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ABSTRACT

Understanding the along-strike seismogenic behavior of the megathrusts is crucial to
anticipate seismic hazards in the subduction zones. However, if and how the spatiotemporal
frictional heterogeneity (high and low kinematic coupling) at depth feeds back into the upper-
plate deformation pattern and how the upper-plate elastic signals and permanent records may
correlate has yet to be fully understood. Hence, we mimic subduction megathrust seismic cycles
using an analog seismotectonic model of an elastoplastic wedge overlying a frictionally
heterogeneous megathrust. Coseismically, the zone above the down-dip limit of the aseismic
and seismogenic patches undergoes extension and contraction, respectively, while the strain
state shows a switch in polarity from the coseismic to the interseismic. The down-dip limit of
the creeping zone produces permanent along-strike extension or contraction, depending on the
frictional barrier strength. Our experiments show that the frictional locking heterogeneity
generates more segmented along-strike strain patterns elastically (short-term) than permanently
(long-term). Moreover, our results suggest that along-strike upper-plate strain patterns could
serve as a proxy for interpreting persistent lateral variations of seismogenic behavior in

subduction megathrusts.

INTRODUCTION

Subduction megathrusts contain an assemblage of seismic asperities (frictionally
locked) and aseismic barriers (frictionally unlocked). This frictional heterogeneity is inferred
from short-term, instrumental observations of the seismic cycle deformation (e.g., Klotz et al.,
2001). Along-strike frictional heterogeneity (AFH) has been inferred along a number of
subduction zones by assessing co- and post-seismic slip patterns of large earthquakes (Hsu et
al., 2006; Pritchard and Simons, 2006), variation of slow earthquakes activity on the interface
(Baba et al., 2020), seismic tomography of megathrust (Hua et al., 2020), and spatial patterns

of coupling (Métois et al., 2013; Loveless and Meade, 2016; Jolivet et al., 2020). Also, long-
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term records, such as abrupt relative sea-level changes recorded in coastal stratigraphy and
foraminifera, trench-parallel gravity signatures, and morphotectonics records (Song and
Simons, 2003; Wells et al., 2003; Saillard et al., 2017; Kemp et al., 2018) point at the
heterogeneous seismogenic behavior of the megathrust. Processes such as variations in
lithology (lkari et al., 2013), pore fluid pressures (Li et al., 2018), and subducted structures

(Wang and Bilek, 2011), have been proposed as mechanisms controlling this heterogeneity.

As of now, regardless of the processes driving the frictional heterogeneity, it remains
unclear if and how elastic (short-term) observations and permanent (long-term) records in the
upper-plate correlate and reflect the seismogenic behavior of the megathrust. Understanding the
along-strike deformation with respect to seismogenic behavior is crucial because the size of the

most hazardous, large earthquakes scales with the length of the ruptured segment(s).

Here, we present laboratory-scale experimental observations using a seismotectonic
analog model of a generic subduction forearc. Laboratory experiments overcome the limitations
of short instrumental records and incomplete geologic archives and allow us to readily examine

the linkage between the AFH and along-strike seismotectonic segmentation of the upper-plate.

EXPERIMENTAL SETUP AND MODEL CONFIGURATION

Following the experimental seismotectonic model (Table S1 and Text S1) described in
detail by Kosari et al. (2022a and 2022b), we generate sequences of analog megathrust
earthquakes (stick-slip events) at the base of an elastoplastic granular wedge that evolves in
response to the stress changes over hundreds of cycles. We analyze the surface displacements
and strain pattern on short and long timescales akin to the seismotectonic evolution of natural
forearcs (Fig. 1). Our subduction forearc model (Fig. 1A and 1B) is an initially flat top sand-
rubber (50 vol.% quartz sand: 50 vol.% EPDM-rubber, size < 400 um) wedge set up in a glass
box on a 15° dipping, elastic basal rubber conveyor belt (the model slab). The latter is driven

at a constant rate of 50 um/sec, allowing stick-slip events to nucleate spontaneously in
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predefined “seismogenic” zones (asperities), which are embedded in a stably creeping matrix.
The frictional properties of the materials used are measured with a ring-shear tester. To derive
relevant friction parameters (: friction, C: cohesion, a-b: rate and state parameter), we carry
out constant shear rate and velocity stepping tests under constant normal load (Fig. S1 and Text
S1), resulting in stick-slip cycles simulating seismic cycles in case of velocity-weakening
material (a-b<0). Velocity-neutral (a-b=0) and velocity-strengthening material (a-b>0) exhibit
stable sliding mimicking aseismic creep along the megathrust. p is approximately 0.6 for all of

the materials used.

We mimic the along-strike heterogeneous spatiotemporal distribution of kinematic
coupling (Rosenau et al., 2019; Kosari et al., 2022b) using three configurations (Fig. 1A-C). In
all configurations, two “seismogenic” zones (hereafter “main slip patches”: MSPs)
characterized by velocity weakening are separated by a central patch (CP) in which we vary the
friction rate parameter mimicking megathrust asperities (frictionally locked) separated by an
aseismic barrier (frictionally unlocked). The frictional properties of the CP vary as a velocity-
strengthening (hereafter “VS configuration”), representing a high-stress creeping barrier, a
velocity-neutral (VN) configuration, representing an intermediate-stress creeping zone (Gao
and Wang, 2014), and a velocity-weakening (hereafter “VW configuration™) (Fig. 1C). The
VW zone generates smaller slip events with a higher frequency (i.e., recurrence interval) than
the MSPs, representing a conditionally-stable zone where small asperities are embedded in an

aseismically creeping matrix.

A stereoscopic camera system captures micrometer-scale surface displacements associated with
analog seismic cycles. Using digital image correlation, we derive surface velocities from which

strain rates can be calculated.

SEISMIC CYCLE SURFACE DISPLACEMENT AND VORTICITY INDUCED BY

SLIP AT DEPTHS
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Here we summarize the surface displacement and the vertical axis rotation (i.e.,

vorticity) observed during the coseismic and interseismic stages (Fig. 2).

Coseismically, all the configurations produce the archetypical pattern in trenchward-
directed surface displacement with convergence above the down-dip limit of the MSPs and
divergence above the up-dip limit, reflecting localized slip normal to the trench at depth. The
vorticities of opposite sense (clockwise v.s. counterclockwise) on the boundaries of the MSPs
and CP causes along-strike divergence and convergence on top of and between the MSPs and
CP (Figs. 2, S2, and S3). The counterclockwise and clockwise vorticities are induced by a
heterogeneous slip at depth (i.e., high slip on MSPs, and no or small slip on CP). This coseismic
slip heterogeneity results in complementary divergent and convergent displacement fields in

the upper-plate above the down- and up-dip limits of the CP, respectively (Fig. 2).

The vortex magnitudes at the boundaries of the CP vary between the different
configurations reflecting along-strike gradients in a trench-normal slip at depth. The vortex
magnitudes decrease from VS to VN, to VW configuration, consistent with a relative increase
in coseismic slip in the CP with respect to slip in MSPs. Particularly in the VS configuration,
the creeping (central) patch tends not to slip coseismically, acting as a barrier. Consequently,
the surface displacements show a high gradient from minimum trenchward displacement (Figs.
S2 and S3) above the VS patch to maximum displacement above the MSPs. Lateral change in
the surface displacement gradient is smaller in the VN configuration. A minimum lateral surface
displacement gradient is observed in the VW configuration. In the VW configuration, the CP
also acts as velocity-weakening (with a less negative “a-b”) and slips during the coseismic
period; however, the slip magnitude is one order of magnitude smaller than the slip at the MSPs

(Fig. S1).

Interseismically, the surface displacement pattern is complementary but reversed

(landward directed) such that the vorticities undergo a polarity switch (i.e., counterclockwise
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vs. clockwise; Fig. 2D-F). Consequently, the zones of coseismic convergence become
interseismically divergent. Again, the gradients of (back)slip at depth reflected by curvature in
streamlines varies between the configurations indicating a low backslip in the creeping VS
configuration (high vorticity) to a high backslip in the locked VW configuration (low vorticity).
Notably, the quantities of surface deformation do not change significantly (i.e., coseismic and
interseismic deformations significantly cancel out each other), indicating the dominant elastic
nature of the model upper-plate seismic cycle deformation (Figs. 2 and S2). The backslip
gradient at depth between the VS patch and the MSPs, hence frictional locking differences, is

higher compared to the VN and VW configurations, explaining the surface pattern.

FROM SHORT-TERM TO LONG-TERM: ALONG-STRIKE STRAIN

The observed vorticities induce along-strike strain, which switches signs during the
seismic cycle. Coseismically, the zone above the down-dip limit of the CP undergoes extension,
while the zone above the down-dip limit of the MSPs contraction (Fig. 3A-C). The strain pattern
above the up-dip limit is the opposite, showing contraction above the up-dip limit of the CP and
extension above the up-dip limit of the MSPs. The along-strike strain segmentation generates
oblique extensional zones bounding the contractional and connecting the extensional zones. All
configurations create the same principal strain pattern. However, the VW configuration shows
a lesser magnitude of strain compared to VS and VN. There is a switch in polarity in the strain
pattern from the coseismic to the interseismic (Fig. 3D-F) such that the interseismic pattern is

complementary but reversed.

Only a small amount (few %) of the observed seismic cycle strain in the upper-plate is
preserved by means of the permanent strain (similar to nature; e.g., Jolivet et al., 2020) of the
model forearc covering multiple seismic cycles (Fig. 3G-1). We observe a less segmented
pattern in the permanent strain than in the elastic component. The long-term pattern of along-

strike strain is most strongly expressed along the up-dip limit and shares similarities to the
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coseismic stage. The along-strike extensional strain pattern above the MSPs is quantitatively
similar in all configurations. Main differences between the models are found in the low
permanent strain areas on top of the downdip limit of the barrier. Accordingly, the VS and VN
configurations show contraction, whereas, in the VW zone, the strain above the down-dip limit

exhibits extension.

EXAMPLES FROM NATURAL SUBDUCTION MEGATHRUSTS

Our results imply that, besides other processes not represented in our model (e.g., the
role of fluids), the along-strike strain pattern, controlled by the spatiotemporal variation in the
kinematic coupling of the megathrusts (Fig. 4), can also be tracked as variations in upper-plate

tectonic structures as well as crustal stress state along the natural subduction megathrusts.

In the Peru-Chilean subduction system, the peninsulas may act as the frequent (not
persistent) barrier such that earthquake rupture may stop beneath the peninsulas. There is
evidence that earthquake rupture stops beneath the 1lo Peninsula frequently (Fig. 4C) where an
orthogonal normal fault system (i.e., Chololo fault system) in the Coastal Cordillera suggests
an along-strike extension (Fig. 4C) (Audin et al., 2008; Loveless et al., 2010; Philibosian and
Meltzner, 2020). Our experiments propose a similar pattern where a VW segment (with
unfavorable frictional conditions for megathrust events) is bounded by MSPs (Fig. 4),
generating trench-normal extension at the down-dip of the frequent (not persistent) barrier. The
Mejillones, the Topocalma, the Arauco peninsulas as well as EW-striking reverse fault scarps
in the Coastal Cordillera (Fig. 4C), formed by trench-parallel shortening, may bound the
earthquake rupture extends (Allmendinger et al., 2005; Melnick et al., 2009; Victor et al., 2011,
Jara-Mufoz et al., 2015; Gonzalez et al., 2015). Our experiments reproduce this along-strike
shortening, where two MSPs bound a VS or VN patch along the trench (Fig 3 and 4). The
oblique normal faults in the Coastal Cordillera of south Chile correlate with the segmentation

of the large earthquakes (i.e., 2015 Illapel, 2010 Maule, 1985 Valparaiso, 1971, 1943, and 1928
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earthquakes) and their rupture extents (Barrientos, 1988; Jara-Mufioz et al., 2022). These faults
in southern Chile are usually considered to be inherited crustal structures. Our experiments
suggest that the coseismic stress field induces normal slip on these faults. In addition, our results
propose that the oblique faults might also mark the boundary of asperity/barrier on the interface

at depth (Figs. 3 and 4A-B).

The AFH may feed back into the upper-plate stress state, its orientation, and consequently,
the strain pattern. A megathrust frictional transition, inferred from along-strike variations of
both coupling degree and shallow slow-slip events on the megathrust, has also been proposed
for the shallow portion of the Hikurangi subduction (New Zealand; Wallace, 2020, and
references therein). This frictional transition appears to drive the along-strike variations of
shallow tectonic stress orientations in the upper-plate derived from earthquake focal
mechanisms and borehole data (Behboudi et al., 2022, and references therein). The along-strike
change in megathrust seismogenic behavior has also been recorded in the Alaska convergent
margin. The geodetic observations (Drooff and Freymueller, 2021) and lack of evidence for
great earthquakes in marine terraces and shore platforms (Witter et al., 2014) suggest weakly
coupled megathrust in the Shumagin Gap. The along-strike abrupt changes in the coupling of
the megathrust might also be reflected in the upper-plate structures such that the structures in

the low coupling zone may differ compared with adjacent segments (Bécel et al., 2017).

CONCLUSION

Our results suggest that the spatiotemporal pattern of the frictional locking (kinematic
coupling) at depth feeds back into the along-strike upper-plate seismotectonic segmentation and
has a significant control on the strain pattern and state. The zone above the down-dip limit of
the aseismic and seismogenic patches undergoes extension and contraction coseismically and
switches its polarity interseismically. The experiments demonstrate that the strain pattern in the

upper-plate is more segmented elastically than permanently. Moreover, depending on the
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strength of the barriers (frictionally unlocked), the down-dip limit of the creeping zone may
correlate with upper-plate along-strike extension (conditionally stable creeping zone) or
contraction (intermediate to high-stress creeping zone) permanently. Furthermore, the AFH can
produce oblique extension/contractional zones bounding asperities and barriers. Our
observations imply that along-strike strain patterns could serve as a proxy for interpreting

persistent lateral variations of seismogenic behavior in megathrusts.
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342 Figure 1: Model concept, geometry, configuration, and behavior: (A) coupled spring sliders (B)
343  geometry and seismotectonic scale. The main slip patches (MSP) are separated by aseismic
344  asperity (gray) with varying properties. The light gray interface is velocity-neutral material. (C)
345  frictional interface heterogeneity. VS, VN, and VW represent velocity-strengthening, Velocity-
346  neutral, and velocity-weakening material, respectively. (D) scheme of the frictional behavior of
347  the interface over time; modified after (Gao and Wang, 2014). (E-G) surface displacement over

348  time for the central patch being E) velocity-strengthening, F) neutral, and G) weakening.
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Figure 2: 2D view of surface displacement streamlines (gray lines) and colored vorticity in map
view for coseismic (A-C) and interseismic (D-F) phases and different configurations (VS, VN,
and VW). Dashed rectangles mark the MSPs and CP. DLL indicates the projection of the down-
dip limit on the model surface. The red (warm) and blue (cold) background maps show the
clockwise (CW) and counterclockwise (ACW) vorticity on the upper-plate, respectively. The

large gray arrow indicates the subduction convergence.
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369  Figure 3: (A-F) Surface displacement streamlines (gray lines) overlaid on colored along-strike
370  strain maps stacked from 10 coseismic (A-C) and interseismic (D-F) strain maps. The dashed
371 ellipses indicate the obligue extensional/contractional zones. (G-1) Permanent upper-plate strain
372 in VS (A), VN (B), and VW (C) configurations over 100s of seismic cycles. For all other

373  features we refer to Figure 2.
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Figure 4: Synthesis of experimental observations and comparison with nature: (A) Trench-
parallel strain variations during the seismic cycles and (B) in long-term (100s of seismic cycles).
Convergence and divergence arrows represent contraction and extension. Smaller arrows show

the oblique strain. In (A), the arrows with red and black outlines indicate coseismic and
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interseismic strain states, respectively. (C) Spatial relationships of selected upper-plate faulting
events to megathrust earthquakes extend along the South American subduction system (Saillard
et al., 2017; Vigny and Klein, 2022 and references therein). (D-F) Location of the upper-plate
trench-normal and trench-oblique active faults relative to the slip extends of the recent

megathrust events (For references we refer to text).

Supplemental Material.
The supporting material contains additional text, three figures, and a table in a single file
supporting the lines of argumentation in the main manuscript

(https://doi.org/10.1130/G51115.1).



