54 28 East P
6H-7H west wall 304 77 South p
6H-7H west wall 346 38 East C
TA'_SLE AS_ . 6H-7H west wall 29 74 East P
Orlentatlo_ns of ?/b PIa|_1es of Oblate Clasts in Undeformed 6H—7H west wall 234 32 South c
Meltout Till (Unit GH2) in the Good Hope Trench 6H-7H west wall 755 4 North c
Location Strike Dip Dip Direction Clast Size* *P is pebble sized, and C is cobble sized.
5H-6H west wall 334 55 North Not recorded
5H-6H west wall 334 76 North Not recorded
e LD s e o
SH6H west wall 302 90 Not recorded Oru'entatlons of a/b Plane.s of Oblate Clasts in Meltout Till
(Unit GH2) above Fault B in the Good Hope Trench
5H-6H west wall 30 55 West Not recorded
SH-6H west wall > 42 East Not recorded Location Strike Dip Dip Direction Clast Size*
5H-6H west wall 295 53 North Not recorded
5H-6H west wall 345 55 Southwest Not recorded 10H west 235 45 North C
5H-6H west wall 302 46 North Not recorded 10H west 280 82 North C
5H-6H west wall 276 44 South Not recorded 10H west 68 67 South P
5H-6H west wall 240 52 South C 10H west 45 82 East P
5H-6H west wall 350 82 West Not recorded 10H west 26 14 North C
5H-6H west wall 328 74 Northeast Not recorded 10H west 130 66 South P
5H-6H west wall 252 61 North Not recorded 10H west 306 90 P
5H-6H west wall 283 25 South Not recorded 10H west 7 44 East P
5H-6H west wall 311 57 North P 10H west 275 43 North P
5H-6H west wall 317 24 South C 10H west 265 77 North C
5H-6H west wall 5 67 East P 10H west 284 45 North C
5H-6H west wall 240 35 South P 10H west 255 54 North @
(continued) (continued)
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TABLE A6 (Continued')

TABLE A6 (Continued )

Location

11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east
11H east

Strike

173
355
283
161
215
121
92

34

32

240
246
316
170
272
132
134

Dip
56
61
69
43
43
73
82
21
72
64
72
32
90
53
36
77

Dip Direction

East
West
North
North
North
South
South
West
East
North
North
South

North
South
South

Clast Size*

W N U U U U N MNMNM TV T TN T NN

*P is pebble sized, and C is cobble sized.

Location Strike Dip Dip Direction Clast Size*
10H west 284 79 North P
10H west 334 24 Southwest P
10H west 8 34 North P
10H west 335 34 North P
10H west 316 46 South P
10H west 350 90 P
10H west 234 39 North P
10H west 336 32 North C
10H west 297 85 South C
10H west 350 14 East C
10H west 30 25 East P
10H west 40 26 East P
10H west 280 46 North C
11H east 293 88 South C
11H east 34 69 East C
11H east 273 75 North C
11H east 134 54 South C
11H east 23 68 East C
11H east 346 22 North P
11H east 262 44 North P
11H east 214 54 South C
11H east 272 66 South P
(continued)

Volume XX Number XX —2021 www.bssaonline.org

Downloaded from http://pubs.geoscienceworld.org/ssa/bssalarticle-pdf/doi/10.1785/0120200204/5219226/bssa-2020204.1.pdf

bv LIC Santa Barbara | ibrarv user

Bulletin of the Seismological Society of America

Manuscript received 10 June 2020
Published online 26 January 2021

29



