d0i:10.26443/seismica.v2i4.1158

Late Quaternary Surface Displacements on

Accretionary Wedge Splay Faults in the Cascadia
Subduction Zone: Implications for Megathrust Rupture

A.M. Ledeczi (© *!, M.C. Lucas (91, H.J. Tobin (1, J.T. Watt (92, N.C. Miller (®3

!Department of Earth & Space Sciences, University of Washington, Seattle, WA, 2U.S. Geological Survey, Pacific Coastal and Marine Science

Center, Santa Cruz, CA, 3U.S. Geological Survey, Woods Hole Coastal and Marine Science Center, Woods Hole, MA

Author contributions: Conceptualization: A.M. Ledeczi., H.J. Tobin, J.T. Watt. Methodology: AM. Ledeczi. Investigation: AM. Ledeczi, M.C. Lucas. Supervision:
H.J. Tobin, JT. Watt. Resources: JT. Watt, N.C. Miller. Funding acquisition: H.J. Tobin. Writing - original draft: AM. Ledeczi. Writing - review & editing: A.M.

Ledeczi, M.C. Lucas, H.J. Tobin, JT. Watt, N.C. Miller.

Abstract Because splay faults branch at a steep dip angle from the plate-boundary décollement in an
accretionary wedge, their coseismic displacement can potentially result in larger tsunamis with distinct char-
acteristics compared to megathrust-only fault ruptures, posing an enhanced hazard to coastal communities.
Elsewhere, there is evidence of coseismic slip on splay faults during many of the largest subduction zone earth-
quakes, but our understanding of potentially active splay faults and their hazards at the Cascadia subduction
zone remains limited. To identify the most recently active splay faults at Cascadia, we conduct stratigraphic
and structural interpretations of near-surface deformation in the outer accretionary wedge for the ~400 km
along-strike length of the landward vergence zone. We analyze recently acquired high-frequency sparker seis-
mic data and crustal-scale multi-channel seismic data to examine the record of deformation in shallow slope
basins and the upper ~1 km of the surrounding accreted sediments and to investigate linkages to deeper dé-
collement structure. We present a new fault map for widest, most completely locked portion of Cascadia from
4510 48°N latitude, which documents the distribution of faults that show clear evidence of recent late Quater-
nary activity. We find widespread evidence for active splay faulting up to 30 km landward of the deformation
front, in what we define as the active domain, and diminished fault activity landward outside of this zone. The
abundance of surface-deforming splay faults in the active outer wedge domain suggests Cascadia megathrust
events may commonly host distributed shallow rupture on multiple splay faults located within 30 km of the
deformation front.

Non-technical summary Earthquakes and their resulting tsunamis at the Cascadia subduction
zone, where the Juan de Fuca plate subducts under the North American plate from northern California to Van-
couver Island, pose great hazard to coastal communities. As sediment from the subducting plate is scraped
off, piles of sediment known as accretionary wedges can form at these plate boundaries. During large earth-
quakes, the rupture of the main plate boundary fault may be accompanied by slip on multiple branching faults
within the accretionary wedge, which would potentially impact the size and characteristics of tsunami pro-
duced by the event. The likelihood of splay fault slip remains largely unknown at Cascadia because the last
large earthquake occurred in 1700. We interpret newly collected subsurface images using seismic wave reflec-
tions to identify the most recently active offshore faults. We document evidence of widespread recent fault
activity within the accretionary wedge in a roughly ~30 km wide zone stretching from Washington to north-
ern Oregon. By mapping these active branching faults, we seek to provide inputs to tsunami and earthquake
models which may in turn refine predictions and preparations for coastal impacts during future earthquakes
at Cascadia.
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Accretionary wedges at subduction zones are fold and
thrust belts formed when sediment is scraped off the
downgoing plate and accumulates at the leading edge
of the overriding plate. The plate boundary décolle-
ment forms the base of the accretionary wedge, and nu-
merous higher-angle splay faults, including the frontal
thrust, branch from it, bounding the individual thrust
sheets that comprise the wedge. As new material is ac-
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creted, splay faults activate to accommodate this defor-
mation, adjusting the surface slope of the accretionary
wedge through fault activity or erosion to reach a crit-
ical taper angle of stability (Davis et al., 1983). It was
once thought that accretionary wedges cannot nucleate
nor host seismogenic slip near the trench on either the
plate boundary décollement or on splay faults because
those faults were seen as being hosted in weak, un-
lithified materials (i.e., frictionally stable) (e.g., Byrne
et al., 1988), but this view was gradually supplanted
by an understanding that temperature-dependent fric-

SEISMICA | ISSN 2816-9387 | volume 2.4 | 2024


https://doi.org/10.26443/seismica.v2i4.1158
https://orcid.org/0000-0002-0743-9409
https://orcid.org/0000-0002-7838-9146
https://orcid.org/0000-0002-1447-6873
https://orcid.org/0000-0002-4759-3814
https://orcid.org/0000-0003-3271-2929

SEISMICA | RESEARCH ARTICLE | Special Issue: The Cascadia Subduction Zone | Active Splay Faults in the Outer Accretionary Wedge

tional properties, rather than the absence of sedimen-
tary material, governs seismic locking and slip. A 100-
150°C isotherm threshold, which corresponds to many
transitions in material properties of the host sediments
or rock, is now more commonly identified as the updip
limit for frictional locking and slip at subduction zones
(Hyndman and Wang, 1993; Moore and Saffer, 2001).

Recent earthquakes have shown that both shallow
slip and splay fault activation are possible and even
prevalent during large megathrust events. For exam-
ple, in the My, 9.1 2011 Tohoku-Oki earthquake, the ma-
jority of the rupture occurred above 40 km in depth,
and slip peaked at the trench (Ide et al., 2011; Sun
etal., 2017). Differential bathymetry, displaced seafloor
geodetic monuments, and scarp mapping all indicate
that 50 to 120 meters of coseismic slip occurred at the
trench axis during this event (Fujiwara et al., 2011; Ito
et al., 2011; Kodaira et al., 2012, 2020; Ueda et al., 2023).
Similarly, the 2004 M,, 9.1 Sumatra earthquake had
largely shallow coseismic rupture beneath the accre-
tionary wedge that may have extended to the deforma-
tion front based on scarps mapped there (Gulick et al.,
2011; Henstock et al., 2006; Ishii et al., 2005). Bathymet-
ric surveys following the event document widespread
faulting, folding, and mass wasting of the accretionary
wedge, attributed to coseismic splay fault rupture (See-
ber et al., 2007). Subaerial surface uplift and bathy-
metric investigation following the 1964 M,, 9.2 Alaska
earthquake found coseismic slip of up to 12 m on two
splay faults in the wedge (Liberty et al., 2013; Plafker,
1969). Core samples from the offshore frontal thrust
and megasplay fault of the Nankai Trough wedge record
frictional heating of sediments which indicate that co-
seismic slip likely propagated to the toe of the accre-
tionary wedge and along the megasplay fault in the past
(Sakaguchi et al., 2011; Yamaguchi et al., 2011).

Tsunamis generated by large megathrust events are
typically much more destructive than shaking from
earthquakes themselves, and shallow slip concentrated
in the outer accretionary wedge may play a great role
in tsunami generation (Wilson and Ma, 2021). Shallow
slip along the megathrust can cause large seafloor up-
lift in deep water and is thus more efficient at tsunami
generation than slip which stops farther downdip. How-
ever, because of their relatively steeper dip angle com-
pared to the frontal décollement, splay fault activation
can result in even larger tsunamis with multiple flood-
ing episodes compared to megathrust-only fault rup-
tures, posing a unique hazard to coastal communities
(Gao et al., 2018; Wendt et al., 2009; van Zelst et al.,
2022).

At Cascadia, dislocation modeling has confirmed that
shallow splay fault slip can cause a larger tsunami, as
compared to slip only on the megathrust (Gao et al.,
2018). The area offshore Washington state has atypi-
cal accretionary wedge morphology and is coincident
with the zone of greatest geodetic locking at Cascadia (Li
et al., 2018; Lindsey et al., 2021; Schmalzle et al., 2014),
which suggests this region may experience the most slip
during a future megathrust event. However, since the
last megathrust event at Cascadia occurred in 1700 (Sa-
take et al., 1996), and there is a notable absence of re-
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cent seismicity in the region (e.g., Stone et al., 2018), our
knowledge of what future slip scenarios could look like
or what faults could experience slip is limited.

In this study, we systematically evaluate which splay
faults offshore Washington and Oregon show evidence
of hosting recent near-surface displacement and map
their continuity along strike for a > 400 km span from
45" to 48°N latitude. We use high-frequency sparker
multi-channel seismic reflection data to characterize
sedimentary sequences and structural history of slope
basins and the upper 1 km of the accreted wedge, which
allows us to identify faults that have been recently ac-
tive in late Quaternary time throughout the outer wedge
in the landward vergence zone (LVZ), the area of Cas-
cadia which displays atypical morphology (Fig. 1) and
coincides with the largest patch of the megathrust that
is apparently fully locked (Lindsey et al., 2021). We
analyze slope basins, which are sensitive recorders of
activity on accretionary wedge faults as the basins fill
with sediments over time from their formation to the
present. In particular, we seek to determine whether
splay faults are active only at the frontal thrust, at the
inner-outer wedge transition, or throughout the outer
wedge. We hypothesize that rather than progressing in
sequence toward the deformation front, thrusts in the
accretionary wedge at Cascadia display a more complex
history of thrust activation. Our findings support the
hypothesis that many splay faults are potential candi-
dates for hosting coseismic slip, and that Cascadia will
likely experience distributed shallow rupture on multi-
ple splay faults located within ~30 km of the deforma-
tion front in a future megathrust event.

2 Tectonic Setting and Accretionary
Wedge Mechanics

Offshore Washington, the Juan de Fuca plate is subduct-
ing northwestward under the North American plate at
~39 mm/yr (Fig. 1; DeMets et al., 2010). A 2 to 3 kilo-
meter thick sequence of clastic sediment overlies the
oceanic basement of the incoming plate. Most of this
sediment is scraped off as the oceanic plate subducts,
forming a wide and rapidly growing accretionary wedge
throughout our study area. As splay faults propagate
within the wedge, they fold the sedimentary strata of the
wedge into anticlinal structures to form trench-parallel
ridges. Between the ridges, shallow (~100s of meters
deep) wedge-top basins known as piggyback or slope
basins are created and fill with continuously deposit-
ing sediments. The entire outer wedge in this region,
including thrust sheets and slope basin sediments, has
been formed over less than 2 million years during the
Pleistocene and Holocene (Barnard, 1978).

The accretionary wedge is comprised of several dis-
tinct morphotectonic regions with variable character-
istics along strike (Watt and Brothers, 2020). From
45° to 48°N latitude, the LVZ contains almost exclu-
sively landward-vergent (seaward-dipping) splay faults
(MacKay, 1995; Seely, 1977), while thrusting in the
wedge elsewhere is mostly seaward-vergent, which is
more typical in subduction zones worldwide (Fig. 1).
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Figure 1 a. Map of the Cascadia subduction zone with deformation front in yellow. The region where landward-vergent
thrusting dominates (LVZ) is shaded pink. Black and pink tracklines are for low-frequency CASIE21 MCS reflection data col-
lected on the R/V Marcus G. Langseth and for the high-frequency sparker and chirp taken in 2019 on the R/V Rachel Carson,
respectively. Incoming plate boundaries shown in white. Relative plate motion between the Juan de Fuca plate and the North
American plate indicated by white arrows at rates varying between 42 mm/yr in the north and 34 mm/yr in the south (DeMets
etal., 2010). b. CASIE21 Line PD08 showing the megathrust fault, splay faults, and the location of the inner and outer accre-

tionary wedge.

Seismic reflection data show that, in the LVZ, landward-
vergent thrusts have kilometers of displacement each
whereas seaward-vergent thrusts are nearly nonexistent
(Adam et al., 2004). Many explanations have been pro-
posed for the LVZ, such as an internally strong wedge
with a weak base, perhaps due to high pore pressure
(MacKay, 1995; Tobin et al., 1993); a high sedimentation
rate (Adam et al., 2004); and/or a compositional differ-
ence in wedge sediments (Gutscher et al., 2001; Under-
wood, 2002). The widespread nature of the landward
vergence at Cascadia is unusual among fold-and-thrust
belts worldwide, with only two comparable examples.
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The northern Sumatra region of the Sunda subduction
zone also displays dominantly landward vergence at the
toe of the accretionary wedge, with seaward-vergent
faults located farther landward (Frederik et al., 2015;
McNeill and Henstock, 2014). Isolated areas of land-
ward vergence have been observed at the Niger Delta,
a submarine fold and thrust belt driven by gravitational
collapse rather than tectonics (Bilotti and Shaw, 2005;
Maloney et al., 2010).

The oblique component of the subduction angle is
thought to be accommodated by numerous left-lateral
strike-slip faults striking northwest-southeast across
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the margin. These structures were first identified in the
1990s by sidescan sonar, seismic reflection, and bathy-
metric data, and were found to have Holocene activ-
ity by observing offset geomorphic markers (Goldfin-
ger et al., 1992, 1997, 1996). Some of these faults are
thought to offset the downgoing plate (Han et al., 2018)
whereas some may originate in and be confined to the
accretionary wedge sediments of the upper plate. These
faults can accommodate arc-parallel strain, facilitat-
ing bookshelf faulting of the forearc (Goldfinger et al.,
1996). A zone of listric normal faulting on the continen-
tal shelf offshore Grays Harbor suggests this region is
undergoing extension and is unaffected by the compres-
sive forces dominating the outer wedge (McNeill et al.,
1997).

The strength contrast at the inner-outer wedge transi-
tion or the dynamic backstop boundary (Frederik et al.,
2015; Kopp and Kukowski, 2003; Wang and Hu, 2006)
has been hypothesized to localize splay fault activ-
ity at other subduction zones, such as Nankai (Gulick
et al., 2010; Moore et al., 2007; Tobin et al., 2019) and
Alaska (Liberty et al., 2013; Ramos et al., 2022; von
Huene et al., 2021). We prefer the term inner-outer
wedge transition over dynamic backstop boundary and
use it throughout this paper. At Cascadia, the inner-
outer wedge transition marks the boundary between the
less consolidated, Pleistocene-dominated outer accre-
tionary wedge and the more consolidated, Miocene in-
ner accretionary wedge sediments (Frederik et al., 2015;
Kopp and Kukowski, 2003; Tobin et al., 2019; Wang and
Hu, 2006). At Nankai, the continuity of a major ac-
tive fault along strike at the boundary led to the use of
the term “megasplay” to distinguish this major domain-
bounding fault system from other splays in the outer
wedge (Tobin and Kinoshita, 2006). In both Nankai and
Alaska, there is evidence that splay faults have localized
slip in past megathrust events and serve as a potential
tsunami source (Moore et al., 2007; Ramos et al., 2022;
von Huene et al., 2021). Similar megasplay faults at the
inner-outer wedge transition have been proposed and
used for tsunami modeling at Cascadia (e.g., Gao et al.,
2018; Witter et al., 2013).

3 Methods

3.1 DataAcquisition and Processing

The 11 lines of high-resolution multichannel seismic re-
flection data used in this study were collected aboard
the R/V Rachel Carson in 2019 (Balster-Gee et al., 2023).
The seismic sound source was an Applied Acoustics
Delta sparker operated at 1.4 to 3.6 kJ and towed at
a nominal depth of 0.75 m. The data were recorded
using a 72-channel, ~450-m-long Geometrics GeoEel
hydrophone streamer sampled at 0.25 ms. Streamer
tow depth ranged from ~1 to 9 m, depending on sea
state. Two calibrated hydrophones were towed below
the sparker source to record near-field source signa-
tures at each source point, enabling deconvolution of
the mixed-phase and highly variable source (Kluesner
et al., 2018). All positioning was determined relative to
the ship’s GPS, with streamer and source positions as-
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sumed to follow the ship track.

The sparker data were processed through a workflow
including: crooked-line common-midpoint (CMP) bin-
ning at 3.125 m spacing; resampling from 0.25 to 0.5
ms, 70-400 Hz band-pass filtering; source designature
and deghosting using recorded source signatures; trace
editing; despiking; F-K filtering; semblance analysis
for stacking velocities; normal-moveout correction; re-
ceiver static correction and three-trace median filtering
in the channel domain; stacking; and post-stack time
migration. Versions of the migrated images with a 200
ms automatic gain control (AGC) and spiking deconvo-
lution applied were used for interpretation. The sparker
source provides usable reflections up to 1 km below the
seafloor but penetration depends heavily on the subsur-
face geology. Horizontal resolution of the data is set by
the 3.125 m CMP spacing. Vertical resolution based on
the peak frequencies in the migrated images is between
0.42 and 3.75 m.

We conduct joint interpretation of sparker data
with lower-resolution but deeper-penetrating 2-D multi-
channel seismic reflection data from the Cascadia Seis-
mic Imaging Experiment (CASIE21) collected on the R/V
Marcus G. Langseth in 2021 (Carbotte et al., 2023). The
data were collected using a 12 to 15 km streamer with
a 6600 cu in 36-airgun array source. Processing of the
data to pre-stack depth migration was carried out by
ION Geophysical. This study is based upon the analysis
of the 11 northernmost sparker dip lines and 8 nearby
CASIE?21 lines which cover the LVZ (Fig. 1a). These
lines are spaced from 30 km to a maximum of 60 km
apart. The lines traverse the accretionary wedge from
the incoming plate to the upper continental shelf, with
lengths ranging from 100 to 125 km. The usable sparker
penetration reaches about 1 second two-way travel time
(TWTT) below seafloor, or slightly less than 1 km, while
the CASIE21 lines image to >10 km below seafloor. All
seismic reflection profiles shown here face north, with
seaward (W) to the left and landward (E) to the right.
To aid in the identification of active faulting, we used
published GMRT 50-m gridded bathymetry (Ryan et al.,
2009) to conduct geomorphic analysis of bathymetric
features such as scarps and anticlines.

3.2 Seismic and Bathymetric Interpretation

The time-domain sparker seismic sections were used to
conduct a detailed stratigraphic and structural analysis
of near-surface deformation in the wedge and in shal-
low lower slope basins that lie atop the accreted mate-
rial. Principles of seismic stratigraphy were employed
to identify packages within each basin displaying simi-
lar seismic reflection characteristics, known as seismic
facies (Mitchum et al., 1977; Posamentier et al., 2022).
Significant reflectors separating these packages were
picked as horizons using the HIS Kingdom Suite seis-
mic interpretation software package. We focus on slope
basins because they represent the modern depocenters,
where sediments are more likely to accumulate con-
tinually than on steeper anticlinal structures, allowing
characterization of late-Pleistocene to Holocene defor-
mation.
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Figure2 Examples of typical deformational and sedimentary characteristics observed in time sections of sparker seismic
data in this study. a. A currently inactive fold with pre- or syndeformational strata shaded in blue below postdeformational,
flat strata in orange. b. An active fault-propagation fold which shows offset at the surface highlighted with arrows. ¢. An
active fold with a large seafloor signature. d. Seismic facies are defined in part by reflector geometries, e.g., where onlap
occurs at seismic facies boundaries. Each color in this image represents a distinct seismic facies. e. Colored packages thin
and onlap onto the anticline on the right boundary of the basin. The topmost green package shows thinning and surface
tilting, indicating recent activity of the anticline.
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b. Profile on bathymetry across the fault from B to B’ showing a 13 m seafloor fold signature. c. Sparker line showing basinal
fault that warps uppermost sediment package, indicating late Quaternary activity. VE=4.0x within the sediments using a
velocity of 1700 m/s. d. Same splay fault identified within CASIE21 Line PD06B as connecting to the décollement.
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Faults we map here are either surface-breaking or
buried (“blind”). For surface-breaking faults, we deter-
mine if they are active by whether they deform the sur-
face with a discrete fault scarp, which definitively in-
dicates Holocene activity (e.g., McCalpin and Nelson,
2009). Activity on buried faults is assessed by docu-
menting the geometry of strata deposited in overlying
or adjacent basins. Some active faults have seafloor fold
scarps but we do not discriminate between small and
large active folds because it is unknown how much of
this difference can be explained by potentially varying
sedimentation rates between basins or by differences in
rate or timing of folding (e.g., Fig. 2b-c).

Types of deformation and stratigraphic characteris-
tics considered in our analysis are shown in Fig. 2. The
most common reflection terminations in our seismic
data are onlap, a base-discordant relationship where
horizontal or inclined strata terminate against a surface
with greater inclination (Mitchum et al., 1977). This
is commonly seen at basin boundaries (Fig. 2e) or at
seismic sequence boundaries within basin sediments
(Fig. 2d). We also note intrabasinal unconformities sim-
ilar to others which have been noted in the past (e.g.,
McNeill et al., 2000). Thickening or thinning of stratal
units onto an anticline or a fault, known as growth
strata, are deposited during deformation, and are used
as a proxy for discerning activity on buried faults under-
lying anticlines next to each basin (Suppe et al., 1992).
Previous work has shown that sediment deposition oc-
curs largely on slopes below 5°, and that sediment by-
pass is most likely on steeper slopes (e.g., Hill et al.,
2017; Ross et al., 1994). Therefore, we consider tilt-
ing of basinal units above 5° a result of tectonic activity
rather than sediment deposition (Fig. 2e) and we mark
this angle on each sparker profile accounting for verti-
cal exaggeration. We measure the average angle of each
basinal unit adjacent to the flanking anticlines using an
assumed 1700 m/s sediment velocity to determine if it
exceeds this threshold. In areas where the seafloor is
steeper than 5° and nearby basins are not able to record
growth, this method cannot be applied.

It is well-established that the age of the outer accre-
tionary wedge in this region is Pleistocene (e.g., Sil-
ver, 1972)—with fossil evidence indicating that the out-
ermost ridges are less than 2 Ma (Barnard, 1978)—and
that there is a major structural boundary and age dif-
ference between the outer wedge and inner wedge do-
mains (e.g., Fisher etal., 1999; Flueh et al., 1998; McNeill
et al., 1997). We determine the recency of deforma-
tion based on relative ages of stratigraphic units in slope
basins atop the wedge; since basinal sediment depo-
sition continues to the present-day, the characteristics
of the uppermost sediments allow us to determine the
recency of deformation, which is likely much younger
than the age of the wedge itself. Sediment accumulation
rates within outer wedge slope basins offshore Washing-
ton varied between 2 and 40 cm/10° years during the late
postglacial 0-6750 B.P. and 6 and 29 cm/10° years dur-
ing the early postglacial 6750-10,000 B.P. (Barnard, 1978;
Caulet, 1995). Assuming a sediment seismic velocity of
1600 m/s and using the maximum sediment accumula-
tion rate, the Holocene represents 0.006 seconds TWTT,
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which is at most the top few reflectors of the sparker
data used in this study. This vertical resolution con-
straint prevents us from determining whether observed
deformation is explicitly Holocene unless discrete fault
offset reaches the seafloor, producing a seafloor scarp.
Instead, we categorize active faults as late Quaternary,
which encompasses the Holocene and the latest Pleis-
tocene, corresponding conservatively to the last 100,000
years, but in many cases much less. Older faults are
classified as broadly older Quaternary, indicating activ-
ity before 100,000 years ago but since the known outer
wedge formation at 2.58 Ma. Our use of high-resolution
data allows us to discriminate the faults that exhibit ev-
idence of activity in the very late Quaternary, and in
some cases Holocene, from those which do not show
evidence of true surface deformation, which we con-
sider inactive. Essentially all of the inactive faults iden-
tified herein are listed as active in published datasets
like the Quaternary Faults Database (Schmitt, 2017) and
the DOGAMI neotectonic map (Goldfinger et al., 2023);
hence our work constitutes a significant advance in
identifying the most recently active structures.

We employ the GMRT 50m gridded bathymetry (Ryan
et al.,, 2009) to map bathymetric signatures (fault-
propagation folds or fault scarps) of active faults along
strike between seismic lines (Fig. 3a). We quantify
fault strike and length for all located faults as well as
the height of seafloor signatures identifiable on the
bathymetry (Fig. 3b). The bathymetry is also used to
confirm the vergence of each fault by noting the steeper
side of each anticline. For fault-propagation fold anti-
clines where the fault itself is not imaged in the sparker
data, but is visible in the CASE21 MCS data, we map
their location at the place where the anticline meets the
seafloor, accounting for the fault vergence. These anti-
clines can be determined to be actively deforming or not
based on the onlapping relationship of basin-fill strata.
Inferred strike-slip faults are mapped based on the off-
set of anticlines visible in the bathymetry.

Once faults are identified in individual high-
resolution seismic sections in this manner, we compare
them to imaged faults in nearby or coincident lower-
resolution CASIE21 seismic lines to ensure that
identified splay faults are linked to the megathrust at
depth (Fig. 3d). This analysis helps determine the ver-
gence for faults that are near-vertical as they approach
the surface or for those underlying fault-propagation
fold anticlines. Combining these observations from the
sparker data, CASIE21 data, and the bathymetry allows
us to recognize faults which are continuous across
multiple lines and link these in our maps. Minor faults
which have little offset, are not spatially extensive,
and/or are not imaged at depth in the CASIE21 data are
shown in seismic profiles but are not included in our
final maps.

4 Results

4.1 Defining the active and inactive domains

We located faults throughout the outer wedge of the LVZ
using seismic reflection data (Fig. 4). A comparison of
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Figure 4 Structural map of the outer accretionary wedge in the landward vergence zone. Landward-vergent thrusts are
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Canyons are labeled. The locations of subset maps used in subsequent figures are shown in light grey. Propagator wake
shear zones on the downgoing plate shown in white from (Nedimovi¢ et al., 2009).
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slope basins within 30 km of the deformation front to
those located in the innermost outer wedge closer to the
inner-outer wedge boundary shows that they record a
profound difference in deformational history and tec-
tonic stratigraphy. This leads us to establish two main
zones of the outer wedge, the active domain and the inac-
tive domain. The boundary between the active and inac-
tive domain follows a similar map pattern to the inner-
outer wedge transition along the margin. We display
transects across the active-inactive domain boundary to
show how basinal characteristics differ on either side
(Fig. 5).

The active domain of the outer wedge varies in width
from ~15 to 30 km, defined by the prevalence of late
Quaternary faulting at the deformation front and land-
ward. It is characterized by prominent seafloor fault
signatures and seismically imaged faulting or basinal
growth strata to the seafloor. Most basins in the ac-
tive domain are filled with syndeformational packages
which indicates continuous fault activity during sedi-
ment deposition throughout the lifetime of the basin
(Fig. 5a, f). Some basins within the active domain con-
tain prominent faults which offset the seafloor (Fig. 5a,
f). Others do not contain identified surface-breaking
faults but show tilting of topmost packages at greater
than 5° indicating activity of faults underlying adjacent
anticlines.

We define the inactive domain as the landward por-
tion of the outer wedge which lies between the active
domain and the inner wedge and contains mostly older
Quaternary faults. It varies in width from ~20 to 40
km and is characterized by flat, wide, and thickly sed-
imented basins with deeply buried faults. Only one
seafloor fault signature is evident in the multibeam
bathymetry in this region. These basins record synde-
formational deposition of sediments in their bottom-
most units with widespread imaged faults (Fig. 5b), thin-
ning of units, or small-scale folding (Fig. 5g). How-
ever, in contrast to the active domain, basins in the inac-
tive domain have postdeformational topmost packages
which show no stratal thinning or thickening (Fig. 5b,
g). Usually, a distinct unconformity separates these two
types of tectonic strata (e.g., Fig. 5g).

4.2 The active domain

Concentrated late Quaternary faulting defines the ac-
tive domain, where 35 of 38 active faults in the map
area are located (Fig. 4). Landward-vergent thrust faults
dominate the active domain, with only four seaward-
vergent active faults imaged. Fault strike of thrusts in
the active domain varies between 322° at the north end
to 17° at the south end of the map area, following a
change in the obliquity of subduction along the margin.
Fault length varies from 7.5 to 70.2 km, with an average
length of 29.7 km.

The active domain includes the deformation front
which rather than being a single continuous fault is
segmented along strike by mostly WNW-striking strike-
slip faults into at least seven parts (Fig. 4). The de-
formation front region is characterized by thin basi-
nal sediments with some faults which produce measur-

able seafloor scarps, indicating Holocene activity. The
frontal thrust in the map area is primarily landward-
vergent, but some short seaward-vergent frontal thrusts
are present south of Willapa Canyon. Incipient thrust
formation in multiple locations indicates the contin-
ued advance of the deformation front seaward. East-
ward of the deformation front, the geomorphology of
the active domain is typical of that of the LVZ, with
widely spaced thrust sheets overlain by thick basinal
sediments. Instead of seafloor scarps that characterize
frontal thrust, evidence of faulting such as folding or
warping of topmost sediment packages are more preva-
lent in the bathymetry.

At the northern end of the LVZ, the active domain is
narrow, about 15 km in width, and contains landward-
vergent faults which underlie closely spaced anticlines
separated by small basins. The frontal thrust is cut
by strike-slip Fault A at a large landslide scarp on the
frontal anticline around 47.6°N, causing a 2 km left-
lateral offset of the frontal thrust (Fig. 4). Here, the ac-
tive domain widens to 28 km but the fault spacing re-
mains similar to north of Fault A at 8 km or less between
each landward-vergent splay fault. A new landward-
vergent thrust is the dominant frontal thrust south of
Fault A, which is again cut by strike-slip Fault B, show-
ing less (~1 km) apparent left-lateral offset. The first
fault east of the deformation front is an active landward-
vergent thrust with a prominent 13 m high seafloor
scarp 24 km in length, located in the middle of an 8 km
wide basin (Fig. 3). This fault is well-imaged in two
sparker lines as well as a CASIE21 MCS line, allowing
us to trace it from the décollement to the near-surface
(Fig. 3c-d). Though the fault tip does not break the sur-
face at the available resolution of imaging, the upper-
most sediment package is warped, and there are abun-
dant growth strata in the basin, indicating late Quater-
nary activity of this fault (Fig. 3c).

Two active landward-vergent faults appear south of
Fault B in an 18 km wide basin that crosses the active-
inactive domain boundary (Fig. 3d). The westward fault
in the fault pair has a seafloor fold 48 m high (Fig. 5a).
These faults branch in the near-surface but connect at
depth as well as merging into one fault along strike at
the South Nitinat Fault (Fig. 5d). Between the North and
South Nitinat strike-slip faults, a new 16 km long incipi-
ent frontal thrust forms seaward of the previously domi-
nant frontal thrust. In this area, the deformation frontis
composed of two imbricated fault-propagation folds un-
derlain by landward-vergent faults approximately 1 km
apart.

Just south of the South Nitinat Fault, the two frontal
thrusts are spread farther apart to 4 km, and the west-
ward thrust is the dominant frontal thrust for 61 km
along the margin, while the second thrust is continuous
for 52 km (Fig. 6a). In this region, the active domain
is 20 km wide and is characterized by fewer anticlines
separated by wider basins with a thicker and smoother
sediment cover. The deformation front is defined by an
imbricated fault-propagation fold where two landward-
vergent faults break to the seafloor; the eastward one
has a scarp of 70 m visible on bathymetry (Fig. 6b). At
46.7°N, the frontal thrust scarp is 44 m in height where it
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Figure5 Comparison of tectonic stratigraphy across the active-inactive domain boundary. a. Detail of active domain basin
from panel (c). Two active landward-vergent faults with syndeformational strata. b. Detail of inactive domain basin from
panel(c). Buried landward-vergentinactive thrust with syndeformational strata in basin bottom and postdeformational strata
above. c. Sparker profile of wedge across active-inactive domain boundary. VE=4.90x within the sediments using a velocity of
1700 m/s. d. Map showing location of A-D, F-G. e. Sparker profile of wedge across active-inactive domain boundary. VE=2.48x
within the sediments using a velocity of 1700 m/s. f. Detail of active domain basin from panel (d). Active late Quaternary fault
cuts syndeformational strata. g. Detail of inactive domain basin from panel (d). Syndeformational strata showing folding

separated from postdeformational strata by an unconformity.

is visible in a large coulee (Fig. 6a; described in Beeson
et al., 2017). This frontal thrust is segmented at 46.4°N
where the right-lateral offset on Fault E displaces the
anticline seaward by 4 km. At the active-inactive do-
main boundary, two short, 9 km long inactive seaward-
vergent faults are imaged.

We identify two, short (~14 km) incipient frontal

thrusts at 46.3°N forming 5 km seaward of the well-
developed frontal thrust offset by Fault E (Fig. 6a). The
seaward-vergent incipient thrust is cut by the more ac-
tive landward-vergent incipient thrust, which produces
a seafloor signature (Fig. 6¢). Just south of 46.2°N, both
incipient frontal thrusts as well as the previously domi-
nant frontal thrust end as the deformation front steps

SEISMICA | volume 2.4 | 2024



SEISMICA | RESEARCH ARTICLE | Special Issue: The Cascadia Subduction Zone | Active Splay Faults in the Outer Accretionary Wedge

b surface-breaking
frontal thrusts
connect at depth .,

47°N

46.5°N

= ; s fold with § previous surface-breaking |2.0
| | £\ seafloor signature frontal thrust %, frontal thrust 2.2
] 2 ‘\ \‘" ) 2 | . . 24 —5° A " 7 : ‘ ‘ 24

46°N

N A
seaward-vergent thrust cut by fold with active fault with
active landward-vergent frontal thrust seafloor signature  basin warping

45.5°N
thrust faults:

4 LV

sv
7 Older thrust
| faults:

Depth (km)

Lv
SV

T T T
126°W 125.5°W

Figure6 Characterization of the active domain along strike. Vertical exaggeration (VE) for all sparker profiles shown is 2.45x
within the sediments using a velocity of 1700 m/s, except d which has a VE=2.0x a. Map showing the location of b-g. Late Qua-
ternary active thrust faults which act as the frontal thrust in each location are highlighted with bold lines. b. Sparker profile.
Doubly folded frontal anticline with two active surface-breaking landward-vergent thrusts with another fault-propagation
fold imaged seaward. c. CASIE21 image. An incipient seaward-vergent frontal thrust is cut by an incipient landward-vergent
frontal thrust. The well-developed frontal thrusts from north of this line (landward-vergent) and south of this line (seaward-
vergent) are imaged. d. Sparker profile. Typical appearance of basins documenting late Quaternary faulting within the active
domain. An active landward-vergent thrustisimaged in basin on left and anotherisinferred under anticline in middle of panel
due to presence growth strata in basin nearby. e. Sparker profile. Frontal anticline controlled by a landward-vergent frontal
thrust with an additional late Quaternary active frontal thrust creating a seafloor fold in the basin behind it. f. Sparker pro-
file. Frontal anticline with surface-breaking frontal thrust. g. CASIE21 image showing location of basins in d and e. Westward
active fault with seafloor warping shown in d appear in the right basin. Landward-vergent frontal thrust and second thrust
with seafloor fold signature shown in e appear in the left basin.

landward by 15 km to a seaward-vergent thrust for a Between the Willapa Canyon Fault and Fault F, mixed
32 km span, which decreases the width of the active vergence dominates both the active and inactive do-
domain from 22 km to 15 km. Both incipient frontal mains (Fig. 4). The width of the active domain is at its
thrusts, the well-developed landward-vergent frontal minimum value, around 15 km, when crossing Astoria
thrust, and the seaward-vergent frontal thrust are im- Canyon, and begins to increase again to the south. Reg-
aged in Fig. 6c. ularly spaced, 15 km wide thrust sheets with a smooth
10
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sedimentary cover are typical in this area. Faults in
basins which create seafloor folds or fault propagation
fold anticlines with basinal growth strata to the surface
remain common in this region (Fig. 6d).

South of Astoria Canyon, the deformation front is de-
fined by a continuous landward-vergent frontal thrust
65 km in length (Fig. 6a). While this fault itself is deep-
seated and not well-imaged in sparker data, sediment
packages onlapping onto the frontal anticline indicate
recent activity (Fig. 6d). This landward-vergent frontal
thrust cuts a less active, shorter, 13 km long seaward-
vergent thrust at the deformation front (Fig. 6f). Farther
south at 45.3°N, the offset on this fault is smaller, so we
classify it as a protothrust and do not extend it on the
map. The second active fault at 45.5°N comes close to
the seafloor, producing alarge fold with a seafloor signa-
ture (Fig. 6d-f). This fault is the dominant frontal thrust
at 45.3°N and produces a prominent 20 m seafloor scarp
in this region (Fig. 6f).

From 45.5°N to 45.1°N, we observe active faulting to
the inner-outer wedge boundary, so we extend the ac-
tive domain to 40 km in width to encompass the en-
tire outer wedge (Fig. 7a). Fault spacing decreases to 10
km and anticlines become more closely spaced and less
distinct. Thinning and warping of the uppermost sedi-
ment package is observed above three active landward-
vergent thrusts at 45.5°N (Fig. 7b). The westernmost
active fault imaged in Fig. 7b has an 80 m high fold at
the seafloor. Farther south, by 45.3°N, the typical geo-
morphic character of the LVZ is replaced by an uplifted
plateau-like region without distinct anticlines. In this
area, faulting to the surface is widespread (Fig. 7c). On-
lapping sediment packages with no stratal thinning ap-
pear to the east of this active plateau, but they do not
drape the uplifted zone, so it is uncertain whether the
surface-reaching faults we image are active in this area.
Regardless, we classify this area as active, though its fea-
tures are much different from the active domain we ob-
serve in most of the LVZ.

4.3 Theinactive domain

In the inactive domain, we identify 26 older Quater-
nary faults and three late Quaternary active faults, in
addition to four inferred but not imaged thrusts. These
faults exhibit lengths ranging from 5.4 to 64.2 km, with
an average length of 25.1 km. The inactive domain fault
strikes vary between 316° in the north and 345° in the
south end of the LVZ. Landward vergence is observed
for 21 of 29 imaged faults.

The inactive domain at the northern boundary of the
LVZ at 48°N is approximately 20 km wide (Fig. 4). We
map only two faults in this area which are traces of
two seafloor anticlines near the active-inactive domain
boundary. These faults are short, 19 and 26 km in
length, and are not crossed by any seismic lines, so are
mapped as inferred thrusts. The Juan de Fuca Canyon
turns toward the north at 47.55°N, covering the inactive
domain with channel deposits in this region and obscur-
ing possible faults.

South of the Quillayute Channel, distinct anticlines
reappear, and minimal channel deposits allow the map-
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ping of many inactive faults in this region. Between
47.4°N and 46.7°N, there is a region of prominent older
Quaternary landward-vergent thrusting. The faults
here are closely spaced at approximately 4 km apart. We
map 11 of these faults in this area, ranging from 11 to
55 km in length. Basins in this region show flat strata
with no deformation in the uppermost several sediment
packages, indicating no recent activity, with some ex-
amples of buried faults (Fig. 5b) and unconformities
(Fig. 5g). Just south of Quinault Canyon is the widest
point of the inactive domain at 41 km across.

South of Grays Canyon, the inactive domain de-
creases in width again to about 25 km wide (Fig. 8b).
Channel deposits and wide line spacing limit imaging
of deformation in this region, but we do identify two
inferred thrust faults 29 and 15 km in length based on
seafloor geomorphology (dashed black lines, Fig. 8b).
Between Willapa Canyon and the southern boundary of
the inactive domain, there is a zone of mixed vergence.
Anticlines increase in number and have a consistent
spacing of approximately 8 km separated by wide, flat
basins. The strike-slip Willapa Canyon Fault marks an-
other wide point of the inactive domain where it mea-
sures 41 km across. The sparker imaging does not cap-
ture the area between Willapa and Astoria Canyons, but
we use the CASIE21 data to identify four older Quater-
nary faults here, two of which have seaward vergence.
These faults appear discontinuous and do not cross to
the south of Astoria Canyon.

In the southernmost section of the inactive domain,
around 45.9°N, vergence of faults alternates and fault
spacing is 7km on average (Fig. 8b). There are four inac-
tive landward-vergent and two inactive seaward-vergent
thrusts imaged, ranging in length from 11 km to 64 km.
The basin landward of the seaward-vergent thrust just
south of Astoria Canyon shows growth strata at depth
and flat-lying strata in the near-surface separated by at
least one prominent unconformity (Fig. 8c), confirm-
ing that both faults underlying the anticlines adjacent
to this basin and imaged in the CASIE data are inac-
tive (Fig. 8f). Another nearby basin shows a similar de-
crease in the presence of growth strata from depth to
surface, with little activity at present (Fig. 8e). These
basins are typical of those imaged throughout the inac-
tive domain.

Faults near the southern termination of the inac-
tive domain also show larger differences in evidence
of activity along strike (Fig. 8b). For instance, the an-
ticline nearest to the inner-outer wedge boundary has
two inactive landward-vergent branches while the main
branch shows late Quaternary activity (Fig. 8b). An ac-
tive splay from the middle of the main thrust has a
seafloor anticline height of 160 m above the adjacent
basin. Similarly, just south of strike-slip Fault F and
near the active-inactive domain boundary, a structural
high emerges where a landward-vergent thrust changes
activity along strike from inactive to active at 45.65°N
(Fig. 7a, 8b). We terminate the inactive domain at this
latitude as active faults become common throughout
the entire outer wedge to the inner-outer wedge tran-
sition.
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Figure 7 The southern portion of the active domain. a. Map showing location of b-c. b. Wide basin near landward edge of
active domain showing near-surface deformation of youngest sediments. VE=3.64x within the sediments using a velocity of
1700 m/s. c. Complex active faulting imaged at surface. VE=1.46x within the sediments using a velocity of 1700 m/s.

4.4 Theinner-outer wedge transition

Four seaward-vergent inactive faults are adjacent to
or co-located with the inner-outer wedge boundary
(Fig. 4). In the LVZ, we observe the presence of these
faults in the CASIE21 data, but none show activity in
the near-surface sparker data, indicating they are cur-
rently inactive. The northernmost fault associated with
this boundaryis at47.5°N where an inactive, 21-km-long
fault-propagation fold anticline crosses the boundary at
a 19° strike. This strike direction is unique compared to
the other faults we image located near the inner-outer
wedge transition. In the basin to the west of this an-
ticline, a short, 5 km inactive seaward-vergent thrust
and a longer, 14 km active landward-vergent thrust are
present.

A second seaward-vergent inactive thrust 13 km in
length is located just south of Quinault Canyon (Fig. 8b).
Like the remainder of the faults we discuss here, this
thrust occurs at a slope angle that marks the inner-outer
wedge transition. Similarly, a third imaged fault is lo-
cated at the base of the slope between Grays and Willapa
Canyons. This seaward-vergent thrust at the inner-outer
wedge transition is longer at 43 km in length. Though
this fault is clearly imaged in the CASIE21 data in this
region, the sparker data do not image the fault itself
(Fig. 8a). Rather, they capture the overlying sediments,
which form a steep, non-depositional slope. The sed-
imentary package west of this slope documents the
bending of strata at depth unconformably overlain by
flat-lying sediment, indicating this region is no longer
uplifting and the fault responsible for the older phase
of basin deformation is no longer active. However, the
fault imaged in the CASIE21 data appears to intersect
the seafloor on a sloping surface that has no recent sed-
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iment drape discernible in the sparker imagery. There-
fore, we cannot rule out the possibility of recent fault
activity along the CASIE21 structure.

The southernmost imaged fault, located south of As-
toria Canyon, is the longest one associated with the
inner-outer wedge transition in the LVZ, measuring 58
km in length. The basin to the west of the slope break
shows growth and tilting at depth but decreasing activ-
ity to present (Fig. 8d). Similar to the previous exam-
ples, we consider this fault inactive.

4.5 Strike-slip faults

Strike-slip faults at a high oblique angle to the conver-
gence direction cross-cut these zones of activity and
may offset both active and inactive thrust fault struc-
tures. Strike-slip faults are inferred using bathymetry
rather than in the seismic profiles, where oblique struc-
tures can be difficult to identify. In general, we observe
strike-slip faults offsetting anticlinal ridges in the active
and inactive domains resulting in the segmentation of
thrust faults into shorter sections along strike. We iden-
tify 9 left-lateral and 1 right-lateral strike-slip faults, 7 of
which strike west-northwest at 93° to 112° (Fig. 4). The
remaining 2 faults strike northeast at nearly 90° to the
predominant strike-slip fault orientation. Most of the
strike-slip faults we map are located in the northern por-
tion of the LVZ between the Juan de Fuca and Willapa
Canyons, with two faults south of the Willapa Canyon
Fault.

Fault A is 26 km in length and newly identified in this
study based on the 2 km offset of the frontal thrust at
47.6°N. Fault B is coincident with an unnamed thrust
fault in the Quaternary Faults Database (Schmitt, 2017)
but we interpret the offset along this fault to be mostly
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Figure 8 The inactive domain. Arrows without faults on annotated sparker profiles indicate the vergence of underlying
faultswhich are notimaged in the sparker data butareimaged in the CASIE21 data. a. Sparker profile. Near-surface at location
of inner-outer wedge transition showing flay-lying packages nearby. VE=2.40x within the sediments using a velocity of 1700
m/s. b. Map showing location of a, c-f. c. Sparker profile. Basin with flat-lying near-surface packages above a significant
unconformity shows typical appearance of inactive domain basins. VE=1.40x within the sediments using a velocity of 1700
m/s. d. Sparker profile. Basin at inner-outer wedge transition showing inactivity of seaward-vergent thrust. VE=2.67x within
the sediments using a velocity of 1700 m/s. e. Sparker profile. No present-day deformation on adjacent landward-vergent
and seaward-vergent faults recorded in basin. VE=1.41x within the sediments using a velocity of 1700 m/s. f. CASIE21 image
showing location of basins in e and ¢ above inactive mixed vergence splay faults.

left-lateral due to the apparent offset of the two anti-
clines it crosses. The location of the North and South
Nitinat Faults are slightly modified from representa-
tion of these faults in the Quaternary Faults Database
(Schmitt, 2017) based on our analysis of the GMRT
bathymetry in this study. The North Nitinat Fault
crosses the frontal thrust, as well as two thrusts at the
edge of the active domain, although not much offset of
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these anticlines is observable on the seafloor. The South
Nitinat Fault appears to offset the frontal thrust by 4 km
at 47.05°N.

Faults C and D are newly identified left-lateral strike
slip faults 20 and 42 km in length, respectively, based
on the seafloor geomorphology of anticlines in this area
and lineations present in the bathymetry (Fig. 4). Nei-
ther of these faults is present in the Quaternary Faults
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Database (Schmitt, 2017) nor in the DOGAMI neotec-
tonic map (Goldfinger et al., 2023). Fault E is modified
in our study from initial observations by Beeson et al.
(2017) and is the only right-lateral strike-slip fault in our
map area. It offsets both the frontal and second anti-
clines by 2.5 km and has the highest apparent offset of
any strike-slip fault in our study.

Just south of Fault D, the Willapa Canyon Fault is
mapped at an updated location relative to the Quater-
nary Faults Database (Schmitt, 2017) due to observed
offset along anticlines in both the active and inactive
domain on the multibeam bathymetry. South of the
Willapa Canyon Fault, there are only two additional
strike-slip faults we identify (Fig. 4). Fault F is 28 km
in length and is updated from an unnamed fault in
the Quaternary Faults Database (Schmitt, 2017) based
on its offset of several faults in the inactive domain.
The southernmost strike-slip fault in our study area
is the Wecoma Fault, whose location has been well-
established by others (e.g., Appelgate et al., 1992; Tobin
et al., 1993).

5 Discussion

We document widespread late Quaternary active fault-
ing within the outermost, active domain of the outer
wedge in the LVZ, and show that recent fault activity
diminishes landward and is nearly nonexistent in the
inactive domain. Based on the evidence we have pre-
sented above, we propose a conceptual model of Qua-
ternary wedge evolution (Fig. 9) in which a concentrated
zone of deformation spanning 3-4 individual thrusts and
associated thrust sheets forms a continuously seaward-
migrating zone of concurrent deformation 15 to 30 km
wide; basins landward of this zone subsequently fill
with thick sediment and fault activity subsides, creating
a zone of no recent fault activity 20 to 40 km wide—the
inactive domain.

5.1 Deformational domains and along-strike
changes

We observe a major transition in outer wedge fault ver-
gence and late Quaternary fault distribution occurring
between 46.3°N and 45.5°N, separating the northern LVZ
and the southern map area (Fig. 4). There is a transition
at46.3°N from predominantly landward vergence in the
north to mixed vergence in the south. South of Asto-
ria Canyon, the inactive domain decreases in width sud-
denly from 32 km at 46°N to 0 km at 45.5°N. The south-
ernmost portion of our map area displays a different
morphology from the rest of the LVZ, with the smallest
outer wedge width and no region of widespread buried
inactive faults (Fig. 7a). This contrast in outer wedge
characteristics we document aligns with previous work
that has designated a major along strike segmentation
boundary at 46°N due to a change in the morphotec-
tonic character of the accretionary wedge, such as a de-
crease in outer wedge width and an increase in outer
wedge slope (Watt and Brothers, 2020). This leads us
to conclude that the pattern of active and inactive do-
main faulting we propose here is restricted to the LVZ
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between 48°N and 45.5°N and does not continue to the
south of this area.

We detect only rare and spatially limited recent de-
formation associated with the inactive domain or in the
inner-outer wedge transition. While there are seaward-
vergent thrusts coincident with this boundary, notably
the two faults between Grays and Astoria Canyons
and the fault south of Astoria Canyon, analysis of the
sparker seismic data indicates that deformation associ-
ated with these faults has decreased over time (Fig. 8a,
7c). Faults associated with this boundary may appear
well-developed in crustal-scale seismic reflection data ,
indicating a large amount of cumulative slip, but such
data sources lack the resolution to discriminate recent
(i.e., late Quaternary) slip from longer timescale cumu-
lative deformation. Our analysis suggests that faults at
the inner-outer wedge transition in our map area have
not experienced late Quaternary slip and thus are inac-
tive at present.

While northwest-southeast oriented strike-slip fault-
ing in this region has been well-documented (e.g., Ap-
pelgate et al., 1992; Han et al., 2018; McNeill et al., 1997,
Goldfinger et al., 1996), there has been little investiga-
tion into the mechanics of faults oriented northeast-
southwest, such as Fault E (Beeson et al., 2017) and Fault
F. We note that these faults strike at the same orientation
as propagator wakes in the downgoing plate (Nedimovic
et al., 2009), suggesting that strike-slip fault orientation
may be influenced by lower plate topography (Fig. 4).
Differential offset of anticlines along strike-slip faults
may illuminate relative timing of fault formation. For
example, the offset of the frontal thrust at Fault B (~0.5
km) is smaller compared to the offset of the second anti-
cline thrust (~1.4 km), indicating that the frontal thrust
is more recently formed in this region and there has
been less time for strike-slip motion to offset it.

5.2 Uncertainties in mapping faults without
age constraints

Because the morphology of active fault seafloor defor-
mation depends on a variety of unknown factors, such
as the integrated slip rate, the syntectonic sedimenta-
tion rate, and fault dip (Chiama et al., 2023), we have
not distinguished between surface-breaking or buried
active faults. However, we note cases of fault scarps
with discrete surface offset, which definitively indicates
Holocene and likely coseismic activity (McCalpin and
Nelson, 2009). Three faults meet this criterion, all of
which are located at the deformation front (Fig. 6b, e).
The remaining faults in the active domain often pro-
duce seafloor fault signatures, but their fault tips do not
reach the surface with displacement more than the ver-
tical resolution of the sparker data (<3.75 m). This dif-
ference is likely because the frontal thrust faults are
more recently formed rather than a difference in re-
cency of activity between late Quaternary faults. Ad-
ditionally, slope basin sediments are composed largely
of turbidites and debris flows derived from adjacent
anticlines and thus sedimentation rates are dominated
by local, non-average effects and may vary widely be-
tween individual basins (Barnard, 1978; McAdoo et al.,
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Figure 9 Conceptual model of wedge evolution. a. In the Pliocene, the present-day inner wedge composed the entire
accretionary wedge in the LVZ. b. Quaternary glaciation begins at the beginning of the Pleistocene 2.58 Ma increasing the
sedimentation rate and causing the outer wedge to build seaward continuously. The present-day inactive domain (basins 1-
2) hosts active faults. c. Active domain basins 3-5 are formed and inactive domain basins 1-2 become inactive. Fault activity

in the active domain continues today.

1997), as well as by the availability of accommodation
space within each basin. This variability prevented us
from identifying any reflectors which correlate across
basins. The confounding effect of variable sedimenta-
tion rate means that we cannot quantitatively determine
slip rates nor per-event displacements for specific faults
without widespread coring and age dating of individual
slope basins.

5.3 Conceptual model of wedge evolution
during the Quaternary

The Cascadia subduction zone, particularly the LVZ,
is known for its thick supra-wedge sedimentary cover
among subduction zones worldwide. Sediment supply
and accumulation rates are heavily influenced by cli-
matic factors such as ice ages; for example, heavy sed-
imentation during the last glacial period, which ended
approximately 11,000 years ago, extensively flooded the
accretionary wedge in this region (Barnard, 1978; Un-
derwood, 2002). Glaciation extended to the Juan de Fuca
Strait, but glacially derived sediments were deposited
largely between the Juan de Fuca and Astoria Canyons
(Booth et al., 2003; Hill et al., 2022; Riedel et al., 2018).
Heavy wedge-top sedimentation has been shown to
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influence accretionary wedge evolution and mechan-
ics. Mechanical modeling indicates that high hinter-
land sediment input can produce widely spaced thrust
sheets with low surface slope (Simpson, 2010), similar
to the morphology of the LVZ at Cascadia. Specifically,
high slope basin sedimentation tends to suppress un-
derlying fault activity (Fuller et al., 2006), so that de-
formation either migrates outside of the sedimentation
zone or resumes after sediment rate decreases by reac-
tivating or forming out-of-sequence thrusts to reattain
critical taper (Mannu et al., 2016, 2017).

Based on these previous findings and our results here,
we present a conceptual model of wedge evolution for
the LVZ during the Quaternary (Fig. 9). At the end of
the Pliocene, the entire accretionary wedge consisted of
the present-day inner wedge (Fig. 9a). At the ~2.58 Ma
onset of Pleistocene glaciation, the accretionary wedge
began to grow seaward by actively forming the now-
inactive domain of the outer wedge through the for-
mation of dominantly landward-vergent faults (Fig. 9a;
e.g., Adam et al., 2004). Deformation during this time
was widespread in the present-day inactive domain,
and syndeformational strata were deposited in basins 1
and 2 (Fig. 9b). Heavy glacially induced sedimentation
caused the deformation front to step seaward rapidly
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and continuously during the Pleistocene, creating the
entire present-day outer wedge (basins 3-5). As defor-
mation migrated outward, faults deactivated in basins 1
and 2 and were buried by thick postdeformational strata
(Fig. 9c). Deposition of these strata into forearc basins
“turns off” the underlying faults, forcing migration of
the active domain seaward (Fuller et al., 2006; Mannu
et al., 2017; Simpson, 2010). We posit that an active do-
main consisting of the deformation front accompanied
by a ~30 km region of active faulting therefore steps sea-
ward continually over time, with faults trailing behind
this zone becoming largely inactive. Our documenta-
tion of multiple incipient frontal thrusts and surface-
breaking scarps at the deformation front suggests that
this process is ongoing (e.g., Fig. 6b, c, e).

The outer wedge changes character south of As-
toria Canyon because glacial sedimentation largely
was deposited to its north (Booth et al., 2003; Riedel
et al., 2018), and Holocene sedimentation has also
been markedly lower south of Willapa Canyon (Barnard,
1978). We posit that the comparatively lower sediment
input in our southernmost map area caused the defor-
mation front to step seaward less significantly than in
the rest of the LVZ and thus did not create an inactive
domain in this region. Basins in the present-day outer
wedge were likely not buried as completely and fault ac-
tivity did not entirely deactivate as in the inactive do-
main elsewhere, instead remaining active throughout
the Pleistocene (Fig. 7c, d).

Our conceptual model argues that rapid wedge-top
sedimentation is the main control on atypical morphol-
ogy and distribution of fault activity of the LVZ at Cas-
cadia, and the key role of sediments in controlling
wedge morphology is bolstered by similar observations
at other sediment-rich subduction zones and modeling
work based on critical wedge theory (e.g., Mannu et al.,
2016; Simpson, 2010). For example, fault activity map-
ping at Makran—which has both high sediment thick-
ness on the incoming plate as well as a high hinter-
land sediment supply—identified a belt of continuously
active seaward-vergent faults close to the deformation
front, with activity diminishing landward (Smith et al.,
2012), similar to the pattern of landward-vergent faults
we document at Cascadia. Along-strike morphotectonic
changes at Sumatra are linked with variability in incom-
ing sediment thickness, and the location of landward
vergence is correlated with the highest sediment input
(McNeill and Henstock, 2014), analogous to the Casca-
dia case. Wedges with a high hinterland sediment in-
putand which exhibit low taper are supercritical, rather
than subcritical, but still stable (Simpson, 2010). This
can be ascribed to an increase in vertical stress which
in turn reduces differential stress and renders fault slip
unfavorable (Simpson, 2010).

5.4 Implications for megathrust rupture and
tsunami generation

Recentlarge megathrust events have highlighted the po-
tential for shallow fault slip, both along the décolle-
ment and on splay faults within the accretionary wedge.
For example, seismic and geological work has estab-
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lished that two splay faults slipped coseismically during
the 1964 My, 9.2 Alaska earthquake (Liberty et al., 2013;
Plafker, 1969). Seafloor scarps documented shortly
after the 2004 My 9.1 Sumatra earthquake indicate
that wedge faults either slipped coseismically, or bend-
ing moment faulting occurred while the décollement
slipped below them (Henstock et al., 2006). Fault scarps
at the deformation front created by the My 9.1 2011
Tohoku-Oki earthquake have been identified and calcu-
lations suggest that up to 120 m of slip was accommo-
dated (Ueda et al., 2023).

In this work, we have documented near-surface late
Pleistocene to Holocene deformation on numerous
splay faults offshore Washington and northern Oregon,
and previous studies using lower-resolution seismic re-
flection data have shown that displacement at depth
amounts to kilometers of slip (e.g., Adam et al., 2004;
MacKay, 1995; Booth-Rea et al., 2008). The observed
displacement on active faults in the outer wedge must
be formed by either (a) continuous steady creep, (b)
rapid coseismic slip, (c) afterslip immediately follow-
ing a large rupture, or (d) some combination of these
processes. The accretionary wedge in this region is
known to be either strongly geodetically locked or lying
in a stress shadow zone; either way, it is accumulating
slip deficit rather than steadily creeping (Lindsey et al.,
2021).

Discriminating between slow steady creep during the
interseismic period and rapid coseismic slip and after-
slip during megathrust rupture in sparker seismic re-
flection profiles is difficult and likely requires combined
detailed bathymetric and structural analysis based on
even higher resolution imaging (e.g. AUV bathymetry
and chirp). Limited other studies have documented that
afterslip may represent 20% to 50% of the documented
total slip for megathrust events, the remainder of which
is coseismic (e.g., Brooks et al., 2023; Lin et al., 2013).
This implies that even if some of the offset visible on
seismic data is due to afterslip, at least a portion to a
majority of the accumulated slip on each fault is coseis-
mic in nature. Considering these lines of reasoning,
we therefore conclude that a large portion of the ac-
tive domain deformation we show here is likely rapid,
coseismic slip that produces seafloor displacement and
therefore uplift during megathrust earthquakes. The
discrete surface scarps with brittle offset that we docu-
ment here (e.g., Fig. 6b, f) are categorically considered
evidence of coseismic slip in terrestrial environments
(e.g., Chiama et al., 2023), but even seafloor fold scarps
we show would be geomorphic evidence for surface-
rupturing earthquakes, and would be sites chosen for
paleoseismic investigation were they on land (e.g., Mc-
Calpin and Nelson, 2009).

An additional argument favoring coseismic rapid slip
events on these splays is that the frictional conditions
for shallow slip are met at Cascadia due to the thick
sediment cover and young age of the subducting plate.
The 100-150°C threshold at which a variety of low-grade
metamorphic processes occur is thought to correspond
to the minimum temperature for earthquake nucleation
at subduction zones (Hyndman and Wang, 1993; Moore
and Saffer, 2001). This condition is met at Cascadia
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Figure 10 Proposed model of coseismic slip in the LVZ during megathrust events. The décollement hosts large slip to the
toe of the accretionary wedge, inducing slip on the frontal thrust and other splay faults in the active domain (colored red).
The inactive domain faults, including at the inner-outer wedge boundary, do not slip, and the displacement is efficiently

transferred up the megathrust to the toe region.

above the plate interface and within the accretionary
wedge sediments, suggesting that shallow seismogenic
behavior on the megathrust and splay faults is possi-
ble (Salmi et al., 2017). Recent thermal modeling at
Sumatra suggests that shallow diagenetic strengthening
of wedge sediments prior to the deformation front due
to thick sedimentary cover played a role in driving shal-
low slip during the 2004 M, 9.1 event (Hiipers et al.,
2017; Stevens et al., 2021). At Nankai, core samples
documenting frictional heating of shallow sediments
from coseismic slip along the megathrust and megas-
play faults confirm that shallow slip in accretionary
wedges is possible (Sakaguchi et al., 2011; Yamaguchi
etal., 2011). Earthquakes may in any case slip into shal-
low regions below the 100-150°C threshold due to dy-
namic overshoot, as was likely seen in the 2011 Tohoku-
Oki earthquake (e.g. Ide et al., 2011; Sun et al., 2017).

In the past, backward rupture branching was per-
ceived to be improbable, so rupture propagation be-
tween faults connected at acute angles was not con-
sidered. However, dynamic modeling has found that
slip on the megathrust can activate multiple seaward
or landward-vergent accretionary wedge faults through
dynamic triggering (van Zelst etal., 2022; Xu et al., 2015).
Additionally, during the 2023 Mw 7.8 Kahramanmaras
earthquake, bilateral rupture propagated onto faults
with variable dips and onto a splay fault through an
acute fault bend likely due to a cascading dynamic rup-
ture process, rather than direct triggering (Ding et al.,
2023).

While identified active faults in map view are seg-
mented along strike into ~30 km sections on average,
it is possible that they would rupture together along
strike and in concert with the décollement during large
megathrust events. Multiple lines of reasoning sug-
gest these faults would not rupture alone and produce
their own earthquakes independent of the megathrust,
including: they are in the stress shadow of a locked
megathrust (e.g., Lindsey et al., 2021); faults in compli-
ant sediments are not strong enough to initiate coseis-
mic rupture; and very little microseismicity is recorded
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in this region (e.g., Stone et al., 2018; Morton et al.,
2023). There are documented examples of destruc-
tive earthquakes in fold-and-thrust belts on land or in
subduction zone settings with simultaneous rupture of
multiple, separate faults, and/or surface fault rupture
on out-of-sequence faults. The 2016 Mw 7.8 Kaikoura
earthquake saw rupture of at least 20 interconnected
strike-slip and thrust faults with a maximum surface
displacement of 12 meters and caused a local tsunami
(Kaiser et al., 2017; Litchfield et al., 2018), possibly
linked by an underlying décollement fault (Ulrich et al.,
2019). The 2008 Mw 7.9 Wenchuan earthquake rup-
tured at least one out-of-sequence fault while no dis-
placement was recorded on the frontal thrust or other
major thrusts in the Longmen Shan fold-and-thrust belt
(Hubbard and Shaw, 2009). We suggest future Cascadia
megathrust events could similarly involve complex rup-
ture of many splay faults in the outer wedge.

Tsunami excitation by splay faults depends on fault
dip, length, and slip magnitude (Wendt et al., 2009).
Splay faults imaged in this study are often listric and in-
crease in dip in the near surface, with some approach-
ing vertical as they intersect the seafloor. Similar high-
angle near-surface splay faults have been observed us-
ing sparker seismic reflection data at other subduction
zones, including the Cape Cleare and Patton Bay Faults
in the Alaska subduction zone, with 70° dip in the near-
surface and up to 39 m-high seafloor scarps (Liberty
et al., 2013), but 30-40° dip overall down to 20 km below
the surface (Haeussler et al., 2015). Faults with steeper
near-surface dips have more potential for tsunami exci-
tation because of greater vertical seafloor displacement
(e.g., Qiu and Barbot, 2022). Models that have included
splay fault rupture at Cascadia have shown that splay
fault rupture can double median tsunami height com-
pared to megathrust-only fault rupture (Aslam et al.,
2021).

Modeling has shown that the tsunami from the 1700
Cascadia event can be reproduced in Japan by a min-
imum of an Mw 8.7 rupture, and that such a tsunami
would require a minimum fault source length of only
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400 km to be created (Melgar, 2021; Satake et al., 1996).
Since there is evidence that splay faults like those docu-
mented here may be able to rupture together with the
megathrust, linking along strike to create longer rup-
ture lengths, it follows that activation of multiple sepa-
rate strands of landward-vergent splay faults could con-
tribute to both far-field and local tsunami signal dur-
ing a megathrust event. We support the inclusion of
landward-vergent splay fault rupture in future tsunami
scenario models.

Megathrust earthquakes that ruptured splay faults
like the Alaska 1964 My, 9.2, and as suggested for the To-
nankai 1944 My, 8.0 event, have involved long faults lo-
cated at the inner-outer wedge transition (Moore et al.,
2007; von Huene et al., 2021), sometimes called “megas-
plays” (Tobin and Kinoshita, 2006). Because of this,
tsunami scenario models that incorporate splay fault-
ing in Cascadia have used a margin-long splay fault lo-
cated at that boundary (Gao et al., 2018; Witter et al.,
2013). We identify only isolated, inactive faults at the
inner-outer wedge transition. Our analysis suggests that
activation of and slip on landward-vergent splay faults
and their associated anticlines in the active domain of
the outer wedge is more likely than that of inner-outer
wedge boundary-related splay faults.

To synthesize these observations and considerations
derived from wedge mechanics, we infer that our re-
sults are therefore consistent with a syn-rupture sce-
nario in which the inner wedge and the inactive part
of the outer wedge all act as a dominantly rigid up-
per plate block, translating seaward during megathrust
slip without splay activation (Fig. 10). The large (poten-
tially 10s of meters) of slip is transferred up the megath-
rust and distributed onto one to—more likely—several
splay thrusts in the outermost, active domain, thereby
creating enhanced seafloor displacement and multiple
branch rupture over a 15-30 km width of the shallowest
portion of the wedge (Fig. 10). Our results favor seafloor
deformation of not the frontal thrust alone, but rather
the entire active domain.

6 Conclusions

Using a combination of high-resolution near-surface
and lower-resolution crustal-scale seismic reflection
data and multibeam bathymetry, we identify and map
splay faults in the outer wedge of the landward vergence
zone of the Cascadia accretionary wedge over a region
spanning ~400 km along strike of the largest geodet-
ically locked portion of the megathrust. By conduct-
ing stratigraphic analysis of slope basins in the outer
wedge, we determine recency of activity of splay faults.
We identify two regions of the outer wedge: the ac-
tive domain, spanning the region within ~30 km land-
ward of the deformation front, which contains predom-
inantly recently active landward-vergent splay faults;
and the inactive domain, located between the active
domain and the inner-outer wedge transition, which
contains dominantly inactive, buried landward-vergent
splay faults. We develop a conceptual model of con-
tinuous seaward migration of a ~30 km active defor-
mation zone including the deformation front and sev-
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eral anticlines landward. Based on these results, we
infer that, in megathrust events at Cascadia, complex
outer wedge deformation including rupture on multi-
ple splay faults is favored, and that slip is strongly par-
titioned to the active domain of the outer wedge. The
potential of slip on multiple, simultaneously activated
landward-vergent splay faults close to the deformation
front should be accounted for in future tsunami hazard
modeling scenarios.
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