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Abstract

In subduction zones, onshore geodesy
provides the main data used to map
seismic locking on the plate inter-
face. We propose a new offshore con-
trol by establishing the co-location
of the shelf break and the locking
depth based on the Cascadia subduc-
tion. The erosive shelf of a subduc-
tion margin results from continuous
uplift and active wave erosion. The
long-term uplift is driven by 1) the
non-recoverable fraction of interseis-
mic deformation and 2) continental
uplift (e.g. isostasy). We combine
a wave erosion model with an elas-
tic deformation model to show how
the hinge line that marks the transi-
tion from interseismic subsidence to
uplift pins the location of the shelf
break. A global compilation of sub-
duction zones with well resolved lock-
ing depths confirms our model with
shelf breaks lying much closer to the
locking depth than coastlines. Sub-
duction margin morphology integrates
hundreds of seismic cycles and in-

forms seismic coupling stability through

time.

Introduction

The portion of a subduction zone
plate interface that is frictionally locked
between earthquakes controls the size
of megathrust ruptures (Aki, [1967;
Mai and Berozal 2000). Strain accu-
mulation from locking on the plate
interface produces interseismic defor-
mation at the surface, which can be
inverted to determine the extent of
the locked region on the fault, follow-
ing the widely used back-slip model
(Savage, |1983)). This procedure has
been used for decades to produce
maps of locking, also referred to as

coupling, over subduction zones (e.g.
Yoshioka et al.l [1993} [Sagiya), [1999;

Mazzotti et al.| [2000; |[Nishimura et al.,
2004; [Simoes et al.;2004;|Chlieh et al.|
2008; [Metois et al., [2012]). However,

due to the short duration of geodetic

measurements, these inversions typ-
ically reflect a fraction of the earth-
quake cycle, which could be contami-
nated by transient slip events (Dragerft
et al.| 2001} |Obaral, 2002)), or defor-
mation unrelated to the megathrust

(e.g. postglacial rebound, |James

et al., 2009)). Because the locked

region is typically offshore, it may

also be poorly constrained simply

due to the concentration of geodetic

measurements on shore. This prob-
lem is compounded by wide continen-
tal shelves (Wang and Tréhul 2016).

Seafloor geodesy can overcome some

of these problems, but remains un-
common (Burgmann and Chadwell,

2014).

On land, tectonic geomorphology
complements short duration geodetic
and seismic records and provides a ge-
ologically more meaningful tectonic
record (e.g. [Valensise and Ward,
1991} [Lavé and Avouad, [2001} |Brooks
et al 12011). During the seismic cy-
cle, crustal deformation is considered
as almost entirely elastic, but over ge-
ological timescale, herein long-term,
it is the anelastic fraction that builds
mountains (Avouac, [2003]).

Although little work has linked
submarine geomorphology and sub-
duction zone deformation, Ruff and
Tichelaar| (1996) identified a corre-
lation between the downdip end of
subduction zone rupture and the po-
sition of the coastline. This corre-
lation fits the Andean subduction
particularly well, and |Saillard et al.
(2017) suggested that the distribu-
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tion of anelastic interseismic defor-
mation could explain it. The coast-
line, however, is modified primarily
by fluctuations in sea level and ero-
sion and deposition, not tectonics.
Since the compilation by |[Ruff
and Tichelaar| (1996)), advances in
geodetic inversions for interseismic
coupling allows renewed scrutiny of
potential relationships between sub-
duction zone locking and coastal mor-
phology. Towards this end, we de-
velop here a model of wave erosion
across a subduction margin where
long-term vertical deformation is driven
by the anelastic fraction of the in-
terseismic deformation. Our results
show that an erosive continental shelf
(gentle platform at less than 200 m
below modern sea level) forms as
a natural consequence of uplift and
wave erosion along an active mar-
gin. The outer edge of this shelf
is anchored by the location of the
downdip end of seismic coupling on
the megathrust (i.e. the locking depth).
We first test this coupled model on
the morphology of the Cascadia sub-
duction zone. Then, a global exami-
nation of data from seven active sub-
duction zones where locking depths
are well constrained reveals that the
edge of the continental shelf is a much
better predictor of the locking depth
than is the coastline. We conclude
that the morphology of the continen-
tal shelf constrains the extent of the
locked region integrated over many
earthquake cycles in subduction zones.

Relationship between coastal
morphology and interseismic
coupling

The Cascadia shelf break is co-
located with the downdip end
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Figure 1: Solutions for the downdip end of seismic coupling in Cascadia, derived

from GPS (Wang et al. 2003} McCaffrey et all 2007} [Schmalzle et al., [2014) and

road leveling (Burgette et al., [2009), follow the edge of the continental shelf and are
removed from the coastline. The locking depth is outlined for a value of ~80% locking.

Color map from (2018).

of coupling.

The Cascadia subduction zone
does not appear in|Ruff and Tichelaar]
(1996)), as the compilation was pub-
lished before precise geodesy. Nonethe-
less, geological evidence of M8-9 earth-
quakes have since revealed Casca-
dia’s substantial seismic hazard
[take et al. [1996] 2003). When evalu-
ating seismic hazard subduction zones,
the determination of the locking depth
remains critical because a deeper rup-

ture implies larger coseismic slip close
to coastal regions. Most inversions
for slip rates of geodetic measure-
ments set the megathrust to be fully
locked to a depth of 10-20 km (Hyn!
[dman and Wang), (1995} [Wang et al.]
[2003; Burgette et all 2009; McCafl
[frey et all, [2013} [Schmalzle et all,
2014,
and Segall[, .

Figure displays examples of so-
lutions for the position of the lock-
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ing depth inverted from GPS, tide
gauges measurements, and road level-
ing surveys. They all show a striking
divergence from the locking depth-
coast relationship proposed by
land Tichelaar| (1996)). Instead, along
the Cascadia margin and its wide
shelf (~60 km), the locking depth
appears to closely co-locate with the
shelf-break, not the coastline. In-
deed, |Goldfinger et al| (1992)) and
[McNeill et al| (2000) noted that the
outer arc high — the edge of the shelf
in Cascadia — conspicuously follows
the location of the locking depth.
The morphology of compressional
active margins is primarily controlled
by subsidence, thrusting and sedi-
mentation on the continental slope
(Fuller et al., 2006} |Cubas et al.[2013)),
and by the competition between up-
lift and erosion in the shallow marine
to create and maintain an erosive
shelf (Bradley and Griggs) [1976}
[derson et all [1999). Consequently,
the hinge line that marks the transi-
tion from offshore subsidence to land-
ward continental uplift is of primary
importance in anchoring the conti-
nental shelf edge. We propose that
this hinge-line is localized approxi-
mately above the locking depth
by the pattern of inter-
seismic deformation (Figure [2] top)
that results from the extent of the
locked and transitional domains of
the megathrust (Figure [2| bottom).

Spatial distribution of long-term
uplift

Numerical models of coastal land-
scape evolution commonly use spa-

tially uniform uplift (Anderson et al.:

1999} [Snyder et al. [2002} [Melnick

2016)), we hypothesize that long-term
vertical deformation derives from a
non-uniform interseismic loading. At
the end of an earthquake cycle, a
fraction of the interseismic deforma-
tion is not recovered. This anelastic
deformation should roughly follow
the same spatial distribution as the
elastic deformation.

Although it has never been fully
physically demonstrated, the relation-
ship between long-term deformation
and interseismic elastic patterns has

been frequently observed. [Allmendinger
(2009) noted that “at a regional

scale within continents, interseismic
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deformation is mostly nearly similar
to regional late Cenozoic tectonic de-
formation”. Work from
|Allmendiger| (2005 showed that the
extensional strain field predicted by
elastic interseismic deformation co-
locates with regions of normal fault-
ing in the Coastal Cordillera of Chile.
[Stevens and Avouac| (2015)) noted
that the uplift pattern predicted by
their coupling inferred from geodesy
above the Main Himalayan Thrust
mimics the topography above the
thrust. Coastal uplift above subduc-
tion zones has also been attributed
to interseismic deformation based on
the pattern of deformed terraces in
Cascadia (Kelsey and Bockheim| [1994;
Personiusl, 1995)), on the co-location
of peninsulas and shallow locking depth
in the Andes (Saillard et al., [2017),
and on the growth of the Japanese

coastal mountains 1Yoshikawa|, 1968[;

oshikawa et all) 1981} [Le Pichon|
et aul.|7 1998). From the numerical
modeling side, when looking at up-
lift predicted by elasto-visco-plastic
models for crustal deformation, |Cat-
tin and Avouac| (2000 and [Vergne
et al| (2001) demonstrated that per-
manent vertical deformation mimics
the elastic interseismic deformation.
The seismic cycle analogue model by
[Rosenau et al.| (2009) shows perma-
nent interseismic uplift at the coast-
line.

The traditional back-slip approach
assumes that all deformation occurs
elastically on the plate interface and
therefore does not produce vertical
long-term deformation. However, once
we consider that interseismic defor-
mation is not limited to a contact
plane, but affects two plates of non-
negligible thicknesses, the amplitude
of the elastic interseismic field changes.
|[Kanda and Simons| (2010) showed
in fact that, compared to the back-
slip model, vertical interseismic rates
are enhanced for thicker plates, due
to plate bending, and roughly fol-
low the same spatial distribution. In
that context, our study would as-
sume that, when the megathrust slips,
deformation mostly localizes on the
plate interface and the elastic defor-
mation predicted by the back-slip
method is recovered, while the ex-
tra deformation caused by flexural
effects is not. It seems then reason-
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Figure 2: An erosive continental shelf requires wave-base erosion and rock uplift.
These conditions are met landward of the uplift hinge line set by the combined patterns
of interseismic and continental uplift (top). The shelf break is anchored at the hinge
line, and the shelf can grow landward by coastal retreat (bottom). The interseismic
deformation is controlled by the pattern of locked, transitional, and creeping segments

of the megathrust.

able to consider that, at the end of
the earthquake cycle, the net defor-
mation distribution would follow the
original interseismic profile.

Model coupling wave erosion and
interseismic uplift explains Cas-
cadia

We explore submarine topographic
expression of long-term interseismic
locking on a subduction megathrust
as follows (Figure [3)). For marine
erosion, we adopt the model of [An]
|derson et al| (1999) that expends
ocean wave energy on the shallow
seafloor for wave-base erosion, leav-
ing the remainder for sea-cliff erosion.
The erosion component is driven by

the sea level curve of
(2016)) looped over 2 Myr for

a naturally noisy and high-resolution
eustatic signal. Wave energy is as-
sumed constant through time. Ma-
rine erosion is coupled to long-term
tectonic uplift derived from the in-
terseismic field and a secular con-
tinental uplift component. Spatial
distribution of long-term uplift rates
is computed with a back-slip model
using half-space elas-
tic Green’s functions

assuming a fully locked region above

the locking depth (see
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Segall, 2016, for details). The back-

slip model assumes that surface de-
formation is due to elastic strain ac-
cumulation on the plate interface and
that it is equivalent to normal slip
in the locked region. We compute
the distribution of interseismic sur-
face uplift rates at an elevation of
0 m. Following estimates by [Le Pi
chon et al.| (1998) and [van Dinther,
et al|(2013), we use a fraction (5%)
of that deformation profile as long-
term field of uplift (Figure [8A). The
uplift hinge line predicted by the
back-slip model is generally located
within 5 km of the locking depth but
can be displaced seaward in the ab-
sence of a transitional zone of partial
locking and a gently dipping (< 10°)
slab (supplementary Figure S1). The
other uplift component is a general-
ized term for all components of con-
tinental uplift, including isostatic re-
sponse to denudation, underplating,
and intracontinental compressional
tectonics. It is modeled as an expo-
nentially decaying uplift rate reach-
ing zero at the trench (Figure[3A). If
the continental uplift is much larger
than the interseismic uplift, the hinge
line of total uplift is displaced sea-
ward (Figure BC).

The numerical model presented
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Figure 3: The numerical model is forced by an uplift field (A) derived from an

interseismic back-slip calculation (adapted from [Savagel [1983; |Okada), [1992

of a

locked fault (B) and by ocean energy causing wave-base erosion (Anderson et al.l[1999).
A-B shows a reference case with a wide shelf. The vertical scale is exaggerated from
-200 to 1000 m in B. The model C-D has the same parameters but a ten times greater
continental uplift, and model E-F has a ten times smaller rock erodibility factor. Note
that these two models both have narrower shelves, and that in model C-D, the total
uplift hinge-line is displaced seaward by the fast continental uplift.

here accounts well for the first-order
localization of the continental shelf
(Figure BB). The uplift hinge line an-
chors the edge of the shelf. The emer-
gent shelf width in the model (and
hence the distance of the shoreline to
the shelf-break) is sensitive to wave
energy, the erodibility of the coastal
bedrock, and its rate of uplift. The
numerical model illustrates the inter-

play of these parameters. Along the
Oregon coast of Cascadia, the energy
from the ocean can be reasonably as-
sumed similar everywhere. The rock
strength is bimodal with weaker mud-
stone of the Tyee formation to the
north and somewhat stronger Fran-
ciscan melange south of Cape Blanco
(Dott Jr. and Bird} [1979} Blake Jr|

et al.L 1985). The continental up-

Page 4

Last updated: 07/11/2018 at 10:29CET

lift rate at the coast also varies from
slow in the north to faster in the
south 013). Both fac-
tors co-vary and it is not possible
to de-convolve their effects as they
both result in a narrower shelf (Fig-
ure BIC-F). It is noteworthy that a
non-uniform uplift field increasing
landward allows a stabilization of the
coastal region, instead of the contin-
uous long-term net transgression or
net regression resulting from coastal
models with uniform uplift (Ander;

son et all, [1999; [Snyder et all, 2002}
Melnick|, 2016)).

Naturally, the morphology of the
Cascadia margin is derived from a
long geological history that is much
more complicated than our model.
The margin outer arc high marks the
shelf break and often bounds Neo-
gene forearc basins that have been
folded, uplifted, and eroded since
the Pliocene, with continuous syn-
compressional deposition in some of
them (Yeats et all [1998} [McNeilll
et all [2000). We note that these
compressional shelf basins differ from
7s deeper negative-
« basins that develop above the locked
segment when the slope of the critical
wedge dips landward. We also note
that the Juan de Fuca plate subducts
obliquely at a 45° angle to the Cas-
cadia margin (Kreemer et al. [2014)
which causes segmentation into rotat-
ing blocks that add structural and
sedimentary complexity to the mar-
gin (Kelsey and Bockheim) [1994}
lsonius) [1995; [McCaffrey et al., 2013).

Shelf break and locking depth
on a global scale

The conceptual model developed above
for Cascadia should be broadly valid
in any locked subduction zone. We
test it below on a global compila-
tion of the respective distances be-
tween locking depth, shelf break, and
coastline following the earlier work
of |Ruff and Tichelaar| (1996). Maps
of interseismic coupling and large co-
seismic ruptures were collected for
the major subduction systems. The
downdip end of the coupled (using
~80% coupling as a threshold) and
of the rupture patches were exported
to Google Earth (kml file available in
the supplementary material). In each
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subduction system, relative positions
of the trench, the locking depth, the
shelf break, and the coastline were
measured along three to six profiles
normal to the margin. The shelf
break is identified as the transition
from the continental platform edge
or, in the absence of clearly defined
transition to continental slope, pinned
at ~ 200 m depth. Survey profiles
were positioned to capture variabil-
ity in relative positions of the locking
and morphological markers.

We selected 21 better resolved
coseismic ruptures and interseismic
coupling inversions out of 48 for a
global compilation (Figure [4]) follow-
ing criteria detailed in text S1 and
Table S1 of the supplementary in-
formation. The shelf breaks clus-
ter around the locking depth with
a mean distance of 4.7 km landward
and 10 and 90*" percentiles at -
18 and 22 km. Coastlines, in con-
trast, are shifted landward with a
mean distance of 43.1 km from the
locking depth and 10*" and 90" per-
centiles at 3.2 and 76.6 km. The
entire dataset is presented in the sup-
plementary Figure S2. The shelf
breaks of active margins around the
globe reflect the same configuration
as Cascadia and support our model.

The scatter around the position
of the locking depth may result from
a combination of factors, chiefly among
them uncertainties in the inversion of
coupling and coseismic ruptures, and
in the pattern of anelastic versus elas-
tic interseismic deformation. Mean-
while, the coastlines are removed from
the locking depth according to the
width of the shelf. The initial obser-
vation of the co-location of coast and
locking depth by |[Ruff and Tichelaar]
was primarily based on the
Andean subduction, where the conti-
nental shelf is narrow to non-existent.
In this case, the coastline is in close

proximity to the shelf break and thereby

to the locking depth as they noted.
Notably, the authors identified the
shelf break as possibly having “deeper
physical significance [than the coast-
line]” (Ruff and Tichelaar], [1996]).

Perspectives and conclusion

A bridge between seismic and
landscape timescales
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Figure 4: Position of the locking depth with respect to the shelf break and the
coastline relative to the trench in selected sites (inspired by [Ruff and Tichelaar| (1996)).
The inset distribution shows that shelf breaks are tightly distributed around the
locking depth at a mean distance of 4.7 km (10" /90" percentiles at -18/22 km) while
coastlines are removed and spread landward from it at a mean distance of 43.1 km
(10%" /90" percentiles at 3.2/76.6 km). Sources are 1: [Briggs et al.| (2006); Natawidjajal

et al.| (2007); 2: [Park et al.|

2002); 3: [Hashimoto et al|(2009); [Lay et al.| (2011)); 4:

Hashimoto et al.| (2009)); 5:

Johnson et al| (1994); 6: |[Johnson

(1998); |[Sykes et al.|

(1981)); 7: [Burgette et al. (2009

; |Schmalzle et al.|(2014); 8: |Ye et al.|

2013); 9:

et al.| (2014); |Yue et al.| (2014); [Li et al.| (2016).

Geodetic measurements of interseis-
mic coupling or coseismic ruptures
reflect at most a few centuries of
geological history. Meanwhile, the
landscape records the effect of tecton-
ics and surface processes over hun-
dreds to thousands of individual seis-
mic cycles spanning 100’s kyr (e.g.
[Valensise and Ward] [1991} Willett|
et all, [1993} [Lavé and Avouac, 2001}
|Avouac) |2003). Hence, on active
margin if the position of the locking
depth is stable — expected from a
fault with a characteristic earthquake
cycle, where the region locked during
the interseismic period exactly delim-
its the extent of future earthquakes
— the same domains are in net rock
subsidence or rock uplift 100% of the
time and the shelf break should be a
sharp morphological marker (like in
Cascadia potentially, Figure [5)).
While the assumption of a charac-
teristic earthquake cycle is common,
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interseismic coupling might also plau-
sibly vary over several seismic cycles,
leading to a more poorly defined shelf
break, such as observed in Japan
(Figure[F). Additionally, within the
interseismic period itself, there is in-
creasing evidence that coupling dis-
tribution could be time-dependent.
The downdip end of coupling could
migrate updip during the interseis-
mic period, resulting in variable de-
grees of possible mismatch between
coseismic reconstructions and cur-

rent interseismic measurements 1ThatcherL

|1984;Schmalzle et al.l|2014; |[Nishimura),
[2014} [Jiang and Lapustal, 2016} [Wang|
and Tréhul 2016} Bruhat and Segall,
2017).

Beyond temporal variations, the
pattern of long term uplift depends
as much on the spatial distribution of
interseismic deformation as on that
of coseismic displacement. Coseis-
mic deformation can also locally over-
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Figure 5: Profiles across the Cascadia and North Honshu margins. In Cascadia, the
shelf break is a sharp and salient feature while in North Honshu the shelf break is lost
in the upper continental slope. Both figures share the same scale. 1:

(2009); 2: [Lay et al.| (2011))

come interseismic deformation as in
Sumatra (Sieh et al., 2008} [Philibosian

2014]), or their respective spa-
tial distributions could differ[Penseridi

. The model proposed
here opens the exploration of long-
term stability or transience of inter-
seismic locking patterns.

Critical taper and other modes
of deformation

The critical taper theory
provides an alternative expla-
nation for the pattern of deforma-
tion that we ascribe to the anelastic
component of interseismic deforma-
tion. The deformation pattern of a
critical wedge changes along varia-
tions in basal friction such that a
vertical shear zone marking the tran-
sition from seaward subsidence to
landward uplift can localize above
the locking depth
[Cubas et al., [2013). However, for
this hinge line to develop, the wedge
has to be critical, which is a condi-
tion only met in parts of a few sub-
duction zones (Cubas et all 2013

Rare deep earthquakes in the par-
tially locked zone C sensu [Lay et al]
, i.e. lower than the locking
depth, have been proposed to drive
coastal uplift in the Central Andes
by . However, it is un-
clear why this coseismic component
alone would be the driver while all
co-, post-, and interseismic stages in
zone C contribute to a general de-
formation budget of the subduction
that is dominated by the fully locked
zones A-B .

Our modeling does not treat the
subsiding part of the margin and in-
stead assumes that a combination
of deformation and sediment depo-
sition maintains the bathymetry of
the continental slope. However, ev-
idence about deformation and sedi-
mentation in this zone of predicted
long-term subsidence supports our
assumption and complements our work
on the erosive part of the system.
The locked domain of megathrusts
has been observed to be often over-
lain by large forearc basins on deep

sea terraces seaward of the shelf (Sugiyama),

Rousset et all [2016; [Koulali et al.
:2018). Therefore, given the limited

occurrence of critically tapered sub-
duction zones globally, we conclude
that anelastic interseismic deforma-
tion provides a more plausible expla-
nation for the global signal of locking
depths revealed by coastal geomor-

phology (Figure [4)).

[1994} [Song and Simons| Wells
et ad.|7 . These deep subsiding
forearc basins have been attributed
to subduction erosion
, and to critical taper defor-
mation of the inner wedge (Fuller]
et_al) [2006; Wang and Hul
Cubas et al., |2013)). If these forearc
basins are indeed the depositional
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counterparts of erosive shelves and
are driven by long-term interseismic
deformation, then their stratigraphy
could inform the temporal stability
of the locking pattern in a manner
that erosion on the shelf cannot.

Conclusion

We show that a model coupling long-

term deformation derived from inter-

seismic loading and wave erosion ex-

plains the positioning of shelf breaks

above the seismic locking depths of

subduction megathrusts, as observed

in a global survey. The morpholog-

ical expression of the seismogenic

characteristics of a megathrust is par-

ticularly valuable where shelves are

wide and onshore geodetic surveys

accordingly limited. The submarine

landscape of an active margin inte-

grates repeated seismic cycles and

bridges seismic timescales (100s yr)

with those of landscape building (100’s
kyr). As a result, the stability, or

transience, of seismic coupling is recorded
in the morphology of the shelf break
itself.
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