
1. Introduction
The converging Alaska margin extends from the Kenai Peninsula and Middleton Island to the western end 
of the Alaskan Peninsula at Unimak Island (Figure 1) where it transitions to the Aleutian Arc. Instrumental 
seismology recorded two great (M8–M9) and one giant (≥M9) earthquake along the Alaska margin. Main 
shocks were followed by aftershocks over areas thought to indicate the extent of rupture and segmentation 
of seismicity (e.g., Ruppert et al., 2007; Sykes, 1971). However, knowledge of tectonic barriers to earthquake 
rupture at segment boundaries was imprecise. Furthermore, only one M8 or M9 earthquake in the seismic 
cycle has been instrumentally recorded in each segment.

Abstract The giant tsunami that swept the Pacific from Alaska to Antarctica in 1946 was generated 
along one of three Alaska Trench instrumentally recorded aftershock areas following great and giant 
earthquakes. Aftershock areas were investigated during the past decade with multibeam bathymetry, 
ocean bottom seismograph wide-angle seismic, reprocessed legacy, and new seismic reflection images. 
Summarized and updated here are previous papers and additional data. Tectonic structures collocated 
with aftershock area boundaries indicate possible lengths of rupture in future great earthquakes. NE 
aftershock area boundaries relate to subducted lower plate structures whereas the SW zone upper plate 
retains Beringian structural relicts. The lower to middle slope transition separating a stronger continental 
framework rock from a weaker accreted prism occurs along splay fault zones previously interpreted as 
backstops in seismic images. Damage zones along splay faults are generally 1-km-wide dipping typically 
21°. Splays form slip paths from the plate interface to the seafloor much shorter than the 3–4° dipping 
plate interface beneath the frontal prism. Associated seafloor vent structures indicate overpressured fluids 
at depth. Splay fault dip and its rigid hanging wall impart greater seafloor uplift than the accreted prism 
per unit of slip making them effective tsunami generators. Backstop splay fault zones (BSFZs) run along 
the entire Alaska Trench. Beneath the frontal prism, active bend faults add rugosity to the plate interface 
and km high relief is commonly imaged in reprocessed legacy and new seismic data. The 1946 Unimak 
great (M8.6) earthquake epicenter is located near the BSFZ.

Plain Language Summary Along the Alaska Trench lower slope, a tectonic boundary 
termed a backstop was recognized in seismic reflection images ∼40 years ago. Backstops are envisioned 
as mechanical boundaries along which weak sediment accreted against a buttress of stronger more 
rigid rock. Upper parts are seismically imaged but deeper parts are hidden by the overprint of multiple 
reflections and are not resolved convincingly in two-dimensional seismic reflection data. Legacy 
(1970–1990) seismic data were reprocessed with later more developed software and combined with high-
resolution bathymetry. The combined data reveal that backstops are splay fault zones, similar to those 
off Nankai, Japan resolved in three-dimensional data. Models indicate that splay faults may generate 
giant tsunamis like the 1946 Pacific-wide tsunami that traveled from Alaska to Antarctica. The diversion 
of earthquake slipup splay faults could be helped locally by a rough interface separating oceanic from 
continental plates. Beneath the accreted prism, plate interface roughness was resolved with modern 
software. Splay faults run along the entire Alaskan margin and add a feature to consideration of trans-
oceanic tsunamis reaching American west coasts and Hawaii.
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Each great and giant earthquake generated a trans-oceanic tsunami. Explanations of the tsunamigenic 
mechanisms were largely hypothetical because the margin's tectonic structure was only beginning to be 
explored geophysically in the 1970s (e.g., Bruns et al., 1987, von Huene et al., 1987). Surveys in the 1990s 
added patches of multibeam bathymetry and two wide-angle seismic transects. Follow-on publications 
since 2011 contain bathymetric compilations integrated with reprocessed legacy seismic images, wide-angle 
seismic tomography, and improved acquisition with RV Langseth (Figures 1 and 2). These form a new data 
set for investigation of upper and lower plate structure along the Alaska margin. Also available are publica-
tions of regional GLORIA backscatter images, vertical gravity gradients, residual gravity, and compilations 
of seismicity, all of which expand available data.

This contribution addresses questions of whether aftershock area boundaries correspond to large tectonic 
features and the difference in tectonic structure from subducted relief within each segment's borders. It is 
an updated summary of investigations during the past decade with emphasis on a splay fault relevant to tsu-
nami hazard assessments (Bécel et al., 2017; Kirby et al., 2013; Krabbenhoeft et al., 2021; Li et al., 2015; Ryan 
et al., 2013; von Huene et al., 2012, 2015, 2016, 2019). We begin with historic development of convergent 
margin concepts applied in Alaska margin investigations, then show features that single out the splay fault 
zone from imbricate thrusts at the Nankai margin. We define earthquake aftershock segment boundaries 
that divide Alaska margin geology in each segment and identify Nankai-type splay faults. Large fluid vent 
structures associated with splay faults are shown, and the growth of lower plate relief in the subduction 
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Figure 1. Earthquake rupture areas (enclosed with red dashed lines) indicated by aftershock distribution after ≥M8 
earthquakes. Seismic transects are shown with lines and numbers (A- = ALEUT project, 1235 & 1237 = RV Ewing, 
MGL = RV Langseth, H & T = Hinchinbrook and Tact transects. Other lines are from S. P. Lee. Red stars = ≥M8 
earthquakes epicenters (earthquake.usgs.gov/earthquakes/): 1964 earthquake slip contours (Ichinose et al., 2007) with 
dashed lines at 2-m contour intervals. PWS, Prince William Sound; YT, Yakutat terrane under a sediment cover; MI, 
Middleton Island; AT, Amatuli Trough; KS, Kodiak Seamount; PB, Portlock Bank; AB, Albatross Bank; CI, Chirikof 
Island; SI, Sanak Island; orange “v” indicates locations of vent in Figure 11, orange dashed double lines = Zodiak fan, 
bathymetry is from the GEBCO 2019 grid.



Geochemistry, Geophysics, Geosystems

VON HUENE ET AL.

10.1029/2019GC008901

3 of 24

Figure 2. Line drawings of composite tectonic features in seismic images of previous papers. Unconformity age at 
the shelf edge is constrained with drill samples from Albatross ridge (Turner et al, 1987, p. 341; Winston, 1983) and on 
shore. Kenai sketch is from EDGE (von Huene et al., 1998). ALBATROSS images lack a semi-coherent Oligo-Miocene 
unconformity reflection (Krabbenhoeft et al., 2021). In the SEMIDI section, a large subducted ridge is sketched after 
line 03 (von Huene et al., 2015). The SHUMAGIN image contains a buried extensional structure similar to the exposed 
Unimak ridge in the Unimak segment (Bécel et al., 2017; von Huene et al., 2019). The UNIMAK section is after Ewing 
line 1237, (von Huene et al., 2016). The Aleutian mid-slope terrace begins here. R = subducting relief; BSFZ = backstop 
splay fault zone; U = Oligo-Miocene unconformity; DF, deformation front; EFZ , extensional fault zone; SC, subduction 
channel and the star marks the projected position of the 1946 M8.6 Unimak earthquake epicenter.
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zone is discussed. Some interpretations in our previous papers are updated. A principal objective is to ad-
vance understanding of tsunami hazards and mechanisms.

1.1. A History of Investigations

Since the 1964 giant Alaska earthquake, a conceptual framework of Alaskan margin tectonics evolved 
as data acquisition increased. Seismic reflection images of the 1970s and 1980s resolved mostly shallow 
structure of the frontal prism and strata of the slope sediment cover. Few coherent reflectors beneath the 
mid-slope sediment cover were apparent. An explanation was that accreted sediment became a melange 
deformed beyond seismic reflection system resolution. Accreted trench sediment from trench to shelf was 
inferred from a constant accretionary conceptual model (e.g., Seely & Dickinson, 1977). A confidential in-
dustry seismic image located somewhere off the northern Kodiak group of islands showed seafloor ridges 
interpreted as thrust faults across the middle slope (Seely, 1977). However, research community surveys 
failed to find ridges landward of the accreted prism. Imaging showed only small segments of coherent shal-
low dipping reflections beneath the middle and upper slope sediment cover and explanations of structure 
were hypothetical. Within 20 km of the shelf edge are insular outcrops of an exhumed Mesozoic (?) meta-
morphic complex that forms the margin rock framework (Moore, 1972; Moore et.al., 1983). The relation of 
metamorphic complex and accreted prism was absent from geophysical data between the shelf edge and 
the prism.

A similar absence occurred across the Barbados volcanic island arc where geology is simpler. Accreted 
prisms must back against arc rock somewhere beneath the slope. Arcs were visualized as strong buttresses 
against which trench sediment accreted. Backstop was a term for this conceptual boundary (e.g., Byrne 
et al., 1988). Across the SW Alaska margin, an unclearly imaged buttress interface with the prism was an ex-
planation for seismically imaged structure and an acoustic basement rock buttress rather than volcanic arc 
rock (e.g., Bruns et al., 1987; Figure 13). The upper and middle slope high-velocity acoustic basement that 
unconformably underlies the slope sediment cover could be older framework rock as found beneath the 
shelf. This was allowable since industry drill hole sampling near the shelf edge off Kodiak Island bottomed 
in Eocene sedimentary rock overlain unconformably by middle Miocene sediment (Turner et al., 1987). 
Samples yielded fossils indicating mid to shallow water Eocene deposition, consistent with erosion of the 
unconformity. The Eocene to Miocene unconformity continues over the shelf edge and across part of the 
slope in an industry seismic image (Winston, 1983). This regional unconformity continues down the slope 
and breaks up adjacent to the backstop in a deformed zone of poorly coherent steeply dipping reflections 
(Bruns et al., 1987). The middle to lower slope deformed zone was interpreted as part of the backstop at the 
seaward end of margin framework rock forming a buttress against which the prism accreted.

Alaskan backstops are transitions between the middle slope acoustic reflection patterns and imbricate fron-
tal prism structure. Single strong backstop reflections were depicted by a line in conceptual diagrams but 
they were rare. As multibeam bathymetry was acquired, backstop structures in the series of Alaskan seis-
mic images (Figure 1) were linked with detailed backstop seafloor morphology. In the transition zone, the 
seafloor steepens and displays local fresh fault scarps. In multibeam acquired morphology, backstop scarps 
differ from the multibeam ridges of frontal prism (cf. Krabbenhoeft et al., 2021). Transitions commonly sep-
arate a more rigid appearing margin framework morphology from accreted prism ridges (e.g., von Huene 
et al., 2012). Frontal prisms are narrower than commonly envisioned and form the first 15–30 km of the 
margin. In well-constrained two-dimensional (2D) mass balance calculations, the accreted prism volume 
equals that delivered by plate convergence during roughly 1–3 Myr (e.g., von Huene et al., 1998). The fron-
tal prism is probably shaped mostly by Quaternary tectonism, yet at the shelf edge, a much older Eocene 
sediment unconformably overlies Mesozoic metamorphic rock (Moore et.al., 1983). This large gap in ages 
was poorly understood. The conceptual framework applied in this paper has evolved with progressively 
improved seismic resolution from the constantly accreting prism concept (e.g., Seely & Dickinson, 1977) to 
trench sediment accreting against a basement buttress (e.g., Clift & Vannucchi, 2004) to a backstop transi-
tion zone. The current step in this progression comes with applying the understanding from the three-di-
mensional (3D) seismic images across the Nankai margin that show with convincing resolution the struc-
ture of a splay fault zone (G. F. Moore et al. 2007). We posit that Nankai-type splay fault zones are found 
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along the entire Alaska margin despite lack of a 3D seismic transect. Alaska seismic images resolve many 
features common to the Nankai-type structure (Figure 2). A motivation in this investigation is the splay 
fault's potential to generate tsunamis more efficiently than generation involving only frontal prisms (Lotto 
et al., 2019; Wendt et al., 2009).

The Nankai type-example is a ∼5-km-wide thrust fault zone about half of which has incoherent diffuse 
reflectivity (G. F. Moore et al., 2007, seismic images). It cuts across imbricate fault slices of the accreted 
prism that forms the splay fault footwall. The hanging wall is formed by the middle prism. The hanging 
wall basement is topped by a transgressive angular unconformity upon which a 1.0 to 1.5-km-thick, finely 
bedded, flat lying Kumano Basin sediment sequence rests. Basin strata are essentially undeformed and at 
site C0002, are 2.1 ± 0.4 Myr old. A lack of deformation in sediment strata indicates hanging wall uplifted 
as a semi-rigid slab during Quaternary splay fault slip. The splay fault forms seafloor scarps locally up to 
1-km high with a morphology as recent as that of the frontal prism faulting along the deformation front. 
The splay fault damage zone cuts off the decollement as well as reflections in the hanging wall. At the plate 
interface, a ∼2-km-wide fault damage zone merges with the subducting sediment layer and becomes part of 
the layer on ocean basement. Rigid hanging wall basement forms a backstop against which prism sediment 
accreted (e.g., G. F. Moore et al., 2007].

The Nankai splay fault zone was highlighted with the term “splay” rather than out of sequence fault (G. 
F. Moore et al., 2007). Thrust faults have been termed splay faults in shelf areas far from active accreted 
prisms separated across backstops as at the Nankai type-locality. For clarity, we apply the term “backstop 
splay fault zone” (BSFZ) to show the similarity with the Nankai-type example of splay faulting (G. F. Moore 
et al., 2007).

Prior to the Nankai 3D transect, splay faults were commonly considered imbricate thrust units of accreted 
prisms. Resolved from structural relations at Nankai is that the splay fault zone consists of fault damaged 
rock whereas accreted prisms are fault bounded trench and slope sediment units. To see that difference in 
seismic displays requires high resolution imaging such as that afforded by 3D data. Features that point to 
a Nankai-type structure are a lower to middle slope steepened seafloor slope transition, and when active, 
scarps where the fault zone emerges at the seafloor. The fault zone is commonly wider than the 1-km-thick 
trench sediment turbidites detached in imbricate fault bend folds of the prism. The splay fault zone com-
monly truncates foot wall and hanging wall strata on either side. Locally, upslope seismic patterns differ 
from those of the downslope prism pattern. Where plate interface primary reflectivity is not masked by the 
seafloor multiple, the critical juncture showing splay fault zone continuity with the plate interface sediment 
layer is resolved. Mid-slope terraces behind a ridge commonly pinpoint seafloor emergence of the splay 
fault (cf. G. F. Moore et al., 2007). Not all of these defining features are consistently imaged along the Alaska 
convergent margin perhaps because of structural differences and a structural continuity along strike.

2. Geologic Structure Along Borders of >M8 Earthquake Aftershock Areas.
Aftershock distribution following three great earthquake ruptures was recorded instrumentally along the 
Alaska convergent margin (Sykes et al., 1980). From NE to SW they are the Kodiak, Semidi, and Unimak 
aftershock areas (Figure 1). We divide the Kodiak area into a Kenai and Albatross sector. The Shumagin 
Islands area, without a great earthquake (≥M8) is bounded by distal aftershocks of the adjacent Semidi and 
Unimak areas (Figure 1). Geophysical data indicates structure transverse across the margin in the aftershock 
boundary zones of each area (Krabbenhoeft et al., 2021; Miller et al., 2014; von Huene et al., 2012–2019).

The lower plate modifies a basic Alaska margin structure by subduction of three prominent morphological 
features: the Kodiak-Bowie, and the Patton-Murray seamount chains (Figure 1) and the subducted Yakutat 
terrane (Figures 1 and S4). These features enter the subduction zone along a NE trajectory because of the 
plate convergence vector's 60° angle with the trend of ridges and fracture zones. That causes a NW entry 
area migration along the Semidi and Kodiak segments (Stock & Molnar, 1988) (Figure 1). Subducting relief 
leaves various erosional features that were resolved once multibeam bathymetry was acquired. Locally, ac-
creted prisms and backstops of the Alaskan margin are severely disrupted but a stronger and thicker margin 
framework is less impacted as shown by greater resistance to erosion than the frontal prism in multibeam 
bathymetry.
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The Shumagin Gap and Unimak earthquake segments were affected by another event that left diagonal 
trending structure across the upper plate paralleling the Beringian continental slope. It was probably in-
herited after Eocene capture of the Bering subduction zone and construction of the Aleutian Arc (e.g., J. C. 
Moore, 1972; Scholl, 2007).

2.1. The Kenai – Yakutat Terrane Boundary

At its NE end, the Alaska convergent margin begins at the trailing flank of the Yakutat terrane (Figure 1) 
(e.g., Bruns, 1983; Fruehn et al., 1999) (supporting information S4). East of the trench axis, the terrane's 
unsubducted trailing flank forms the central Gulf of Alaska margin (Figure 3). At the Alaska Trench it sub-
ducts beneath the Kenai shelf. Even at 12–18 km depth (Brocher et al., 1994), the subducted trailing flank 
EW trend is paralleled by two EW trending morphological features, Portlock Bank and Amatuli Trough, 
(Figures 1 and 3) (GEBCO 2019 grid). The Yakutat's EW trending slope magnetic anomaly continues west 
of Middleton Island beneath the Kenai shelf (Figure 3). The overlying Kenai sediment section collapses 
behind the subducted Yakutat trailing flank. This oversteepened slope first experiences gravity failure fol-
lowed by compressional folding from plate convergence (Figure 3 and Figure S4-1). Seafloor expression of 
the slope anomaly also continues across the shelf to the Kenai Peninsula as an EW trending shallow linea-
ment (Figure 3) (Zimmermann & Prescott, 2015). A separation of the 1964 aftershocks into a Prince William 
and a Kodiak segment occurs across these features. The tectonic elements of this juncture are shown in 
the reprocessed TACT and Hinchinbrook seismic images (supporting information S4). These features in-
dicate tectonic structure at the NE end of the Alaska convergent margin corresponding with the boundary 
between two 1964 earthquake rupture areas (Ichinose et al., 2007). The BSFZ at this juncture is shown in 
the TACT line (Figure S4-1) where debris from slope failure is thrust against the continental framework 
to form a small frontal prism. Farther SW, the Hinchinbrook line shows a frontal prism and the collapsed 
margin framework rock thrust faulted by contractile deformation after removal of the Yakutat terrane (see 
supporting information S4).

2.2. Kodiak – Semidi Boundary

Aftershock areas of the 1938 M8.2 Semidi and 1964 M9.2 Kodiak earthquakes meet in a deformed area of 
the upper plate above past and currently subducting complex lower plate relief (Krabbenhoeft et al., 2021; 

VON HUENE ET AL.

10.1029/2019GC008901

6 of 24

Figure 3. Perspective view of the Kenai sector created from multibeam bathymetric surveys incorporated into a 
GEBCO compilation (GEBCO 2019 grid). Multibeam data resolve the contrasting morphologies of the accretionary 
Kodiak margin (left) and the Yakutat terrane trailing flank marked by slide scars and an eroding slope (right). The light-
colored corridor represents an approximated path of the buried and subducted 58° fracture zone. Red 2 m. Slip contours 
of the M9.2, 1964 Alaska earthquake are from Ichinose et al, (2007). BSFZ corridor, the surface trace of the Backstop 
Splay Fault zone; SMT, subducted seamount; BSA, Bathymetric trace above the buried Slope Anomaly magnetic body; 
MI, Middleton Island; MTI, Montague Island; KI, Kayak Island; H & T, Hinchinbrook and Tact seismic transects, other 
lines are from S.P. Lee cruises.
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von Huene et  al.,  2012). Here multiple lower plate features subduct including Patton-Murray ridge and 
Aja fracture zone (Figure 1). They project to intersect the subducted Kula-Pacific ridge beneath the margin 
middle slope. The subducted apex of Zodiak fan is probably at a pass through these features for 10 Myr, and 
would be the fan head sediment entry point. We infer this from projection of several sediment channels that 
fed lobes of the fan (Stevenson & Embley, 1987). In the upper plate, embayments and transverse furrows 
across the middle slope parallel the plate convergence vector like those left by currently subducting sea-
mounts (Krabbenhoeft et al., 2021). The complex lower plate relief and upper plate tectonic disruption are 
likely candidates for a barrier area that arrested slip propagation along the plate interface. Aftershocks ≥M5 
were concentrated NE of this area during the 1964 post seismic period and heightened seismic activity 
continues (Krabbenhoeft et al., 2018, Figure 9) (http://www.aeic.alaska.edu/html_docs/db2catalog.html).

2.3. Semidi – Shumagin Boundary

At the SW limit of the 1938 M8.2 aftershocks, the Semidi and Shumagin segment's morphologies are in-
terrupted by a broad morphological transition and a 20° change in regional trend (Figure 1). The subsur-
face structure here is undocumented. A 90-km-long NE trending transverse canyon in the boundary area 
(Figure 1) appears tectonically controlled by upper plate structure. Within the transition, GLORIA images 
display rough seafloor patches (U.S. Geological Survey Open-File Report 2010–1332). Seaward of the trench 
axis the seafloor is devoid of relief that would cause a rugose plate interface. Bend fault escarpments ad-
jacent to the deformation front are only revealed in high resolution multibeam bathymetry and GLORIA 
images (Shillington et al., 2015).

2.4. Unimak-Shumagin Boundary

The Unimak M8.6 1946 earthquake aftershocks end at the diagonal trending Sanak Island structural zone 
(Lopez & Okal, 2006). The Sanak subseafloor structures resolved geophysically extend across the shelf and 
down the upper slope (Bruns et al., 1987; von Huene et al., 2018). Included in this structural zone is the 
∼40-km-wide Sanak Islands platform adjacent to the 170-km long and up to 7-km deep Sanak Basin. The 
diagonal Sanak morphological trend continues beyond the shelf edge to the middle slope indicating a con-
tinuation of margin framework basement toward the frontal prism (GEBCO 2019 grid). Its trend appears in 
the residual gravity map of Bassett and Watts (2015) where it can be traced across the Alaska Peninsula into 
the Bering Sea. This major structure is considered a vestige of the Paleogene Alaska–Bering margin juncture 
because of its Bering margin rather than Alaska Trench orientation (Bruns et al., 1987; J. C. Moore, 1972; 
Scholl, 2007).

At Unimak Pass, there are few geophysical data to indicate a boundary geology that could arrest great earth-
quake seismic slip. An embayment into the upper slope but not in the frontal prism suggests possible tecton-
ic disruption by subducting relief predating the accreted prism. Absence of robust transverse morphology 
suggests a weak boundary to earthquake rupture arrest.

In summary, borders of great and giant earthquakes aftershock area are collocated with upper plate zones of 
tectonism and locally, lower plate relief. In the upper plate they are deformed transverse rather than trench 
parallel structural zones (cf. Bruns et al., 1987; Fisher & Holmes, 1980) except for two boundaries without 
sufficient geophysical information to image tectonic structure.

3. BSFZ Images Across Aftershock Areas
The three instrumentally recorded earthquake aftershock areas generated transoceanic tsunamis. The Un-
imak Segment is legendary for the 1946 earthquake that generated the largest Alaskan/Aleutian tsunami 
ever recorded (Fryer & Tryon, 2005; Okal et al., 2002). The 1938 Semidi segment earthquake was not highly 
tsunamigenic because its hypocenter was deep and distant from the margin front. The 1964 giant Alaska 
earthquake's Kodiak segment had two asperities (Figure 1) with shallow slip large enough to generate the 
tsunamis that damaged the Vancouver and U.S. west coasts. The southwest Kodiak asperity slip propagated 
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to the trench axis (Krabbenhoeft et al., 2021). Along the Semidi segment, the giant 1788 tsunami predating 
instrumental seismology is known from an anecdotal account and is supported by studies of sedimentary 
sequences on Kodiak and Chirikof Islands (Briggs et al., 2014, Nelson et al., 2015; Shennan, 2014). We sum-
marize recent publications and reinterpret some points in accord with current information.

3.1. Kodiak Segment

In the Kodiak segment, aftershocks of the 1964 giant earthquake extended from Middleton Island to the 
southern limits of the Kodiak group of Islands. Kodiak Seamount in the trench axis begins a zone of dis-
rupted bathymetry crossing the slope above the subducting Kodiak Bowie Ridge (Figure 1) (Krabbenhoeft 
et al., 2021; Figure S1). Although aligned bathymetric features across the middle shelf in the vertical gravity 
gradient are vague, the Kodiak Bowie Ridge trend projects into a southern 1964 earthquake asperity at the 
insular coast (Ichinose et al., 2007). The Kodiak Bowie trend separates a NE Kenai sector from a SW Alba-
tross sector (Figure 1). Each sector includes an asperity of the 1964 earthquake and slip is calculated with a 
model that includes seismicity, tsunami, and geodetic observations (Ichinose et al., 2007, areas M2 and M3).

The 1964 Kenai asperity, north of Kodiak Seamount, coincides with magnetic anomalies marking the EW 
trending 58° fracture zone (Flueh & von Huene, 1994; Schwab et al., 1980]. The fracture zone anomalies 
extend ∼140  km across the ocean basin and subduct at a 60-km-wide embayment into the lower slope  
(Figure 3, Figure S4–3). On the shelf, the fracture zone trend is continued by Amatuli Trough and Portlock 
Bank (Zimmermann & Prescott,  2015). Slip contours of the 1964 Kenai asperity across the shelf propa-
gate down the continental slope to the BSFZ and stop before entering the trench axis (Figure 1) (Ichinose 
et al., 2007).

The EDGE line seismic image was developed from data acquired with a commercial vessel (Moore et al., 
1991) and was prestack depth migrated and balanced (von Huene et al., 1998) (Figure 4). A backstop at the 
landward termination of the accreted prism was interpreted from dipping reflections of a 2 to 4-km-wide 
fault zone that truncates strata on either side. Its dynamic significance as a tsunami generating feature 
was not recognized at the time. Wide angle data (Ye et al., 1997) show an increased horizontal Vp gradient 
below 2-km depth across the BSFZ. Five seismic images northeast of the EDGE line and multibeam ba-
thymetry indicate a backstop extending to the northeastern Kenai segment boundary (Figure 3) (Fruehn 
et al., 1999). In the EDGE image, the shelf sediment section on an Eocene to Miocene unconformity was 
followed ∼25 km down the continental slope before deformation interrupted continuity and prevented cor-
relations across faults (Figures 2–4). Beneath the sediment cover, margin framework rock is inferred. The 
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Figure 4. Prestack depth migrated image of the EDGE line in the Kenai sector. Landward verging structure in the frontal prism contrasts with the margin 
framework seaward vergence. Truncation of the unconformity and margin framework reflection approximate the margin's face after removal of a former 
frontal prism during subduction of the Yakutat terrane. White dots are along the BSFZ and boxes approximate the eroded face (after von Huene et al., 1998) 
(enlargement displays structure more clearly).
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trench axis sediment adjacent to this segment is 2-km thick, and the lower ∼1-km thick subducted sediment 
covers basement relief commonly 0.5-km high.

The Kenai sector's slope landward of the BSFZ contains ridges and valleys oriented parallel to the margin 
(Figure 3) proposed to have formed in the wake of the subducting Yakutat terrane (Fruehn et al., 1999). 
Mass wasting material in the wake is inferred to become imbricated into ridges orthogonal to the con-
vergence vector (see supplemental section S4). A BSFZ morphology extends along the whole sector (Fig-
ure 3, Figure S4-3). It is clearly imaged in three lines and allowable in five other seismic images (Fruehn 
et al, 1999; von Huene et al., 1998]. As the Yakutat terrane trailing flank migrated past the deformation 
front, the frontal prism rebuilt. Southwest of the ridge and valley morphology, the area appears little affected 
by Yakutat terrane subduction. Here the BSFZ is associated with a low ridge about 25–30 km landward of 
the trench axis.

In the Albatross sector, structure appears unaffected by subduction of the Yakutat terrane. The 1964 earth-
quake's Albatross asperity rupture began near the Kodiak shore on a projection of the subducted Kodi-
ak-Bowie Ridge (Figure 1). Slip contours extend south across the shelf subparallel to the convergence vector 
ending at the trench axis. Near the trench, a 14 m peak slip contour falls on the BSFZ indicating probable 
activation during generation of the 1964 tsunami (Krabbenhoeft et al., 2021).

In the Albatross sector, a slip maximum is collocated with concentrated aftershocks ≥M5 and heightened 
seismic activity continues. A grid of normal incident seismic images supported by wide-angle data provides 
quasi 2.5 D coverage. Beneath the trench floor, ∼3-km-thick sediment subducts and beneath the accreted 
prism it modulates oceanic crust roughness which smooths the overlying plate interface (Krabbenhoeft 
et al., 2021). The BSFZ ridge separates steeper middle and upper slopes from shallower dipping lower slopes 
of the frontal prism. These two contrasting seafloor morphologies; a shallow dipping lower slope with 
trench-parallel ridges and a steeper rough middle and upper slope with more competent rock and a higher 
seismic velocity are characteristic of the Alaska margin.

3.2. Semidi Segment

Unique to the Semidi segment is a 160-km long, 5-km wide embayment eroded into the frontal prism be-
tween lines 703 & 102 (Figures 1 and 5). The long and little modified extensive embayment indicates erosion 
by a long margin parallel seafloor ridge (von Huene et al., 2015). Subduction of the inferred Kula Pacific 
ridge and currently the Patton-Murray ridge removed a frontal prism and has left truncated strata near the 
trench axis. Paralleling the embayment up slope is a 1-km-high mid-slope ridge where the BSFZ emerges. 
The Patton-Murray ridge presently subducts along the northeast end of the embayment and its trend di-
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Figure 5. Legacy line L-8-81-WG 102 prestack depth migrated. The BSFZ bends over a subducted ridge approximated with white dots. BSFZ seafloor 
escarpment is 1+ km high.



Geochemistry, Geophysics, Geosystems

verges from the subducted trench-parallel ridge. Plate reconstruction indicates that the Patton-Murray ridge 
and Aja fracture zone have migrated northeastward along the Semidi margin during the past ∼1.5 Ma (von 
Huene et al., 2015, their Figure 6).

The Semidi BSFZ ridge is 4 to 5-km wide and 140-km long, broken at ∼20 km intervals by oblique linea-
ments. It is little modified by erosion except for one or two deep structurally controlled canyons and small 
rills. The underlying subducted basement ridge associated with the BSFZ could be up to ∼3-km high in 
the ALEUT 03 seismic image (Figures 5 and 6). The image of this deeply buried ridge is diffuse, and its 
presence is derived from the surrounding strata that bend over it. At the BSFZ area, line ALEUT 03 crosses 
a meandering seafloor channel whose morphology probably scattered seismic signals diminishing strong 
reflections from the deep lower plate ridge known from legacy data (von Huene et al., 2015). This can help 
explain the lack of a clear image in ALEUT 03 (Figure 6). In addition, the en' echelon BSFZ ridges add 
to geophysical image complexity. Free-air gravity anomalies (Bassett & Watts, 2015) are consistent with a 
subducted ridge. The basement foundation of this seafloor ridge is most likely the subducted Kula-Pacific 
Ridge (Stevenson & Embley, 1987).

3.3. Shumagin Gap Segment

The Shumagin gap is bounded by aftershock area borders of adjacent segments. It extends from Sanak 
Island northeastward to a short distance beyond the Shumagin group of islands, an area approximately the 
same size as adjacent great earthquake ruptures. Its potential to rupture in a great earthquake and generate 
a large tsunami, has been argued since attention was drawn to it by Sykes [1971]. Modeling indicates it 
might be capable of a great earthquake (Zheng et al., 1996), but Witter et al., (2014) found evidence that the 
Shumagin gap has been an area of persistent creep for at least 3,400 years. Geodetic observations show a 
lack of strain in the SW consistent with a creeping dynamic (Fournier & Freymueller, 2007). Its continen-
tal slope protrudes seaward of adjacent segments but its frontal prism is narrower than average widths on 
adjacent segments. Embayments into the deformation front from subducting relief are absent, consistent 
with the adjacent smooth seafloor; however, seismic data image subducted relief (Figures 7 and 8). This 
segment's morphology changes from a rugged SW half to a smoother NE half. Seismological data are also 
divided into two parts with different plate configurations (Hudnut & Taber, 1987). Multibeam bathymetry 
(Lewis et al., 1988) and GLORIA, display a continuous BSFZ. An uncommon buried extensional fault zone 
beneath the upper slope (Figure 2) adds to the unusual nature of the segment (Bécel et al., 2017). Down 
slope canyons and intervening morphological lobes of the upper and middle slope end abruptly along the 
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Figure 6. ALEUT 03. A morphologically rough subducted ridge is interpreted from: 1) disjointed and scattered reflections below the deep end of the BSFZ 
strata, 2) reflections end and plate interface strata are upturned beneath the seaward BSFZ below which reflectivity scatters (cdp 20,000), and 3) short reflections 
indicating a rough surface along the periphery of the obscured ridge reflectivity. The multiple cuts the right corner of this illustration. Enlargement improves 
clarity of structural detail.
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BSFZ ridge indicating recent uplift. This segment's enigmatic dynamic indicators are also apparent in seis-
mic and bathymetric observations with improved resolution.

Legacy seismic images across the Shumagin segment show a juncture of the BSFZ with the plate interface 
(Figure 7). The 5 km rather than 7 to 9-km depth of the juncture eliminates interference from the seafloor 
multiple, and perhaps structure is largely 2D which optimizes 2D imaging of structure.

Beneath the frontal prism the plate interface has 1-km-high relief. In seismic images the incoming ocean 
seafloor is relatively smooth but beneath the frontal prism abundant relief is imaged. Down dip of the BSFZ, 
the short well imaged plate interface strata are smooth. The splay truncates strata of the frontal prism along 
the footwall and where well defined, the damage zone is ∼1.5-km thick. Plate interface dip = 10° + 2° and 
the splay dips 39° both of which are exceptionally steep.

3.4. Unimak Segment

The 1946 Unimak earthquake showed that giant Pacific-wide tsunamis can be generated along Alaska con-
vergent margins, but the mechanics were not addressed with data for many years. Tsunami generation was 
first explained with simplified conceptual models (Okal & Hebert, 2007). Seismic transects of the 1980s, 
and multibeam bathymetry of the 1990s were acquired incrementally, earthquake seismology became more 
understandable, and more realistic tsunami generation scenarios were posited (cf. Bruns et al., 1987; Fryer 
& Tryon, 2005; Holbrook et al., 1999; Rathburn et al., 2009). Fryer and Tryon (2005) speculated that an 
unresolved splay fault might occur in the Unimak frontal prism. A BSFZ was later discovered (von Huene 
et al., 2016). The 1946 tsunami epicenter is on or near this BSFZ.

The 1946 Unimak earthquake produced both a near-field and far-field tsunami. The near-field tsunami's 
42-m-high runup destroyed the Scotch Cap lighthouse. It was characteristic of a landslide source, possibly 
from a detached landslide block, but the detachment is not dated (von Huene et al., 2014). Early modeling 
of the far-field tsunami was based on an assumed dislocation source the size of the aftershock area (cf. Okal 
& Hebert, 2007). The unmodified seafloor escarpments where a BSFZ emerges indicates active features that 
are shown in multibeam bathymetry (Flueh et al., 1994; Rathburn et al., 2009). A ∼5 to 10-km-wide corridor 
of disturbed seafloor with anastomosing fault scarps and short winding en'echelon ridges indicates recent 
activity (Rathburn et al., 2009; von Huene et al., 2016).
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Figure 7. Legacy line 217 with a backstop splay fault zone (BSFZ) marked by truncated strata on either side. The fault damage zone continues into the 
subducting lower plate sediment layer. Unconformity in the hanging wall continues to the shelf edge.
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A seismic image across the Unimak segment, line 1237, (Figure 9) (von Huene et al., 2016) runs through 
an embayment from a subducted seamount in the accretionary prism. Therefore, a prism is missing and 
the BSFZ occurs farther landward. The BSFZ branches from the plate interface at a subducted seamount 
(Figure 2). The BSFZ ∼1.4-km-thick damaged zone of diffuse reflectivity extends from the seafloor to 10-
km depth (Figure 9) and is bordered by truncated strata. On the seafloor above the BSFZ, scarps and ridges 
are little modified by sedimentation or erosion (von Huene et al., 2016). On the landward side, a sediment 
cover deposited on the Oligo-Miocene unconformity continues to the shelf (Figure 2). The hanging wall of 
the BSFZ is cut by normal faults covered by unfaulted slope strata indicating extensional tectonism that is 
no longer active.

4. Plate Interface Relief in the Subduction Zone
Relief along the plate interface was either not resolved or recognized in 1980s processed legacy seismic 
images. At trench depths and beneath deformed frontal prism strata, resolution of relief with 2D seismic 
techniques is difficult (see supporting information S3). With advanced processing, however, relief at scales 
of hundreds of meters was resolved beneath the trench floor and in shallow regions of subduction zone 
(i.e., Figure 7). In two of the few seismic images extending across the entire trench, normal faults from plate 
bending or bend faults are imaged beneath the trench axis and the adjacent subduction zone (Figure 10). 
In the adjoining ocean basin, GLORIA images resolve low (∼100 m) bend faults along outer trench slopes 
of the Semidi and Shumagin segments. Bend faults are reported locally in multibeam bathymetry along the 
Albatross segment (Krabbenhoeft et al., 2021; Reece et al., 2013). Bend faulting of the seaward slope and 
trench axis is resolved when resolution surpasses that afforded by standard seismic and regional bathyme-
tric imaging.

In subduction zones, relief commonly appears higher than on the ocean basin seafloor of the incoming 
plate next to the trench axis (i.e., Figures 7 and 10). An indicator of increased fault displacement in the sub-
duction zone is the uplift and depression of uniformly thick strata like pelagic sediment that was deposited 
on a flat seafloor (Figures 7 and 10). Pelagic sediment generally accumulates in parallel layers and is often 
of uniform thickness. Beneath the frontal prism, parallel strata on igneous crust draped over fault uplifts 
indicate growth of relief after subduction. In the Shumagin segment, an even seafloor adjacent to the trench 
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Figure 8. Depth section of line 1235 across the lower slope along the SW part of the Shumagin segment (after Miller et al., 2014). White dots approximate 
strong continuous reflections of a BSFZ shear zone. The BSFZ image quality is probably degraded by the seismic transect's angular crossing of bathymetry. 
BSFZ, backstop splay fault zone; SMT,reflectors indicating relief along the plate interface emphasized with white lines.
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axis has some 200 m high fault scarps. Down the subduction zone, relief is ∼ 2 km high (Figures 7 and 10). 
That lower plate relief is not an artifact of the velocity model (Figures S3-1 and S3-2).

Heightened normal fault relief in the subduction zone is easiest to explain as continued bend faulting. Sub-
ducted relief beneath the frontal prism is imaged in all segments of the Alaska margin. Deeper in the sub-
duction zone the difference between a seamount and bend fault is obscured by attenuation. The difference 
between seamount relief that originated before subduction and that developing after entering the trench 
is its relation with the onlapped sediment. If strata abut rather than drape over the relief, it indicates an 
origin before subduction. Subduction zone relief is thought to modify plate interface coupling, is commonly 
associated with the BSFZ, and occurs in the subduction zone even where little incoming relief is mapped.

5. Fluid Vents
Seafloor vents become visible in enlarged GLORIA backscatter images (Figure 11). Vent features consist of 
circular craters on peaks or along the crests of mounds (Figures 11a and 11b). They top volcano-like features 
(Figure 11c) and locally, multiple vents are aligned along ridges with narrow summits (Figures 11B and 
11c). Vents are commonly found on or near BSFZs in the Semidi and Shumagin segments and in the Al-
batross sector (Krabbenhoeft et al., 2021). Vents are also located in an area of disrupted morphology above 
the subducted Patton Murray and Semidi ridge intersection (Figure 1). Probable vents along the Shumagin 
segment BSFZ are found in the SW where morphology indicates relatively recent tectonism. Not all suspect 
vent features are resolved convincingly in GLORIA images and with better resolution vents and their sed-
iment aprons would be clearer. Few suspect vents occur across the accreted prism and only a few suspect 
features are displayed up slope of the BSFZ. The resolution of GLORIA is insufficient to show small vents 
where near bottom surveys located seeps and vents (Suess et al., 1994).

Alaskan vents are similar to those investigated in greater detail along the Middle America margin. There, 
vents were studied with near bottom imaging systems, heat flow probes, and sampling that yielded flu-
id chemistry (Ranero et al., 2008; Sahling et al., 2008). The fluid chemistry indicates sources at or below 
the plate interface. Sediment volumes in the mounds indicates vigorous and variable flow rates as high as 
300 cm/a. The Alaskan vent structures are consistent with seismic evidence of fluids concentrated along the 
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Figure 9. Unimak lower slope and backstop splay fault zone (BSFZ) imaged in line 1237. In the hanging wall, the Oligo-Miocene unconformity is displaced 
along seaward dipping normal faults that are not annotated to retain clarity. The BSFZ displaces the unconformity and is marked by truncated reflections 
(dashed lines). Enlargement helps see the truncated strata at the deformation front with a small pile of slide debris at its base. Landward tilted beds and the 
tilted terrace seafloor indicate hanging wall uplift from BSFZ displacement.
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Figure 10. Seismic images of bend faults from the ocean basin to beneath the accreted prism (a) & (b) and a sketch of bend fault growth in the subduction 
zone (c). Faults displacing the igneous basement continue growing after subduction as long as lower plate bending continues. Strata of a uniformly thick pelagic 
sediment layer indicate continuing basement deformation when uplifted or depressed over highs and lows. Fluid pressure increases from loading of the prism 
and from coseismic fluid pressure spikes (Ma, 2012). Elevated fluid pressure reduces coupling along bend faults and relaxes resistance to fault displacement. 
As fault blocks grow to a critical height, the plate interface migrates upward to compensate for increased resistance from relief. This smooths the megathrust. 
Enlargement of the seismic images reveals fault structure more clearly.
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plate interface inferred from polarity and amplitude (Li et al., 2015). Many unresolved vents were postulated 
off Middle America (Ranero et al., 2008) despite instrumentation with greater resolution than GLORIA but 
limited ship time left many areas unsurveyed.

6. Discussion
6.1. Effects of Subducted Relief and Earthquake Asperities

Alaskan BSFZs are found in tectonic settings with a variety of subduction histories. The Neogene subduc-
tion history sketched previously provides some understanding of current morphology and structure unique 
to each aftershock segments of the Alaska Trench forearc. Kodiak-Bowie and Patton-Murray seamount 
chain subduction migrated NE along the Semidi and Kodiak segments as the Pacific and North American 
plates converged. A particularly disrupted area is the Albatross-Semidi boundary. Here transverse linea-
ments and embayments in the middle slope formed during past subduction of lower plate relief are pre-
served in consolidated rock of the margin framework. These vestiges of subducted relief stop at the BSFZ 
showing that the accreted prism postdates formation of mid-slope morphologic features. Abruptness of this 
contact zone indicates a missing rock record across the BSFZ. The deformation front is indented by young 
embayments without tracks up slope of the BSFZ. Disruption up slope of the BSFZ requires large lower 
plate features whereas disruption of the accreted prism shows subduction of smaller 1 km–2 km high cur-
rently subducting relief (Krabbenhoeft et al., 2021).
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Figure 11. GLORIA images of vents on mounds at the NE end of the Semidi segment backstop splay fault zone (BSFZ) 
ridge and the subducted Patton-Murray ridge. Arrows point toward some of the vent areas recognized from circular 
features and enlargement helps resolve them. Bar scales are approximate. Location are shown with an orange V in 
Figure 1. The GLORIA signal backscatter frequency allows resolution of only relatively large vent features.
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We speculate that the 1964 earthquake asperity along the Kodiak Bowie trend at the Kodiak Island shore 
(Figure 1) (Ichinose et al., 2007) could be a large lower plate feature that entered the subduction zone at the 
Albatross-Semidi boundary. If the asperity's current location is backed-out along the plate convergence vector, 
it crosses the middle and upper slope disrupted morphology at the Albatross-Semidi boundary about 110 km 
away. With a current 6 mm/year. Convergence rate, that translates to 1.8 Myr as an age for the subduction of 
relief morphology in the Albatross area. In the Kenai sector to the north, the 1964 earthquake hypocenter is 
collocated with the 58° fracture zone magnetic anomaly. A boundary between the two asperities of the 1964 
earthquake is also a convenient boundary between the different geologies of the NE and SW sectors.

The NE Kodiak asperity is located on the 58° fracture zone (Figure 3). Although its rough morphology is 
generally buried beneath Surveyor fan sediment its subducted lower plate relief is indicated by the embay-
ment eroded into the deformation front (Figure 3 and S4-3). Across the shelf, its trend parallels bathymetric 
trends of Portlock Bank and Amatuli Trough rather than the margin's NE regional trend (Figure 1) so it 
extends to the Kenai Peninsula. Separation of the 1964 earthquake Kodiak asperities is consistent with 
division of the Kenai and Albatross rupture areas by a subducted extension of Kodiak-Bowie Ridge. An ab-
sence of clear geophysical markers across the inner shelf marking a ∼25-km-deep subducted section of the 
ridge (Ye et al., 1997) could result from a stretch of weakly magnetic low relief like the one between Kodiak 
Seamount and the ridge seamounts about 180 km to the east (Figure 1). The inferred barrier was too weak 
to stop propagation of rupture during the 1964 earthquake.

The Kenai sector's middle continental slope of ridge and valley morphology differs from all others along 
the Alaska margin (Fruehn et al., 1999). At the SW end of the ridges morphology, the change from frontal 
prism to margin framework is inferred in cross section at a diffuse boundary in the EDGE seismic image 
(Figure 4). A change in seismic character at km 40 in Figure 4 is interpreted as the truncated margin frame-
work's basement covered with mass wasting debris that was deformed by contractile interplate motion 
(Fruehn et al., 1999). Similar structure shaping Yakutat trailing flank in the current area of Yakutat terrane 
subduction are imaged in the TACT line (S4).

The middle slope ridges were probably those crossed during 1970s industry seismic reconnaissance and 
presented at meetings but controlled by industry confidentiality (Seely & Dickinson, 1977). These authors 
made a convincing case for an Alaska margin accretionary wedge from the trench to the shelf from propri-
etary industry data. However, with multibeam bathymetry and well-migrated seismic data, it is possible to 
see the difference between the frontal prism and mid slope ridges of dismembered margin framework rock.

Differences between the Albatross and Kenai sectors are comparable to the dissimilar character of seafloor 
relief that subducted beneath each of them. The Albatross sector was underthrust by the NW migrating Ko-
diak-Bowie Ridge, whereas the Kenai sector was shaped during subduction of the Yakutat terrane followed 
by collapse down its trailing flank illustrated in the TACT image (Figure S4-1). The TACT image shows how 
contractile deformation of the mass wasting material at the base of slope rapidly re-establishes a narrow 
frontal prism prior to receiving trench turbidites (supporting information S4). A similar process is observed 
behind the trailing flank of subducting seamounts at the Costa Rican margin. After destroying the frontal 
prism, seamounts tunnel beneath the margin framework elevating a steep slope that fails and produces 
mass wasting debris at its base to form a narrow frontal prism. Accretion of trench sediment follows to build 
a prism at critical taper (S4). Such tectonic junctures may illustrate the early development of some BSFZs.
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Figure 12. Sketches showing an inactive and an active BSFZ. (a) backstop splay fault zone (BSFZ) is inactive and the 
frontal prism remains with the upper plate. The plate interface reflections cut across the BSFZ damage zone. (b), An 
active BSFZ, where the frontal prism moves with the lower plate. Seamounts are commonly associated with activated 
BSFZs but are not necessary to divert slip up the splay fault. Dashed line is along a former top of the current inactive 
lower plate sediment layer.
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The Albatross area's BSFZ ridge locally follows a broad embayment. Earthquake slip (Ichinose et al., 2007) 
peaked beneath this ridge and diminishes rapidly toward the trench axis (Figure 1). The high value of slip 
at the BSFZ may indicate a contribution to the tsunami during 1964 earthquake rupture (Krabbenhoeft 
et al., 2021).

In the Semidi area, the previously proposed BSFZ ridge origin from a subducted section of the Patton-Mur-
ray ridge (von Huene et al., 2015), failed to explain the change in ridge orientation. More likely, the base-
ment ridge producing seafloor relief is the subducted Kula-Pacific ridge that appears cut on the NE by the 
Patton-Murray ridge. Kula-Pacific ridge formed a barrier to sediment transport from North America during 
earlier times. The complex intersection morphology could contain a pass that channeled sediment from 
North American for 10 Myr to form Zodiak fan (Stevenson & Embly, 1987, Figure 8). The fan's sediment 
feeder channels project toward this proposed intersection. Channeling sediment through an igneous bar-
rier ridge explains how the fan apex remained in one position so long. The top of Zodiak fan's distinctive 
reflection at the division between subducted and accreted sediment ends at the ridge (Figures 5 and 6, plate 
interface sediment). In ALEUT 03 (Figure 6), the BSFZ follows the top of the ridge rather than the dashed 
lines inferred previously in two legacy seismic images (von Huene et al, 2015). This revision of inferred 
subducted structure removes problems with earlier reconstruction. This subducted ridge complex impedes 
the propagation of slip from the seismogenic zone and it forms part of the aftershock boundary between the 
Semidi and Kodiak rupture zones.

The minimal accretion in the Semidi embayment despite more than a Myr of convergence can be explained 
by a shift of the deformation front to the BSFZ and decreased accretion at the trench axis (Figure 12). Sub-
ducting relief first destroys the thin apex of the accreted prism until prism thickness exceeds the height of 
the seamount. The ridge then tunnels into the margin and its leading flank is a splay fault. The splay fault 
can be the main earthquake slip path to the seafloor and it becomes the principal deformation front mini-
mizing accretion along the trench axis.

The Shumagin segment's proposed seismic creep (Fournier & Freymueller, 2007; Witter et al., 2014) in-
dicates a different dynamic from all other segments as does its geology. Hudnut and Taber (1987) found 
discontinuity in subduction zone seismicity from records of a local seismometer network. A double Wa-
dati-Benioff zone occurs in the SW whereas a single zone of earthquakes characterizes the NE. This dis-
continuity corresponds with a change in bathymetry and upper plate structure in seismic images. The SW 
slope morphology is rough indicating rock resistant to erosion whereas morphology in the NE is smoother 
[GEBCO_2014 Grid; von Huene et al., 2019, Figure S3]. The frontal prism is relatively narrow in the SW and 
the BSFZ juncture with the plate interface is shallower than in the NE (Figures 7 and 8). The sharp BSFZ 
ridge morphology in the SW is smoother and less linear in the NE. The upper slope buried Unimak ridge 
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Figure 13. Comparison of Nankai and Alaska splay faults. The Nankai image is a section through the 3D volume 
(from Greg Moore) and the Alaska image is legacy line 217 (Figure 7). Dots approximate the splay fault damage zone 
boundaries. Notable similarities are strata on either side are cut locally and the incoming subducting trench sediment 
layer is terminated, the unconformity (unconf.) on hanging wall basement, seafloor rise above the splays, juncture 
of the fault damage zone forming the sediment layer on subducting igneous basement, and the change in seismic 
reflection pattern of the accreted prism and the hanging wall basement on either side of the splay fault.
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also fades into a NE smoother seafloor. These upper plate and seismological differences divide this segment. 
In essence, the SW area is similar to the adjacent Unimak segment whereas the NE segment is similar to 
the Semidi segment but without the lower plate subducted ridge. Data interpreted as indicating creep came 
from investigations of the tectonically more active SW segment. On 22 July 2020, a M 7.8 earthquake was 
recorded beneath or near the zone of sector separation at 28-km depth, and aftershocks propagated SW to 
the aftershock boundary with the Unimak segment (earthquake.usgs.gov). No tsunami was reported. The 
potential for generation of a great tsunami in the Shumagin segment appears diminished by its divided 
structure.

Despite different tectonic histories of Alaska convergent margin earthquake segments, they all have a BSFZ. 
That ubiquitous occurrence indicates a fundamental convergent margin tectonic role.

6.2. Recognizing a BSFZ and Its Components

Awareness of BSFZ, adds a previously unrecognized tectonic element to assessments of Alaskan tsunami 
generation so they become important features to recognize. Alaskan BSFZs, first proposed in the Unimak 
segment, are now documented along backstops of the entire margin. BSFZs are more efficient tsunami 
generators than megathrust slip beneath the frontal prism (Lotto et al., 2019; Wendt et al., 2009). Splay fault 
slip in deep water is clearly a potent tsunami generator and a likely component of far-field tsunami genera-
tion. Shallow water on the shelf as along Middleton or Montague Islands thrust faults (Liberty et al., 2013; 
Plafker, 1972) are likely near-field tsunami generators.

Accreted prism faults and the BSFZ in seismic images above the seafloor multiple look alike. The multiple 
masks the plate interface that is commonly greater than 10-km deep beneath backstops. The BSFZ is most 
easily recognized from the continuation of splay fault damage zones into the subducting sediment layer that is 
commonly ≥10 km deep. Both the depth and the multiple make imaging with 2D seismic capabilities difficult.

The Alaskan backstop transition from prisms to margin framework rock is commonly clear in multibeam 
bathymetry integrated with carefully processed seismic images. Such recognition requires better resolution 
than most standard processed seismic images afford. Seismic resolution is commonly a function of good 2D 
structure. In addition, active BSFZs commonly have a laterally extensive seafloor step ±1 km high associat-
ed with ∼2–6 km wide zones of fault scarps with some recent unmodified morphology. Truncated hanging 
wall strata indicate a missing rock volume and below the multiple, a mass flux can be observed with the 
BSFZ merger into the plate interface sediment layer (Figure 7). This continuity of BSFZ fault damage zones 
into the plate interface sediment layer is a vital distinguishing feature (Figure 12). The BSFZ commonly 
cuts across the subducting plate sediment layer beneath the prism either partially or fully (Figures 7 and 
12b). BSFZ damage zones are nominally 1–5 km wide rather than the simple thrust faults in diagrams. The 
dynamic outcome reasoned from certain seismic images is that fragmented upper plate fault zone material 
transfers to the lower plate subducting sediment layer. The landward dipping reflections of the BSFZ are 
from fault gouge whereas those of the accreted prism are mostly trench sediment. The difference is diffi-
cult to resolve without high resolution in seismic records and detailed multibeam bathymetry. On hanging 
walls, the sediment cover and its underlying unconformity is deformed at the BSFZ rather than pinching 
out against the fault to indicate that sedimentation followed uplift. Identifying a combination of these fea-
tures in merged bathymetric and seismic data is facilitated by a two dimensionality of structure and careful 
geophysical data processing.

The Shumagin juncture image is comparable to single line images through the Nankai margin 3D volume 
(Figure 13). Juncture of the BSFZ and subducting sediment is locally 4 km shallower than that of other 
segments positioning it above the seafloor multiple (Figure 7). This accounts for its clear juncture image. 
Its seafloor BSFZ escarpment is ∼1-km high and well-defined in bathymetry, indicating recent activity con-
sistent with the juncture. The splay fault-plate interface juncture along the Nankai 3-D seismic data shows 
submultiple variations of the juncture (G. F. Moore et al., 2007) and illustrates limitation of 2D seismic 
imaging of this 3D feature.
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6.3. Interplate Rugosity

In models of Wendt et al. (2009), splay fault activation requires subducting relief (Figure 12). This is locally 
consistent with seamounts in our reprocessed images (Figures 5–8). However, in the decade later simula-
tions of Lotto et al. (2019) subducting relief is not required. An absence of subducting relief is observed at 
the Nankai margin yet its scarps are up to 1-km high and indicate recent displacement. The difficulty of 
imaging subducting relief, especially at 10 km or more depths, is discussed in supporting information S3. 
Clear resolution of lower plate rugosity deep in subduction zones is exceptional without 3D seismic acquisi-
tion and a measure of its effects on fault coupling are not yet derived from observations. Another influence 
on fault coupling is fluid distribution (cf. Ranero et al., 2008). The shorter path to the seafloor of the BSFZ 
over the plate interface beneath the prism introduces another variable. So, the resistance to earthquake slip 
may not be much greater along the BSFZ than along the plate interface as shown by BSFZs that are active 
without much megathrust rugosity.

In the Shumagin and Semidi segments, igneous ocean crust entering the subduction zone is mostly smooth 
without bend fault displacement greater than ∼500-m high beneath the trench axis turbidite, and yet in the 
subduction zone igneous crust has some ∼2-km-high relief (Figure 10). An explanation is continued bend 
faulting after subduction facilitated by a constrained fluid escape as the frontal prism mass loads the zone. 
Elevated pressures spikes during earthquakes also increase prism yielding (Ma, 2012) and facilitate bend 
fault growth. Lower plate roughness from growing relief can increase interplate resistance to convergent 
plate forces until it exceeds that of the BSFZ. As long as the plate bends beneath the prism, the environment 
is favorable for growth of lower plate relief. As the bend faults grow, the plate boundary shifts upward to sur-
mount a greater physical impediment and that effectively reduces plate interface roughness. Exposed bend 
faults extend laterally ∼45 km and therefore their coupling patterns may extend laterally over a larger area 
than the 20 km diameter subducted seamounts we imaged. The complexity and size of earthquakes initiated 
by seamount asperities also appears limited by shape (Lallemand et al., 2018), as well as upper plate rigidity 
(Sallares & Ranero, 2019), and the amount of subduction zone roughness (Wang & Bilek, 2014). Lower plate 
roughness evolves as the plate subducts and the segment below the frontal prism is imaged better than that 
of the seismogenic zone. Seismogenic zone physical character inferred from incoming ocean basin mor-
phology appears ambiguous but it is the most available visual global proxy.

Wang and Bilek (2011, 2014) hypothesize that plate interfaces with relief are prone to creep whereas smooth 
interfaces provide the environment for great and giant earthquakes. Seamount asperities produce earth-
quakes apparently no greater than M7. The 1964 M9.2 Alaska giant earthquake rupture area is in the list of 
smooth subduction interfaces. However, reprocessed seismic records show plate interface relief that devel-
ops after entry into the subduction zone and buried igneous crustal relief. How much rugosity will impede 
giant earthquakes?

The Gulf of Alaska seafloor, flanked by the Kodiak Bowie Ridge, the Patton-Murray ridge and the 58° Frac-
ture zone, is smoothed in intervening areas by sediment of Surveyor and Zodiak fans. Surveyor Fan buries 
scattered seamounts 1–2 km high (Reece et al., 2013; Stevenson & Embley, 1987). Multibeam bathymetry 
along the Kenai frontal prism contains embayments from past subduction of seamounts and two currently 
impacting ones (Figure 3 and S4-3). The morphologically smooth seafloor entering the subduction zone 
continues down dip as a plate interface with basement relief 500 m high. In the Kenai subduction zone, 
relief is imaged in seven of eight seismic images beneath the lower slope. Subducted relief several km across 
in the SW Albatross sector is imaged with a grid of seismic lines that allow construction of 2.5D images 
(Krabbenhoeft et al., 2021). A rugose igneous ocean crust beneath the trench is covered by ∼3 to ∼5-km-
thick sediment that modulates the plate interface megathrust configuration. Some relief originated prior 
to subduction and other relief developed in the subduction zone from continued lower plate bending. The 
latter type is generally 0.5–1.0 km high at the igneous crust below the plate interface fault zone and it may 
be smoothened along the plate interface. Subducting seamounts, in turn, are generally 2–3 km high on entry 
and remain prominent to the BSFZ. Plate interface morphology is rougher in the available geophysical data 
than inferred from the Gulf of Alaska seafloor between seamount chains and ridges.

In consideration of the Wang and Bilek study, the three 1964 earthquake asperities of Ichinose (2007) could 
have been M7 earthquakes had they nucleated separately. A minimum rupture area within the 4 m slip con-
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tour was converted to earthquake magnitude with the scaling relations of Wells and Coppersmith (1994). 
The Prince William asperity nucleated an M8 plus earthquake, the Albatross asperity an M8 earthquake, 
and the 58° Fracture zone asperity a ∼7.8 earthquake. Individually, the 1964 asperity earthquake magni-
tudes appear greater than expected for rough plate interfaces (Wang & Bilek, 2014).

Morphology of the incoming Gulf of Alaska ocean floor may be the best available proxy for morphology in 
the seismogenic zone but it has severe limitations. Resolution with 2D seismic techniques, even with the 
powerful seismic system of RV Langseth, leaves obscured images of plate interface roughness downdip of 
the BSFZ (e.g., Bécel et al., 2017). Ocean basement roughness up-dip from BSFZs probably increases in-
terplate coupling beneath the frontal prism but great and giant earthquakes commonly nucleate downdip 
of the BSFZ and well beyond most 2D imaging. The BSFZ transition is notable since it involves a physical 
property change and a lateral increase in seismic P-wave velocities. It is located near the updip end of the 
seismogenic zone (S. L. Bilek and Lay, 1999, 2018]. The magnitude of lower plate rugosity and plate inter-
face relief apparently influence coupling beneath the frontal prism to direct slip up the BSFZ but its relation 
to the source of tsunami earthquakes in the seismogenic zone is speculative. The link between structure 
and seismic behavior related to lower plate relief is based largely on inference and reasoning as Wang and 
Bilek (2014).

Imaging asperities in the seismogenic zone is improved with 3D seismic technology and vertical seismic 
profiles. A seamount asperity for the 1990 7.0 earthquake off Costa Rica (Husen et al., 2002) was revealed 
with tomography but imaging its morphology or the surrounding strata requires a much denser data set. 
Observations of large subducted seamounts are probably underreported because rough sloping volcanic 
surfaces at depths greater than ∼5 km are 3D objects difficult to image with 2D seismic techniques (see sup-
porting information S3). Up dip of the seismogenic zone, some relief is locally resolved with 2D reflection 
techniques but we deduced relief more than 2 km high from deflected and terminated strata (Figures 2 and 
7).

Comprehensive studies of tsunami earthquakes related to splay fault zones other than the Nankai Trough 
are few. The truncated rocks adjacent to the BSFZ show the source of its dismembered material in damage 
zones. Damage zones fault rock sampled off New Zealand, consists of Breccias with 40% porosity (Fagereng 
et al., 2019). The permeability of fault damaged rock probably make it a conduit for the fluid migration 
such as that associated with seafloor vents along the Alaska margin (Figure 11). Damage zone rocks have 
reduced elastic moduli, cohesion, and yield strength, which can promote attenuation and reduced wave 
propagation during ruptures as occurs in tsunami earthquakes. An association of BSFZs and tsunami 
earthquakes is suggested by the 1946 hypocenter beneath a BSFZ's bathymetry in the Unimak segment. 
Fukao (1979) suggested that soft sediment of an accreted prism slows rupture, which was echoed by others 
(e.g., Lopez & Okal, 2006). The physical properties of “soft” are indicated by Alaskan seismic Vp velocities. 
Accreted trench turbidites have velocities around 1.6 km/s in DSDP trench sediment cores, and 1.7 km/s in 
sonobuoy refraction data (Kulm et al., 1973; Ye et al., 1997). Wide-angle seismic velocities of 3.0–3.8 km/s 
are measured in accreted sediment ∼10 km from the Kodiak segment deformation front (Krabbenhoeft 
et al., 2021; Ye et al., 1997). Such prism velocities are usually associated with consolidated rather than “soft” 
trench sediment.

Another mechanism for slowing rupture is proposed by Ma (2012). He modeled dynamic deformation of 
the accreted prism assuming a Vs speed of 3.4 km/s and near-critical stresses for Coulomb failure of the 
wedge. His results indicate that dynamic pore pressure changes can lead to widespread yielding of the 
prism, which reduces rupture speed and lengthens rupture duration. Off-fault yielding (Ma, 2012) of sedi-
ment such as that drill-cored in the Hikurangi margin splay fault (Fagereng et al., 2019) slows rupture prop-
agation. Other modelers have found that a very rugose plate interface fault can retard slip and induce failure 
within the wedge (cf. Dieterich & Deborah, 2009). Wide damage zones of fragmented rock in BSFZs, might 
slow fault propagation (Ma, 2012). In the Unimak segment, from where the defining tsunami earthquake 
was recorded, the 3 to 5-km-wide BSFZ fault zone could distribute fault slip over a wide zone (von Huene 
et al., 2016). However, measuring velocities and deriving physical properties of a 25° dipping low velocity 
layer is a technical challenge.
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The BSFZ damage zone and a rough lower plate are two suspected seismological velocity-reducing features 
added to considerations of possible processes in frontal wedges promoting tsunami earthquakes. The struc-
tural complexity of convergent margins allows multiple velocity reducing processes to act concurrently.

7. Summary and Conclusions
Tectonic structure crossing the regional trend occurs along limits of the aftershocks following great and 
giant earthquakes. They are apparent in three boundaries that have adequate geophysical data. Morphology 
indicates possible upper plate transverse structure at the other two. The giant 1964 earthquake transgressed 
the Yakutat-Kodiak segment boundary and ruptured two large Kodiak sectors. Anecdotal information and 
sediment paleoseismology suggests that the 1788 earthquake may have crossed boundaries. Nonetheless, 
boundaries indicate the length of segments that could generate future tsunamis.

Alaska tsunami hazards were widely recognized after the 1946 Unimak earthquake's Pacific wide traverse. 
It was a tsunami earthquake with a hypocenter located beneath seafloor ridges of a 3 to 5-km-wide BSFZ. 
Modeling studies indicate a high efficiency of splay faults as tsunamis generators (Lotto et al., 2019 and 
references therein). BSFZs run along all Alaska Trench great and giant earthquake aftershock areas. In 
the absence of sample analysis, activity is inferred from the character of multibeam morphology above the 
BSFZ. Multibeam bathymetry also resolves many subducted seamount entry embayments into the Alaskan 
accretionary prism. Subducted relief down to 10 km depths is revealed in reprocessed legacy seismic images 
even where the adjacent incoming ocean basin seafloor is relatively smooth. Bend faults continue growing 
beneath the frontal prism probably as long as lower plate bending continues. At or near BSFZs, seafloor 
fluid vent structures indicate elevated fluid pressure. Locally, subducted relief and the BSFZ occur together, 
and their overlying seafloor fault scarps indicate recent displacement. We reason that plate interface relief 
can increase megathrust coupling enough to divert earthquake slip up the shorter BSFZ locally rather than 
continuing to the trench axis. BSFZ activation is also indicated without a triggering seamount.

When active, BSFZs introduce fault gouge into the sediment layer on the subducting lower plate (cf. Fig-
ure 7). Active BSFZs are erosive, contributing fragmented upper plate rock to the subducting lower plate 
sediment layer thereby contributing to plate interface rock heterogeneity.

Alaskan BSFZs are a core of the transition between the continental margin basement framework and the 
compliant accreted prism. The framework and prism are of dissimilar age, history, and physical properties 
as is apparent from structure and seismic properties. The upper plate horizontal Vp gradient increases across 
the transition. Modeling illustrates BSFZ‘s large tsunami generating potential. Multibeam bathymetry of 
active BSFZ faulting shows a colocation of BSFZs and seismogenic zone updip limits. In the Unimak seg-
ment, the 1946 epicenter proximity to the BSFZ allows for possible splay involvement. In the Albatross 
segment, a modeled slip maximum (Ichinose et al., 2007) collocates with the area's BSFZ. Core samples of 
vent mound sediment can reveal periods of heightened fluid expulsion that could be linked with great and 
giant earthquake records.

Data Availability Statement
Original seismic data are archived at: Line 102wg81: https://walrus.wr.usgs.gov/NAMSS/survey/l-8-81-
wg/.Line 217wg82: https://walrus.wr.usgs.gov/namss/survey/l-12-82-wg/.Hinchinbrook and Tact lines: 
https://walrus.wr.usgs.gov/namss/survey/g-01-88-eg/.Ewing Lines 1235 and 1237: https://doi.org/10.3133/
ofr20141024.Edge Line: https://www.marine-geo.org/tools/search/Files.php?data_set_uid=28283.
Line ALEUT-03, A-04 A-05: https://www.marine-geo.org/tools/search/Files.php?data_set_uid=17810.
In Figure  1, multibeam bathymetry, the extent and some annotation are modified from Krabbenhoeft 
et al., (2021). Regional multibeam bathymetric data (Flueh & von Huene, 1994; Rathburn et al., 2009; Shil-
lington et al., 2015; Suess, 1994) were gridded at 150 m × 150 m using the WGS84 horizontal datum and 
a Gaussian weighted mean filter gridding algorithm. In regions without multibeam coverage, the latest 
release of the GEBCO 30 arc-second global grid of elevations, the GEBCO_2014 Grid, were integrated with 
the processed multibeam bathymetry.
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