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Abstract It has long been recognized that sediments subducting along the megathrust influence the
occurrence of giant (M,, > 8.5) megathrust earthquakes. However, the limited observation span and the
concurrent influence of multiple parameters on megathrust behavior prevent us from understanding how
sediments affect earthquake size and frequency. Here, we address these limitations by using
two-dimensional, visco-elasto-plastic, seismo-thermo-mechanical numerical models to isolate how
sediment thickness affects subduction geometry and seismicity. Our results show that increasing sediment
thickness on the incoming plate results in a decrease of the slab dip, as the trench retreats due to the seaward
growth of the sedimentary wedge that also unbends the slab. This decrease in megathrust dip results in a
wider seismogenic zone, so that the maximum magnitude of megathrust earthquakes increases.
Concurrently, the recurrence time of characteristic events increases and partial ruptures are introduced. The
maximum magnitude estimated for subduction segments with the thickest sediment input (Makran, West-
Aegean, and Calabria) is distinctly higher than the instrumentally recorded magnitude. These segments may
thus experience larger than as of yet observed earthquakes, albeit infrequently. Increasing sediment
thickness also decreases megathrust normal stresses, as the seismogenic zone is more shallow and overlain
by a lighter forearc structure. Thicker incoming plate sediments also favor more splay fault activity, whereas
we observe more outer rise events for low sediment thickness. Finally, we demonstrate that modeling
long-term subduction dynamics and sediment subduction is crucial for understanding and quantifying
megathrust seismicity and seismic potential of subduction zones.

1. Introduction

The world's largest earthquakes (M,, > 8.5; hereafter giant earthquakes) are generally associated with inter-
plate slip along the subduction megathrust. As recently demonstrated by the 2004 M,, 9.0 Sumatra-
Andaman, 2010 M,, 8.8 Maule, and 2011 M,, 9.0 Tohoku-Oki earthquakes, these big events cause severe
damage in densely populated areas. Despite the recent advances in instrumental observations and analysis
techniques, the fundamental processes controlling the size and temporal occurrence of megathrust earth-
quakes are still poorly understood.

The sediment thickness at the trench (Figure 1), possibly representative of the amount of sediments within
the subduction channel, appears to play an important role in the maximum magnitude of interplate earth-
quakes. Ruff (1989) first noticed that the magnitude of megathrust events tends to be larger in sediment-rich
margins. This led to the idea that the subduction of thick piles of sediments smoothens the interface, which
results in uniform coupling that allows ruptures to propagate for large distances along strike (Ruff, 1989).
Statistical analyses of updated and larger data sets have strengthened this hypothesis, showing that the
majority of giant earthquakes occur in subduction segments with a trench sediment thickness greater than
1 km (Brizzi et al., 2018; Heuret et al., 2012; Ruff, 1989). Recently, Seno (2017) compiled the thickness of sub-
ducted sediments beneath the forearc wedge for different subduction segments and observed that regions
where this thickness is lower than 1.2 km have never hosted giant events. A growing body of research
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Figure 1. Global map showing the spatial relationship between trench sediment thickness Tg.q and giant (M,, > 8.5) megathrust earthquakes. The color bar
shows trench sediment thickness as defined by Heuret et al. (2012). Giant events since 1900 are from the ISC-GEM catalogue (see Brizzi et al., 2018, and

references therein).

indicates that physical and geometrical properties of the plate interface are first-order controls on the
seismogenic behavior of the subduction megathrust (Wang & Bilek, 2014). Indeed, it has been recently
shown that subduction zones that have produced giant earthquakes tend to have a rather smooth
incoming seafloor (Lallemand et al., 2018; van Rijsingen et al., 2018), likely because of a thick layer of
sediments covering the interplate morphology.

Subducted sediments also influence the frictional properties of the megathrust. Laboratory experiments
have demonstrated that both clay-rich material and ocean-floor carbonates are (frictionally) weak under a
variety of conditions (e.g., Saffer & Marone, 2003). Moreover, the presence of fluids, particularly at high pres-
sures, can weaken the megathrust by reducing the effective normal stress. Sediments are therefore thought
to lubricate the plate interface (e.g., Lamb & Davis, 2003), thereby facilitating rupture propagation and large
slip at shallow depths, as unexpectedly observed during the 2011 Tohoku-Oki earthquake (e.g., Sawai et al.,
2014).

Regional observations suggest that the location of large megathrust events correlates with thick sediments at
the interface (e.g., Gulick et al., 2011; Han et al., 2017; Olsen et al., 2020). However, the underlying physical
mechanism responsible for this feedback is not yet fully understood. Having a century's worth of instrumen-
tal seismic record means that we only have a partial picture of the seismic cycle. Direct observations are
restricted to the shallowest portion of the megathrust (e.g., Chester et al., 2012) or to exhumed subduction
complexes (e.g., Fagereng, 2011), but linking these geological observations to seismicity is challenging.
Furthermore, complexities introduced by different parameters acting simultaneously may hinder our
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understanding of the role of sediment thickness and make it difficult to isolate its contribution on mega-
thrust seismicity.

To overcome these observational limitations, we use two-dimensional, visco-elasto-plastic, seismo-thermo-
mechanical (STM) models (van Dinther, Gerya, Dalguer, Corbi, et al., 2013; van Dinther, Gerya, Dalguer,
Mai, et al., 2013; van Dinther et al., 2014) that are able to quantify the effects of incoming sediments on
long-term subduction geometry and mechanics and short-term faulting. To investigate how sediment thick-
ness affects subduction seismicity, we perform a parameter study where the incoming plate sediment thick-
ness is systematically varied in agreement with recent estimates of natural subduction zones (Heuret et al.,
2012). We characterize the role of sediments on the long-term evolution of convergent margins by analyzing
kinematic, geometric, and mechanical features of our models. Then, we focus on the relationship between
sediment thickness and megathrust seismicity by analyzing the maximum magnitude and recurrence times
of interplate events. We also analyze how sediment thickness influences seismicity in the outer rise and sedi-
mentary wedge regions. Finally, we quantify the effect of simulating sediments as a frictionally weak mate-
rial by adapting the frictional properties of the megathrust. Despite unavoidable computational limitations,
this study isolates and quantifies for the first time how incoming sediments affect both long-term subduction
dynamics and subduction zone seismicity.

2. Seismo-Thermo-Mechanical Modeling

The STM modeling approach combines long-term subduction dynamics and short-term earthquake-like slip
transients in a single framework (van Dinther, Gerya, Dalguer, Corbi, et al., 2013; van Dinther, Gerya,
Dalguer, Mai, et al., 2013; van Dinther et al., 2014). First, the long-term evolution of a convergent margin
resulting from the subduction of an oceanic slab beneath a continental plate is simulated using a time step
of 1,000 years. At this stage, inertia is negligible, and friction remains constant. Once steady-state conditions
are reached after ~9.7 Myr, the geometry, temperature field, and kinematics of the system remain almost
unvaried (i.e., changes are negligible). In the short-term phase, the inertial term and a strongly slip
rate-dependent friction formulation are activated to allow for frictional instabilities, as the time step is pro-
gressively decreased to 5years (van Dinther, Gerya, Dalguer, Mai, et al., 2013). When the local
pressure-dependent strength is reached over a large enough area, slip events occur spontaneously both on
the megathrust and in the outer rise and sedimentary wedge regions (van Dinther et al., 2014). As slip velo-
city decreases, fault healing occurs, such that the fault strength is fully recovered.

2.1. Numerical Method

The STM modeling approach (van Dinther, Gerya, Dalguer, Corbi, et al., 2013; van Dinther, Gerya, Dalguer,
Mai, et al., 2013) is based on the 2D continuum, thermomechanical code I2ELVIS (Gerya & Yuen, 2007),
which uses an implicit, conservative finite difference scheme on a fully staggered Eulerian grid in combina-
tion with a Lagrangian marker-in-cell-technique. Conservation of mass, momentum, and energy are solved
on the Eulerian grid using a visco-elasto-plastic rheology. Lagrangian markers advect physical properties
(e.g., viscosity, stress, plastic strain, and temperature) according to the velocity field interpolated from the
Eulerian grid (Gerya & Yuen, 2007). The momentum equations include the inertial term, which stabilizes
high coseismic slip rates at small time steps (van Dinther, Gerya, Dalguer, Corbi, et al., 2013). Brittle failure
is simulated with a Drucker-Prager plastic yielding criterion. At each Lagrangian marker, yielding occurs
when the second invariant of the deviatoric stress tensor o}, reaches the local pressure-dependent yield
strength oy;e1q:

Oyield = C+ ,Lt(l - A)P7 @

where C is cohesion, u is the effective slip rate-dependent friction coefficient, 4 is the pore-fluid pressure
factor (Pgya/P), and P is pressure. Pore fluid pressure ratio's are 0.95 when fluid markers dehydrating
from the slab and flowing according to pressure gradients are present (van Dinther, Gerya, Dalguer,
Mai, et al., 2013).

Following van Dinther, Gerya, Dalguer, Corbi, et al. (2013), we use a strongly slip rate-dependent fric-
tion formulation (e.g., Ampuero & Ben-Zion, 2008) to introduce brittle instabilities and subsequent heal-
ing. At every Lagrangian marker, u is calculated as a function of the visco-plastic slip rate V,, as
follows:
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Figure 2. Model setup. Initial configuration of numerical models, including rock composition, temperature field (black
lines), and boundary conditions (see section 2.3).

M= pg(1 =)+ LV : 2
vp

Here, y is the amount of slip rate-induced weakening, equivalent to 1 — % s and ug are the static and
d

dynamic friction coefficients corrected for the fluid pressure, respectively. V. is the characteristic slip rate
at which half of the friction drop occurs. Slip rate V,, is calculated as the visco-plastic strain rate times a typi-
cal fault width:

Vip = (Lyield)A X, 3)

N

where 7),, is the local viscosity and Ax the grid size. This formulation allows for spontaneous localization of
the deformation at any orientation, both on- and off-megathrust (van Dinther et al., 2014). This means
that rupture paths along the megathrust, as well as in the outer rise and sedimentary wedge, are governed
by the local stress and strength conditions and not defined a priori. Full details of the method (van
Dinther, Gerya, Dalguer, Corbi, et al., 2013; van Dinther, Gerya, Dalguer, Mai, et al., 2013) can be found
in Text S1 in the supporting information.

2.2. Model Setup

The model setup is slightly modified from van Dinther, Gerya, Dalguer, Mai, et al. (2013) and resembles the
Southern Chilean margin. In a 1,900 X 200 km? trench-normal section, an oceanic plate subducts into the
upper mantle beneath a continental plate and sedimentary wedge (Figure 2). To investigate the effect of sub-
ducting sediments, the oceanic crust is overlain by a sedimentary layer with thickness Ts.4, which we vary
from 0 km (i.e., no sediments) to 8 km. This range is in agreement with recent estimates provided in the data-
base of Heuret et al. (2012).

The grid consists of 1,831 X 270 nodes. The spatial resolution is nonuniform, as the grid spacing varies from
500 m in our region of interest (i.e., the surroundings of the megathrust) to a maximum of 2,000 m elsewhere
in the model. Seventeen million randomly distributed Lagrangian markers are used to advect materials and
their physical properties.

The visco-elasto-plastic material parameters are based on laboratory rock experiments (Table 1) as described
in van Dinther, Gerya, Dalguer, Mai, et al. (2013). For all lithologies, velocity weakening behavior occurs in
the 150-350°C temperature range (van Dinther, Gerya, Dalguer, Mai, et al., 2013). A linear transition to velo-
city strengthening behavior is imposed from 150°C to 100°C (thermal limits taken from, e.g., Hyndman et al.,
1997). The brittle-ductile transition occurs self-consistently, as the temperature and stress distribution
between ~350°C and ~450°C activate dislocation creep that decreases viscosity (van Dinther, Gerya,
Dalguer, Mai, et al., 2013). Cohesion of the subduction megathrust, as well as of all other rock types, is
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Table 1
Material Parameters

b

7o n Eq Va Po G Us €
Material Flow law" [Pa" g -] [7 mol™] [J Pa™!] [kg m~?] [GPa] -] [MPa]
Sticky air — 1.0 - 10" 1 0 0 1 700 0 0
Sediments Wet quartzite 1.97 - 10" 23 1.54 - 10° 0.8-107° 2600 5 0.35° 6
Upper oceanic crust Wet quartzite 1.97 - 10V 2.3 1.54 - 10° 08-10"° 3000 12 0.50° 6"
Lower oceanic crust Plagioclase 4.80 - 10* 3.2 238 10° 08-107° 3000 12 0.85° 6
Upper continental crust Wet quartzite 1.97 - 10" 2.3 1.54-10° 12-107° 2700 12 0.72f 6
Lower continental crust Wet quartzite 1.97 - 10" 2.3 1.54-10° 12-107° 2700 12 0.72f 6
Lithospheric mantle Dry olivine 3.98-10'° 3.5 532-10° 08-10"° 3300 35 0.608 6
Asthenospheric mantle Dry olivine 3.98 -10'° 3.5 5.32-10° 08-10"° 3300 35 0.608 6
Mantle weak zone Wet olivine 5.01 - 10%° 40 470 - 10° 08-107° 3300 63 0.10 6

Note. 1 is the reference viscosity; n is the stress exponent; Ej, is the activation energy; V,, is the activation volume; py is the reference density; G is the shear mod-
ulus; y is the static friction coefficient, and C is cohesion. See van Dinther, Gerya, Dalguer, Corbi, et al. (2013) for parameters related to the energy equation

(Text S1).

Ranalli (1995). P°Turcotte and Schubert (2002). °Den Hartog et al. (2012). 9pi Toro et al. (2011). °Tsutsumi and Shimamoto (1997). ‘F. Chester and Higgs
(1992). #Del Gaudio et al. (2009). "Schultz (1995).

assumed to be relatively low (6 MPa; Schultz, 1995) to reflect the significant fracturing that occurs during
subduction. The pore fluid pressure factor 4 of the sedimentary units is set to 0.95 in agreement with
recent strength estimates (e.g., Seno, 2009), while hydrostatic conditions (1 = 0.4) are assumed for all
other rock types. Fluid is also treated in a simplified manner compared to van Dinther, Gerya, Dalguer,
Mai, et al. (2013), as their location only depends on the rock type.

2.3. Initial and Boundary Conditions

Subduction is kinematically driven by imposing a constant velocity of 7.5 cm/year within a small region of
the subducting plate (Figure 2). Subduction is initiated by prescribing an initial weak zone (e.g., Gerya &
Meilick, 2011) with low plastic strength and a wet olivine rheology. Free slip boundary conditions are
applied at the top and side boundaries of the model, and we impose an open boundary condition at the bot-
tom boundary (Gorczyk et al., 2007). The upper portion of the model is treated as an internal free surface by
imposing a 12.5 km layer of “sticky air” (Crameri et al., 2012). This behaves as a purely viscous material, with
a low viscosity (107 Pa-s) and density (1 kg/m®), and high shear modulus (700 GPa) (van Dinther, Gerya,
Dalguer, Mai, et al., 2013).

The initial thermal structure of the oceanic lithosphere is calculated from the half-space cooling model
(Turcotte & Schubert, 2002) for a 40 Myr old slab, while the initial temperature of the continental lithosphere
linearly increases from T = 0°C at the surface to T = 1,300°C at 100 km depth. The thermal gradient of the
mantle is adiabatic and set to 0.5°C/km.

2.4. Quantifying Long- and Short-Term Behavior

To quantify the effect of increasing incoming plate sediment thickness Ts.4 on long-term subduction beha-
vior, we measure the dip of the megathrust at seismogenic zone depths 6, and the width of the seismogenic
zone W,. To derive these parameters, we first define the depth of the updip and downdip limits of the seis-
mogenic zone as the depth where the 150°C and 350°C isotherms (e.g., Hyndman et al., 1997) cross-cut the
top of the basalt layer (Figure S1). We then measure 6, and W, using the angle with respect to the horizon-
tal and the straight line connecting the updip and downdip limits of the seismogenic zone (Figure S1)
(Heuret et al., 2011). This ensures comparison of our results with the global database of subduction zone
parameters and interplate seismicity (Heuret et al., 2011).

To analyze the short-term seismicity, we first identify and separate events with the Rupture Detector
Algorithm (RDA) developed by Dal Zilio et al. (2018). At each timestep, the RDA identifies all the markers
that move seaward at velocities larger than 6.5-10° m/s and experience a stress drop larger than 0.4 MPa,
which is a minimum stress drop estimate for moderate to large earthquakes (Allmann & Shearer, 2009).
In our models, earthquakes are thus defined as events of localized plastic slip, which release elastically
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accumulated stresses and permanently displace the overriding plate seaward. Based on the obtained data set,
a connectivity matrix is then computed to evaluate the distance between rupturing markers during the ana-
lyzed time step or the previous one. If this distance is lower than 1.5 km, markers are grouped into one event.
Subsequently, we calculate the rupture width W from a straight line between the events exterior points. The
RDA thresholds have been selected such that events can be clearly detected. Using different values intro-
duces slight variations to values of rupture width W, moment magnitude M,, and the number of events,
but does not change any of our findings.

For each two-dimensional rupture, M,, is estimated using the empirical rupture width-magnitude scaling
relationship defined for subduction zone earthquakes by Blaser et al. (2010):

M,, = 4.04 + 2.17log(W), 4

where W is the rupture width measured in kilometers. The maximum moment magnitude M, is subse-
quently defined as the maximum M, observed during the short-term modeling stage (i.e., 25,000 years).
The recurrence time 7 is defined as the average time between all megathrust events, while we define 7.
as the average time span between characteristic events that rupture the complete seismogenic zone width.

3. Results

In the following, we outline the relationship between T4 and long-term subduction dynamics (section 3.1)
and short-term subduction seismicity (section 3.2). We then describe the results of an additional model
where we tune the frictional properties of the megathrust as a proxy for the presence of sediments in the sub-
duction channel (section 3.3).

3.1. Role of Sediment Thickness on Long-Term Subduction

The long-term behavior of our models is strongly dependent on T4, as we observe different modes of sub-
duction (Figure 3). After subduction initiation along the weak zone, the model with Ts.q = 0km shows an
initial phase (~2 Myr) where sediments are scraped off from the base of the sedimentary wedge. If Ts.q > 0
km, this initial phase is instead characterized by sediment accretion at the frontal margin. As subduction
continues, sediments are carried to an average depth of 100 km in a continuous subduction channel. At
steady-state conditions after ~9.7 Myr, models with Tsq < 1.5km display trench advance, such that the
trench appears to be shifted towards the upper plate with respect to its initial location (Figures 3a and 3b).
As Tgeq increases, the trench migrates towards the subducting plate at increasing rates (Figure S2a). This
retreating trench motion is not accompanied by slab retreat (i.e., seaward migration of the entire slab;
Movie S1). The subduction interface at depth approximately remains at the same location, with a seaward
shift of only ~25 km at a depth of 90 km when increasing Tseq from 1.5 to 8 km (Figures 3c and 3d).

The temperature field, geometry, and mechanical properties of the megathrust are also significantly affected
by Tseq (Figure 4). For Tsoq = 0 km, the updip and downdip limits of the seismogenic zone (approximated by
the 150°C and 350°C isotherms) are located at ~20 and ~60 km depth (Figure 4a). For Tgeq = 8 km, the seis-
mogenic zone lies between ~10 and ~46 km depth (Figure 4a). Therefore, the depth of the megathrust seis-
mogenic zone decreases distinctly with increasing Ts.q (Figure 3). This approximate upward translation
occurs for both the updip and downdip limits of the seismogenic zone, thus leaving the seismogenic depth
range almost unvaried for Tgq > 1 km (Figure 4a).

Looking at the megathrust geometry, we observe that the slab dip at seismogenic zone depths 6, linearly
decreases as a function of T4, with values ranging from 26° to ~8° (R = -0.97; Figure 4b). Our results also
show that the downdip width of the seismogenic zone W, increases linearly from 81 to 255km as Tgeq
increases (R = 0.97; Figure 4c).

To better understand the possible physical mechanisms responsible for the feedback between the amount of
sediments and the long-term subduction behavior, we also analyze the yield strength of the sediment-basalt
interface gy.q at steady-state conditions. We measure oy;.;q between the 150°C and 350°C isotherms at the
bottom of the sedimentary layer, because this is where megathrust earthquakes preferentially propagate in
our models. Results for increasing Tsq show that o4 is smaller across the entire depth range of the
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Figure 3. Configuration of the models with different sediment thickness Tgeq after ~9.7 Myr of subduction. (a) Tgeq = 0
km, (b) Tseq = 1.5km, (¢) Tgeq = 4km, and (d) Tseq = 8 km. The color scale refers to the rock composition. The black
lines are isotherms. The black and red triangles mark the location of the trench at t = 0 Myr and t = 9.7 Myr, respectively.

seismogenic zone (Figure 4d). This shows that models with thick sediments on the incoming plate have
relatively weaker megathrusts.

3.2. Role of Sediment Thickness on the Short-Term Seismic Behavior

During the short-term evolution of our models, events propagate on- and off-megathrust (Figure 5).
Megathrust earthquakes nucleate close to the downdip limit of the seismogenic zone, where plate coupling
decreases spontaneously due to the brittle-ductile transition. The events propagate upward and partially
break into the updip velocity-strengthening region.

Off-megathrust events occur both in the outer rise and the sedimentary wedge (Figure 5). Outer rise normal
faults related to the bending of the slab occur between 50 km seaward and 30 km landward of the trench.
They extend deep into the lithospheric mantle, but never to temperatures greater than 450°C. The majority
of these faults dip trenchward at 60°-70°, but seaward dipping antithetic planes develop as well. Blind splay
faults occur between 100 and 200 km landward of the trench, branching off from the megathrust at a depth
of ~30 km and propagating within the sedimentary wedge. Faults generally dip between 20° and 35° land-
ward with an imbricate geometry, but steeply dipping (~70°) seismically active backthrusts are also present.

Off-megathrust seismicity is limited to the outer rise region for Tieq = 0 km (Figure 5a). In contrast, for
Tsea = 8km, outer rise events are absent and off-megathrust earthquakes propagate exclusively within

BRIZZI ET AL.

7 of 19



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2019JB018964

isotherms depth (km)

@

(b)

. . . . , . 40
O [] models
10+ O O Ll 35t H,=0.25
X DE. o O O H EHS=O.35
30 F nature
30 F
2
ol oy
] | < o0t By
0 omm B B & . o i
6 ! 1 [ .
| [ |
70 ..I L H 101 m ]
=
EL | 5t ]
90 | [J100°c @150 °c M350 °C 450 °C 0
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
Tsed (km) Tsed (km)
© (d)
260 ] F 150 °CH
1] 01E 3
240 ] 3 _
220 - 0.2 3 E
= E 3
S N7
180 T osk S
160 ~ - 5
140 E 06 F 53
120 o = . 5 07F 3 3
100 ] models < 08 3
o 1.=0.25 ' Teoo (k) ]
80 g 09| S, = —¢ ;
60 [T piii nature 1ol=1_—3 —3 . \350° 4
0 2 3 4 5 6 7 8 0 10 20 30 40
Tsed (km) O—yield (MPa)

Figure 4. Long-term modeling results. (a) Temperature distribution, (b) dip of the megathrust 6, (¢c) downdip width of the seismogenic zone Wy, and (d) yield
strength of the megathrust oy,;eq at seismogenic zone depths as a function of the sediment thickness Tseq. The dark and light gray shaded areas in panel a
highlight the location of the seismogenic zone and transition to the updip and downdip aseismic regions, respectively. The light green square in panels b and ¢
refers to an additional model, where sediments are simulated by adapting the static friction coefficient u  of the megathrust (see section 3.3). For natural
subduction zones, 65, and Wy, are from Heuret et al. (2011).

the sedimentary wedge (Figure 5d). The amount of sediments on the incoming plate thus influences the par-
tition of seismic energy released off-megathrust. Indeed, the number of earthquakes in the slab bending area
decreases as a function of T4, while there is a positive correlation between the number of splay faults within
the sedimentary wedge and Tgeq (Figure S3).

To explore how subducting sediments affect the interface seismicity, we first focus on the spatio-temporal
evolution of megathrust earthquakes (Figure 6). As T4 increases, we observe two different styles of seismi-
city. In the models with Tyeq < 4 km, the megathrust ruptures in regular seismic cycles, with quasi-periodic
and quasi-characteristic events that saturate the entire seismogenic zone width (Figures 6a-6c). The coeffi-
cient of variation CV of recurrence intervals, which is defined as the ratio of the standard deviation and the
average recurrence time, is <0.3. This confirms quasi-periodic behavior for Tsq < 4 km. In contrast, for
Tsea > 6 km, smaller, partial ruptures occur in addition to large quasi-characteristic earthquakes
(Figure 6d). In this case, CV is > 0.8, which indicates aperiodic behavior.

The maximum moment magnitude of megathrust events M,,,, increases linearly from 8.2 to 9.1 as a
function of Teeq (R = 0.95; Figure 7a), which is consistent with the first-order control of Ts.q on Wy, The
recurrence time of the characteristic events 7, also increases linearly from 300 to 900 years for increasing
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Figure 5. Spatial distribution of seismicity during 25,000 years of short-term model evolution for different sediment
thickness Tgeq. (2) Tseq = 0km, (b) Tseq = 1.5km, (c) Tseq = 4km, and (d) Tseq = 8km. Grayscale colors depict
rock composition (see Figure 3).

Tsea (R = 0.98; Figure 7b). This is likely due to the increase of W,, which increases the time needed for
stress build-up. When considering the overall seismicity of the megathrust, the recurrence time of the
events 7 deviates from the trend of characteristic earthquakes (i.e., << 7.) for the models with Tgeq > 6 km
(Figure 7b), because of the occurrence of smaller events that partially rupture the seismogenic zone. The
amount of sediments thus strongly influences megathrust seismicity. As the sediment thickness increases,
the megathrust generates events of increasing maximum magnitude, but the time needed for these events
to occur also increases. More importantly, megathrust behavior switches from a quasi-periodic to an
irregular regime, with different-sized ruptures.

3.3. Role of Interface Friction on Megathrust Geometry and Maximum Earthquake Magnitude

Numerical studies often tend to simplify the presence of subducting sediments by only assuming a low
static friction coefficient u, for the megathrust (e.g., Muldashev, 2017; Tan et al., 2012). We therefore test
the scenario where incoming plate sediments are absent (i.e., Tscg = 0km) and instead parameterize the
interface strength to mimic the weakening effect of sediments. More specifically, we run an end-member
model with Tg.q = 0km and y; equal to 0.25 instead of 0.35. This value is chosen such that the effective
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Figure 7. Megathrust behavior during 25,000 years of short-term model evolution. (a) Maximum moment magnitude M,,,, and (b) average recurrence time of
characteristic 7, and all events 7 as a function of sediment thickness Tgeq. The light green square in panel a refers to an additional model, where sediments are
simulated by adapting the static friction coefficient 1  of the megathrust (see section 3.3). For natural subduction zones, M,,,qy is from the ISC-GEM catalog (see
Brizzi et al., 2018, and references therein).

strength of the megathrust is similar to what is observed for the simulation with the thickest sediments
(i.e., Tsea = 8km; Figure 4d). This approach allows us to isolate the influence of including a physical
layer of sediments.

The early phases of the long-term modeling stage are similar to the reference model with no incoming plate
sediments. Subduction initiates along the weak zone, causing erosion at the base of the sedimentary wedge
and subduction of these initial wedge sediments. At steady-state conditions after ~9.7 Myr, the trench has
also advanced with respect to its initial location. The dip of the megathrust 6, is 25° (Figure 4b) and the
downdip width of the seismogenic zone W, is 95 km (Figure 4c). By comparing the results of the models
with Tseq = 0 km and different u for the interface, we observe that varying Ts.q results in a larger variability
in terms of megathrust geometry than adapting u,. The decrease in slab dip is only ~1° for decreasing us,
while we observe a decrease of 17° when we increase Tgeq (Figure 4b). This leads to an increase of the seis-
mogenic zone width of only 14 km for decreasing u; instead of 174 km for increasing T4 (Figure 4c).

Looking at the megathrust seismicity in this model where we only vary friction, we observe that M,,,,, of
megathrust earthquakes is 8.3. This means that the maximum magnitude has only increased by 0.1
(Figures 7a and 8). Increasing the amount of incoming plate sediments instead results in an increase of
Myax of almost one order of magnitude (i.e., from ~8.2 to 9.1; Figures 7a and 8). Therefore, weakening
the megathrust by only adapting the plate interface frictional properties to account for the presence of sedi-
ments results in a significant underestimation of the maximum size of interplate earthquakes.

4. Discussion

In this work, we show that long-term sediment subduction has strong effects on the evolution of convergent
margins. These effects and the consequent impact on the short-term subduction seismicity are summarized
in Figure 9.

In the following, we first discuss the limitations of our modeling approach (section 4.1). Then, we focus on
the relationship between sediment thickness, long-term geometry, and the mechanical properties of the
megathrust (section 4.2). We further discuss how incoming plate sediments affect megathrust (section 4.3)
and off-megathrust seismicity (section 4.4). Finally, we show the importance of explicitly modeling
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Figure 8. Effect of sediment thickness Tgeq versus interface friction s on the maximum magnitude M,,,,, of megathrust
earthquakes. M,,qy variation when incoming plate sediments are included as a physical layer (blue rectangle) or
simulated only by tuning the frictional properties of the megathrust (orange rectangle). The last M,,,,, range (light yellow
rectangle) is hypothesized and derived assuming a simplified purely mechanical approach that does not include either
long-term subduction dynamics or thermal coupling (see section 4.5).

sediments during long-term subduction (section 4.5) to obtain a better picture of megathrust behavior on
shorter timescales, as well as the maximum earthquake magnitude.

4.1. Modeling Limitations

Our study substantiates previous suggestions that sediment thickness influences megathrust seismicity (e.g.,
Brizzi et al., 2018; Heuret et al., 2012; Ruff, 1989; Scholl et al., 2015; Seno, 2017). However, we caution that a
single parameter could never explain the complex spatial distribution of giant earthquakes during the last
century. Nonetheless, analyzing only one parameter allows us to isolate its specific contribution and better
understand the physical processes and potential feedback mechanisms.

Earthquakes in nature occur in three-dimensional and structurally complex fault zones. Particularly, the
trench-parallel extent of the subduction zone has an important control on the maximum magnitude of
megathrust earthquakes. Indeed, the two biggest earthquakes of the last decades (i.e., 1960 Chile and 2004
Sumatra-Andaman earthquakes) have a large along-strike component, which is not taken into account in
our 2D models. However, the empirical scaling relationship between downdip rupture width and M,,
observed for subduction zone earthquakes does account for the feedback between trench-parallel and per-
pendicular rupture propagation (Blaser et al., 2010).

Due to the major numerical challenge of resolving both millions of years and subsecond time scales, events
have an unrealistically long duration, as a large 5 year time step limits computations. This does not allow us
to resolve earthquake nucleation and dynamics, which could affect the recurrence interval and slip distribu-
tion (van Zelst et al., 2019). However, the main findings of this paper are determined by long-term charac-
teristics that are not affected by the limited time resolution of our approach.

We treat fluid flow processes in a simplified fashion, as pore fluid pressure only depends on rock type (see
section 2.2). Pore fluid pressure is thought to affect fault strength and the mode of slip (e.g., Audet &
Schwartz, 2013; Gao & Wang, 2017; Moreno et al., 2014, 2018). Fluids may also promote several geochemical
processes that may result in the metasomatic alteration of subducting sediments, and thereby in changes of
their physical, rheological, and frictional properties (e.g., Saffer & Tobin, 2011). Such complexities are not
taken into account but are the subject of ongoing research (e.g., Gerya, 2019). By implementing the fluid flow
component, we expect to gain additional information on the role of subducting sediments on megathurst
seismicity.
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4.2. How Does Sediment Thickness Affect Long-Term Subduction Behavior?

4.2.1. Megathrust Seismogenic Zone Geometry

Our results show that the megathrust dip is shallower for large incoming plate sediment thickness
(Figures 3 and 4b). As more and more sediments accumulate near the trench during subduction, the
volume of material that needs to be accommodated in front of the preexisting sedimentary wedge
increases. This is most easily accommodated via the seaward growth of the wedge, which becomes lar-
ger with more incoming plate sediments (Figure 3). Thus, we observe significant trench retreat
(Figure 3). However, the slab at depth remains at approximately the same location (Movie S1). This
observation suggests that trench retreat in our model is enhanced by the development of a larger sedi-
mentary wedge. As slab retreat is negligible during the seaward motion of the trench caused by the
frontal accretion of sediments, the curvature radius of the slab increases and the seismogenic portion
of the megathrust flattens during subduction. Additionally, the added weight exerted by large amounts
of sediments on the seaward side of the margin promotes slab unbending through time (Movie S1). As a
result, we observe a decrease of the megathrust dip (Figure 4b) and, in turn, an increase of the seismo-
genic zone width (Figure 4c). This increase mainly results from the decrease in the slab dip and not
from a change in the seismogenic zone depth range, since isotherm shallowing mostly occurs through
an equal upward translation of both the updip and downdip limit (Figure 4a).

The decrease in the interface strength caused by increasing sediments (Figure 4d) may have also favored a
shallower megathrust dip and consequently a wider seismogenic zone through a feedback on trench retreat.
This is because a decrease of the interface strength likely decreases the mechanical coupling between the
subducting and overriding plates, hence contributing to slab and trench retreat. However, since slab
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retreat is negligible in our models (Movie S1), we infer that interface strength has affected trench kinematics
to a lesser extent.

To test whether the feedback between incoming plate sediment thickness and long-term subduction beha-
vior also holds in nature, we compare our numerical results to the global subduction zone characteristics
database that includes physical and seismological observations of 62 subduction segments (Heuret et al.,
2012, 2011). The correlation between trench motion and amount of sediments is not significant for natural
data (Figure S2b). However, the amount of trench motion in our models could be influenced by a combina-
tion of adopted variables (e.g., slab density, viscosity, and thickness; Bellahsen, 2005; Schellart et al., 2007)
and boundary conditions (e.g., Funiciello et al., 2004; Heuret et al., 2007).

The relationship between sediment thickness, dip, and width of the megathrust has a similar trend in our
models and nature (Figures 4b and 4c). Pearson's correlation coefficients are lower than in our models
and indicate a moderate correlation (i.e., R = 0.59 and 0.53 for 6, and Wy, respectively). Therefore, the
amount of subducting sediments influences subduction zone geometry, as shallow dipping (i.e., 6, between
9° and 15°) megathrusts with wide seismogenic zones (i.e., W, between 130 and 250 km) are most often
associated with sediment-rich (i.e., Tseq > 1 km) subduction segments. The wider data scattering for natural
subduction zones is expected, as the observed variability in our models depends only on the amount of sedi-
ments, while slab geometry in nature is affected by many other factors (e.g., Lallemand et al., 2005) that are
not included in this study.

4.2.2. Megathrust Strength

Our results show that the megathrust is on average weaker when more sediments are subducting (Figure 4d).
This decrease in the average yield strength of the interface (i.e., the sediment-basalt transition, where mega-
thrust ruptures propagate) for increasing amounts of sediments may occur due to several reasons.

One commonly assumed reason is that sediments have a lower (static) friction coefficient compared to the
surrounding rocks. The frictional strength of the megathrust along the sediment-basalt interface would thus
be readily decreased. However, the difference in static friction becomes less relevant, as a small amount of
sediments is always present along the interface including for an initial sediment thickness of 0km
(Figure 3a) due to the basal erosion of the sedimentary wedge.

A more relevant contribution to the progressive weakening of the interface for thicker sediments is related to
a decrease of lithostatic pressure that occurs due to the shallowing of the isotherms (Figure 4a). This inter-
pretation is supported by the observation of predominant lithostatic pressure of the basalt-sediments inter-
face at seismogenic zone depths. The relevant change in isotherm depth at this location is actually caused by
the difference in the initial temperature field of the oceanic plate as it enters at the trench. As the incoming
plate sediment thickness increases, the initial temperature at the top of the basalt increases as well (i.e.,
T~0°C for Tgeq = 0km and T~150°C for Tseq = 8 km; Figure 3). Therefore, the interface of future ruptures
in a setting with thick sediments is already much warmer as soon as the oceanic plate enters at the trench.
The initially warmer interface thus causes a shallower location of both the updip and downdip limits (i.e.,
the 150°C and 350°C isotherms, respectively) of the seismogenic zone. Due to the shallower isotherms,
the average lithostatic pressure in the seismogenic zone is lower. This results in a decrease of the interface
yield strength, which therefore produces a weaker megathrust. Assuming lithostatic pressures, we estimate
that seismogenic zone shallowing related to the increase of incoming plate sediments can decrease the mega-
thrust yield strength by ~24%.

One could argue that a warmer interface could also result from the larger amount of radiogenic heat that
more incoming plate sediments produce (Table 1). However, we find that the effect of radiogenic heat on iso-
therms shallowing as observed on the basalt-sediment transition in our models is negligible (i.e., upward
shift of only 4 km of the 350°C isotherm; Figure S4).

An additional feedback mechanism that influences the interface strength occurs through a change in the
average density of the overlying forearc. When sediments are not present, most of the seismogenic zone lies
below the dense lithospheric mantle of the overriding plate (Figure 3a). Increasing the sediment thickness
on the incoming plate results in the development of a wide sedimentary prism, entirely overlying the seismo-
genic interface (Figure 3d). Due to such a lighter forearc structure, the vertical component of the pressure
and the normal stress acting on the interface decreases, and so does the yield strength (Figure 4d).
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Assuming a density of 2,600 and 3,000 kg m~ for sediments and basaltic crust (Table 1), we estimate that
density variations of the forearc can decrease the megathrust yield strength by ~13%.

4.3. How Does Sediment Thickness Affect Megathrust Seismicity?

Our results support the hypothesis that the amount of sediments on the incoming plate plays an important
role on megathrust seismicity (e.g., Brizzi et al., 2018; Heuret et al., 2012; Scholl et al., 2015; Seno, 2017; Rulff,
1989). This is because of the long-term effect that sediment subduction has on the geometry of the mega-
thrust. We show that the seismogenic zone gets wider with increasing incoming plate sediment thickness
(Figures 3 and 4c). As a result, the potential rupture area increases as well. Several authors have already sug-
gested that sediments may promote rupture propagation over long trench-parallel distances by providing
homogeneous strength conditions due to the smoothening of the seafloor roughness (Brizzi et al., 2018;
Heuret et al., 2012; Ruff, 1989; Scholl et al., 2015). Additionally, sediments may lubricate the megathrust,
thus enhancing slip propagation (e.g., Sawai et al., 2014). Here, we point out that sediments may also
enhance ruptures to grow larger in the downdip direction, given the wider seismogenic zone that develops
due to the feedback between sediment thickness and megathrust geometry. This new additional effect oper-
ates in the same direction as the smoothening and lubricating effects proposed by previous studies.
Sediment-rich subduction zones may thus be more prone to host giant earthquakes, given that the potential
rupture area is larger. Additionally, the negligible slab retreat in our models would tentatively suggest that
the upper plate is characterized by a neutral strain regime. This would support the outcomes of Heuret et al.
(2012) that giant earthquakes preferentially occur at subduction zones that combine large sediment thick-
ness and neutral upper plate strain.

On a global-scale, giant earthquakes seem to preferentially occur at subduction zones with high sediment
supply (Figure 1; Brizzi et al., 2018; Heuret et al., 2012; Ruff, 1989; Scholl et al., 2015). However, there are
exceptions to this trend, as giant events have also occurred at relatively sediment-starved margins
(Figure 1). A clear example of such an exception is the Japanese subduction segment. This hosted the
2011 Tohoku-Oki earthquake, which reached a M,, of 9.0 although the amount of trench sediments is rela-
tively low (i.e., Tseqg = 0.8 km Heuret et al., 2012). This event has shown unusual characteristics compared
to, for example, the 1960 Chile and 2004 Sumatra earthquakes, namely, the large amount of slip in a rela-
tively small rupture area and shallow rupture propagation (e.g., Stimpson, 2011). This points out that other
processes, such as thermal pressurization (e.g., Noda & Lapusta, 2013) and dynamic overshoot (e.g., Ide et al.,
2011), certainly play a role in the generation of large megathrust earthquakes.

Sediment-rich subduction segments that have not generated a giant earthquake within our instrumental
observation time window of ~110 years are also exceptions (Figure 1). In fact, the maximum magnitude of
Makran, West-Aegean, and Calabria segments, which have the thickest trench fill (Tsq > 5km Heuret
et al., 2012), is relatively low (i.e., 8.1, 7.7, and 7.2, respectively). However, the occurrence of giant earth-
quakes at Makran, West-Aegean and Calabria segments may not be unlikely. Our results show that giant
events occur in subduction margins with thick incoming plate sediments, and that the recurrence time of
these large characteristic events is significantly increased (Figure 7b). Furthermore, the corresponding
wide seismogenic zone causes the megathrust to have irregular recurrence behavior (Figures 6d and
7b), similar to what has been previously described as supercycles (e.g., Herrendorfer et al., 2015). For
these large seismogenic widths, we thus observe the occurrence of partial ruptures with relatively low
magnitude, which alternate with the complete failure of the entire seismogenic zone (e.g., Herrendorfer
et al., 2015). This transition from quasi-periodic characteristic ruptures to the additional occurrence of
partial ruptures is also predicted by recent analytical and numerical models (Barbot, 2019; Cattania,
2019) for regions with large seismogenic zone widths over critical nucleation sizes. This irregular behavior
for thicker sediments could help to explain the weak relationship between the maximum magnitude of
megathrust earthquakes and sediment thickness in natural subduction zones (R<0.1; Figure 7a), as histor-
ical and instrumental data are only available for a limited time window (McCaffrey, 2008). More impor-
tantly, our findings suggests that the Makran, West-Aegean, and Calabria segments may be at the stage
when only smaller partial ruptures occur and their recorded M,,,, may not be representative of the lar-
gest possible megathrust earthquake. If this scenario is correct, we speculate that they may host giant
earthquakes in the future.
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4.4. How Does Sediment Thickness Affect Off-Megathrust Seismicity?

The amount of incoming plate sediments also affects subduction intraplate seismicity (Figure 5). In the case
of low sediments (i.e., Tseq < 1.5 km), we observe a higher number of outer rise events (Figures 5a-5b, and
S3). This is because thin sediments are associated with a steeper megathrust dip and thus increased bending
of the slab. More bending increases the extensional stresses in the shallow part of the slab and thus increases
the amount of normal faulting earthquakes within the outer rise. In contrast, models with thick sediments
(i-e., Tseq > 4 km; Figures 5d and S3) show a higher number of splay faults branching off from the mega-
thrust, likely because of the development of a larger sedimentary wedge. Therefore, our results suggest that
the amount of sediments also influences where seismic energy is preferentially released outside of the mega-
thrust. For example, our models predict that the seismic moment released by faulting in the sedimentary
wedge is higher in sediment-rich subduction segments than in sediment-poor ones. They also predict that
the ratio of seismic moment release in the upper plate and in the lower plate is higher for subduction seg-
ments with more incoming sediments. However, further investigation is needed to support this hypothesis.
A future expansion of the global subduction zone database (Heuret et al., 2011, 2012) that includes intraplate
seismicity (Presti et al., 2012) could be used to test our predicted relationships between the amount of sedi-
ments and off-megathrust faulting.

4.5. Impact of Subduction Dynamics on Megathrust Seismicity

In numerical simulations, the presence and effect of sediments along the megathrust is typically approxi-
mated by assuming a low friction coefficient at the interface (e.g., Muldashev, 2017; Tan et al., 2012).
Hence, sediments are usually not included as a physical layer, but parameterized as a frictionally weak mate-
rial. Given the strong feedback between long-term sediment subduction and megathrust seismicity high-
lighted by our models, we tested to what extent the presence of sediments influences the tectonic
evolution of subduction zones and, in turn, the short-term behavior of megathrust. To do so, we ran an addi-
tional model in which we lower the static friction coefficient y; of the plate interface to parameterize the pre-
sence of sediments instead of explicitly modeling them as a layer. We show that u of the plate interface
controls subduction geometry, with shallower dipping slabs and wider seismogenic zones for lower friction
(Figures 4b and 4c). This is in agreement with previous geodynamic modeling studies, which show that the
subduction megathrust has a shallow dip and a wide seismogenic zone in the case of low sediment friction
(Tan et al., 2012).

Tuning the interface frictional properties, however, results in a lower variability of the megathrust geometry
compared to what is observed when increasing the sediment thickness. This outcome has significant impli-
cations for the maximum size of earthquakes M,,,, that the megathrust can generate (Figure 8). We show
that My, of megathrust events increases by ~1 order of magnitude as a function of sediment thickness. If
sediments are instead simulated by assuming a frictionally weak interface, M, varies over a much smaller
range of 0.1 magnitude. Therefore, the absence of a physical layer of sediments results in a notable under-
estimation of the maximum earthquake size the megathrust can generate.

We expect that the M, variation is even smaller in a simplified mechanical approach that only varies fric-
tion and does not include long-term subduction dynamics and thermal coupling, such as in spring-slider
experiments (e.g., Corbi et al., 2011). In this case, the seismogenic zone width does not vary as a function
of friction coefficient or sediment presence. This means that the maximum magnitude of megathrust earth-
quakes over multiple seismic cycles does not vary either, as the maximum potential slip area is fixed
(Figure 8). However, in our interpretation we still allow for a minor variation of M,,,, (Figure 8), since
the rupture width could vary slightly if analyzed using a similar slip rate threshold as done for the other
two scenarios.

Our results demonstrate for the first time the distinct impact and importance of long-term subduction
dynamics on the short-term behavior of megathrusts. A difference of ~1 order of magnitude when estimat-
ing M. is in fact significant for correctly assessing earthquake hazard. This was clearly demonstrated by
the 2011 Tohoku-Oki earthquake and associated tsunami. Historically, many M, 7-8 earthquakes have
occurred on the Japanese megathrust, but a giant event that was 1 order of magnitude higher was not
expected in this region (e.g., Stein & Okal, 2011), and neither was the associated tsunami. The waves gener-
ated by the seafloor displacement were higher than expected and overtopped the antitsunami walls of the
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Fukushima Daiichi nuclear power plant, penetrating far inland and causing enormous damage (e.g.,
Stimpson, 2011). Including a sedimentary layer in numerical models is thus important for improving esti-
mates of the magnitude of future earthquakes to mitigate the seismic hazard of subduction zones.

5. Conclusions

We have isolated and quantified the contribution of incoming plate sediment thickness on the long- and
short-term behavior of subduction zones using STM models.

We find that the trench significantly retreats due to the seaward growth of the sedimentary wedge when
more sediments subduct. This retreating trench motion in combination with a negligible slab retreat at depth
causes the megathrust to flatten. Concurrently, the additional weight of sediments favors slab unbending.
Therefore, thick incoming plate sediments enhance the development of a shallower dipping megathrust,
which has a wider seismogenic zone. Comparison with natural data supports that sediment-rich subduction
segments are often characterized by a shallower interface dip and larger seismogenic zone width than the
sediment-starved ones.

We also find that the megathrust is on average weaker for increasing sediment thickness. This is mainly due
to a shallower seismogenic zone and a lighter forearc structure that decrease the pressure and the normal
stress acting on the interface.

We show that the maximum magnitude of megathrust earthquakes increases with increasing sediments.
This supports the hypothesis that the amount of sediments influences giant earthquakes occurrence.
Based on our findings, we propose an additional explanation for the impact of sediment thickness on the
maximum size of megathrust earthquakes. Besides smoothening and lubricating the plate interface, we sug-
gest that thick sediments increase the potential slip area by increasing the seismogenic zone width. This may
also promote earthquakes to grow larger and reach higher magnitudes. For the subduction segments with
the thickest trench infill (Makran, Calabria, and West-Aegean), the maximum magnitude of megathrust
earthquakes predicted by our models is significantly higher than what has been observed during the last
century. Considering the increased recurrence time of the characteristic events for high amounts of sedi-
ments, in combination with a more irregular recurrence behavior that causes the megathrust to also gener-
ate partial ruptures, we suggest that larger than expected earthquakes may still occur in these regions, albeit
infrequently.

We further find that increasing the sediment thickness causes the intraplate seismicity to migrate from the
outer rise region to the sedimentary wedge. Thin incoming plate sediments result in a steeper megathrust,
more slab bending, thereby more outer rise earthquakes. As the sediment thickness increases, slab bending
decreases, the sedimentary wedge gets wider, and this results in more events propagating along splay faults.
The amount of sediments thus dictates how seismic energy is partitioned off-megathrust.

Finally, we have quantified the importance of simulating long-term sediment subduction in contrast to the
parameterization of sediments through a frictionally weak megathrust. We show that a significant underes-
timation of the maximum earthquake size of up to one order of magnitude could occur if long-term subduc-
tion dynamics, the physical presence of sediments and thermal coupling are ignored. This strengthens how
crucial it is to bridge the time scales from tectonic evolution to earthquakes to improve seismic hazard
assessment at subduction zones.

Data Availability Statement

Numerical simulations were run on CSCS cluster Ménch under project s741. The model executables, input
files, and outputs for the model with Tseq = 4 km are available through Zenodo data repository under the
Creative Commons Licence: Attribution 4.0 International and published open access in Brizzi et al. (2020).
Figures 5 and 6 were made using the perceptually uniform colormap Imola by Crameri (2018).
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