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1.  Introduction
The Earth's greatest earthquakes (e.g., the Mw9.1 2011 Tohoku earthquake) occur at the frictional interface 
between subducting oceanic- and overriding plates (i.e., the megathrust) at convergent margins (e.g., Pacheco & 
Sykes, 1992; Scholz, 1990). These events are the most devastating expression of Earth's dynamics and, together 
with tsunamis, they represent a major hazard to society. Unfortunately, due to the short period of instrumental 
records, the limited resolution/completeness of paleo-seismic archives, and the paucity of direct observations, 
many aspects of the megathrust seismic cycle remain poorly understood.

Numerical and analog modeling offers opportunities to investigate the controlling factors of subduction seismicity 
(e.g., Brizzi et al., 2020; Corbi, Herrendörfer et al., 2017; Sobolev & Muldashev, 2017). Both analog- and numerical 
models have pros and cons, hence researchers try to get the best from those models with combined studies (e.g., Corbi, 
Herrendörfer et al., 2017; van Dinther et al., 2013). Analog models are intrinsically 3D even if quasi-2D cylindrical 

Abstract  In the last decades, seismotectonic analog models have been developed to better understand 
many aspects of the seismic cycle. Differently from other lab-quake experiments, seismotectonic models mimic 
the first order characteristics of the seismic cycle in a scaled fashion. Here we introduce Foamquake: A novel 
seismotectonic model with a granular frictional interface that as a whole behaves elastoplastically. The model 
experiences cycles of elastic loading and release via spontaneous nucleation of frictional instabilities at the 
base of an elastic foam wedge, hereafter called foamquakes. These analog earthquakes show source parameters 
(i.e., moment-duration and moment-rupture area) scaling as great interplate earthquakes and a coseismic 
displacement of few tens of meters when scaled to nature. Models with two asperities separated by a barrier can 
be performed with Foamquake given the 3D nature of the setup. Such model configuration generates sequences 
of full and partial ruptures with different recurrence intervals as well as rupture cascades. By tuning the normal 
load acting on individual asperities, Foamquake reproduces superimposed cycles rupture patterns such as those 
observed along natural megathrusts. The physical properties of asperities and barriers affect model seismic 
behavior. Asperities with similar properties and low yield strength fail preferentially in a simultaneous manner. 
The combination of all those characteristics suggests that Foamquake is a valuable tool for investigating 
megathrust seismicity and seismic processes that depend on the 3D nature of the subduction environment.

Plain Language Summary  Despite earthquakes rank within the main geohazards, there are still 
several important open questions about their nature that remain unanswered or require additional investigation. 
Complementary to observational studies, a strategy often used by scientists to tackle this problem is to safely 
reproduce earthquakes with computer simulations or with laboratory experiments. Here we introduce a 
novel experimental model (Foamquake) that reproduces the largest earthquakes on Earth, those that occur 
at convergent plate boundaries like the Tohoku-oki earthquake that hit the Japanese Pacific coast in 2011. 
Our model has the distinctive characteristic of reproducing earthquakes in a scaled fashion; that is, lengths, 
velocities and forces are smaller but scaled with respect to real ones. Moreover, time is accelerated with regard 
to nature so that we do not wait hundreds of years to observe a lab-quake. Indeed, we are able to study the 
details of hundreds of them in a few minutes long experimental run. We report the details of the experimental 
model and focus on the arguments bringing us to consider our lab-quakes similar to real earthquakes. We 
demonstrate that the experimental setup can afford new insights for understanding the seismic behavior at 
convergent plate boundaries.
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setups have been often developed for simplicity (e.g., Corbi et al., 2013; Dominguez et al., 2015; Rosenau, Lohrmann 
& Oncken, 2009). Their setups can be easily tuned to perform parametric studies. Also numerical models can simulate 
seismic cycles in 3D but well-resolved parametric studies are still not affordable computationally.

Seismotectonic analog models are simplified reproductions of geodynamical systems at convenient spatial and tempo-
ral scales. Seismotectonic models feature both long-term, steady stress accumulation and rapid stress drops charac-
teristics of seismic cycles. From the ’70s to 90s foam rubber has been extensively used in seismotectonic modeling, 
because of easiness of handling this material for experimental setups (e.g., Archuleta & Brune, 1975; Brune, 1973; 
Brune et al., 1990). Foam models have shed light on the basic physics governing the sliding of frictional interfaces 
(Anooshehpoor & Brune, 1999; Brune, 1996; Brune & Anooshehpoor, 1997; Brune et al., 1993). However, several 
concerns affect foam rubber properties, including unavoidable edge effects related to its low rigidity, leading to a 
non-uniform stress distribution along the fault interface (Scholz et al., 1972), material nonlinearities and high friction 
coefficient (i.e., from 1 to 10, Anooshehpoor & Brune, 1994; Caniven et al., 2015), making the material inappropriate 
to reproduce the frictional behavior of natural faults (Rosakis et al., 2007). Hence, for several years, foam models have 
been abandoned. Caniven et al. (2015) coated the foam rubber with epoxy resin to decrease the frictional coefficient, 
opening new avenues for the use of foam rubber in seismotectonic modeling. Dominguez et al. (2015) and Caniven and 
Dominguez (2021) developed a quasi-2D subduction setup, using multi-layered visco-elastoplastic rheology capable 
of reproducing the whole seismic cycle, including viscoelastic post-seismic deformation.

However, these 2D models cannot adequately reproduce processes linked to the three-dimensional nature of megathrust 
shear zones and are affected by limitations about analog earthquakes scaling with respect to natural prototypes. Similar 
concerns regard other megathrust analog models, such as gelatine models of Corbi et al. (2013); Corbi, Funiciello 
et al. (2017), which generate analog earthquakes with an exaggerated amount of coseismic slip when scaled to natural 
interplate earthquakes. Models using bulk mixtures of granular materials (e.g., rubber pellets, rice, and sugar) experi-
ence properly scaled ruptures in 2D (Rosenau et al., 2010), but may overestimate peak slip and strain in 3D (Rosenau 
et al., 2019)]. In addition, all of these setups dimensions scale with a maximum of ∼240 km along trench, allowing 
to keep partly into account the importance of the along trench earthquake growth. Larger setups scaling is required to 
reproduce earthquakes like the 2011 Tohoku or the 2010 Maule (e.g., Tsuda et al., 2017; Yue et al., 2014) as well as 
complex space-time ruptures patterns observed at subduction zones. These patterns include the existence of “permea-
ble” (to rupture propagation) barriers, quasi-periodic recurrence behavior, rupture cascades, and superimposed cycles 
(Philibosian & Meltzner, 2020), features strongly linked to the 3D interacting nature of the system.

Here we introduce a novel 3D seismotectonic analog model baptized Foamquake, referring to the material of the 
model wedge. The model reproduces a 510 km long (in trench parallel direction) subduction segment. The details 
of the experimental setup, modeling procedure, analysis and results are presented thoroughly in this article. Foam-
quake seismic behavior is compared with observations from real subduction zones, describing similarities in terms of 
source scaling and periodicity. Models with two neighboring asperities with equal and dissimilar properties are also 
presented, showing that this configuration reproduces space-time rupture histories as in the natural prototype.

2.  Experimental Approach
2.1.  Experimental Setup

The set-up is composed of a Plexiglass box where an elastic foam wedge with a dimension of 145 × 90 × 20 cm 3 (i.e., 
the overriding plate) overlies a planar, 10° dipping, rigid plate (i.e., the subducting plate; Figure 1). Along the plate, a 
basal conveyer belt is driven with constant velocity (0.01 cm/s), reproducing a steady, trench-orthogonal subduction. 
A 1 cm thick layer of granular materials simulates the shear zone along the plate interface (i.e., the megathrust) and 
transfers frictional shear stress between the foam wedge and the conveyor belt (Figure 1c). The plate interface features 
a rectangular “seismogenic patch” made of rice (analog of a seismic asperity) surrounded by quartz sand. In the area of 
the asperity, we glued on the foam wedge base and on the conveyor belt 2 cm spaced stripes of rice grains trench-par-
allel aligned, to ensure coupling between the layers that is, wedge-asperity and subducting plate-asperity. The different 
materials in the granular layer are not confined laterally but accumulated shear is small enough to prevent mixing or 
geometric changes. The downdip width W of the seismogenic patch is 30 cm and its updip limit is 10 m from the trench.

The model is not affected by lateral friction acting at the two sides of the foam wedge which are free to move later-
ally and expand for up to 5 cm within the Plexiglass box. The wedge rear is confined by a rigid vertical backstop.
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2.2.  Rheological and Frictional Properties of Analog Materials

We used foam rubber (i.e., Resingomm SM_2) to simulate the elastic behavior of the lithosphere. Foam rubber is 
characterized by a Young modulus E = 30 kPa and a Poisson ratio ν = 0.1 (Table S1 and Figure S1 in Supporting 
Information S1). Due to the low stress applied, the foam wedge is subject to particularly low strains (ε < 0.02), 
excluding possible nonlinearities in its deformation (Smardzewski et al., 2008).

Figure 1.  (a), (b) and (c) Experimental setup. A foam wedge (the upper lithospheric plate analog) overlays a planar, 10° 
inclined rigid plate (the subducting plate analog). The interface between the foam and plate mimics the megathrust interface. 
A plastic conveyor belt laying on the rigid plate moves downward at the constant velocity of 0.01 cm/s providing a continuous 
shear to the wedge base. Along the plate interface a seismic asperity made of rice is surrounded by sand reproducing the 
fault zone (c). At the model surface, a normal load is applied above the asperity. The model is monitored with a top-view 
high resolution camera (space-satellite analog). (d) Flow chart describing technical steps to derive coseismic and interseismic 
parameters from particle-image-velocimetry-derived velocity time series.
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The analog fault zone is a generic model of natural subduction shear zones. The analog megathrust configuration 
mimics the along dip heterogeneous frictional zonation observed at natural megathrusts (e.g., Lay et al., 1982), 
where the seismogenic zone is confined at its updip and downdip limits by aseismic zones (e.g., Hyndman 
et  al., 1997). In our models, the updip and downdip limits of the analog seismogenic zone have been scaled 
with respect to the average value observed in nature (Section 2.3). Foamquake experiences emergent stick-slip 
behavior due the physical properties of granular materials placed along the megathrust resulting in the spontane-
ous nucleation of slip instabilities within the rice layer. The frictional strength of rice decreases with increasing 
shear rate similar to natural rocks causing stick-slip instability to emerge spontaneously (Rosenau, Lohrmann & 
Oncken, 2009). Accordingly, the rice patch represents a velocity weakening seismogenic area, in which coseismic 
ruptures may nucleate and can easily propagate. The rice friction rate parameter a-b is ∼0.026, determined by 
velocity stepping tests (Figure S2a in Supporting Information S1), a dimensionless value comparable to estimates 
of subduction fault materials parameters at seismogenic conditions (e.g., den Hartog et al., 2012; Rabinowitz 
et al., 2018). On the contrary, sand shows no or only very minor rate dependence on friction (Figure S2b in 
Supporting Information S1, Rosenau et  al.,  2017), causing steady slip and often preventing rupture propaga-
tion. The presence of a basal granular layer allows overcoming the possible limitation of high friction affect-
ing previous models, where instead analog faults were created with foam-against-foam surfaces (e.g., Anoo-
shehpoor & Brune, 1994; Brune, 1973]. Our approach is an alternative to the one proposed by Caniven and 
Dominguez (2021), who covered the foam surface with an epoxy resin. Foamquake mimics the key features of 
a generic natural megathrust and does not aim to reproduce a specific subduction configuration. However, the 
model can be tuned adding one or more asperities or varying frictional properties of the interface both along 
trench and downdip. Material properties data are published open access in (Mastella, Corbi, Funiciello, Rosenau 
et al., 2021).

2.3.  Model Scaling

Model parameters can be related to natural parameters thanks to specific scaling factors (e.g., Hubbert, 1937). 
The geometrical, kinematical, dynamical and rheological behavior of the model must be similar with respect to 
nature. Through dimensional analysis, we provide dimensionless numbers, describing the significant quantities 
of Foamquake (Table S1 in Supporting Information S1). Our model has been designed with a length scaling 
factor L* of 2.9·10 −6 (i.e., 1 cm in the model corresponds to 3.5 km in nature). Accordingly, Foamquake repre-
sents a 510 × 310 km 2 subduction system when scaled to nature. The downdip width of the seismogenic asperity 
upscales to 105 km, while its updip- and downdip limits distance from the trench 35 and 145 km, according to the 
downscaled values of the worldwide average of natural seismogenic zones (Heuret et al., 2011).

For models performed in the natural gravity field (i.e., gnat = gmod), the stress scaling factor, σ* is set comparing 
model and nature lithostatic stress and is computed with the product of ρ* by L*, where ρ* is the model/nature 
density ratio. Foam density is ∼20  kg/m 3; assuming an average crustal wedge density of 2900  kg/m 3, σ* is 
2.0·10 −8 (i.e., 1 Pa in the model is equivalent to 50 MPa in nature). Elastic properties ratio E* should scale as σ* 
as they share the same dimensions. Assuming an average lithospheric E of 10 11 Pa in nature (Turcotte & Schu-
bert 2014), the E of the analog wedge should be 2 kPa, instead of 30 kPa as for the foam rubber implemented in 
this study. To compensate for such mismatch and to keep the E* and σ* balanced, an extra normal load of a few 
tens of Pa is required (see Section 3.1).

In real subduction zones, interseismic and coseismic phases are governed by different deformation rates. The 
coseismic phase is a dynamic phase controlled by inertia and can be described using the Froude number (i.e., ratio 
between inertia and gravitational forces of a body, e.g., Rosenau et al., 2017). On the contrary, the interseismic 
phase is governed by non-dynamic (static) frictional and viscous deformation processes. Therefore, two different 
time scaling factors can be used as originally proposed by Rosenau, Lohrmann, and Oncken (2009). Keeping the 
Froude number, the same in laboratory and in nature, the time scaling factor for the coseismic phase (Tc*) is set as 
the square root of L* (i.e., 1s in the model upscales to 590s in nature). None of the elements of our model displays 
viscous behavior, therefore the interseismic phase need not to be dynamically scaled. We arbitrarily define the 
interseismic scale factor (Ti*) as 3.1·10 −9, that is, 1s in the model upscales to 100 years in nature for obtaining 
kinematic similarity with the multi-century recurrence times similar to nature. Interseismic and coseismic velocity 
scaling factors can be calculated by dividing L* by the respective temporal scale factors. While absence of viscous 
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elements hinders our model to mimic a bulk postseismic relaxation, frictional postseismic creep could occur around 
asperities. However, this transient is not resolvable due to the monitoring system displacement resolution.

2.4.  Monitoring and Data Processing

The monitoring is performed with a high-resolution (2048 x 1536 pixel 2, 8 bit, 256 gray levels) top-view camera 
capturing images at 50 frames per second (fps). An additional model has been monitored at 100 fps as a benchmark 
to better highlight the kinematics of foamquakes ruptures. The acquired images have been analyzed employing the 
particle-image-velocimetry method PIV, using the MatPIV package (Sveen, 2004). The 2D surface velocity field 
is extracted through cross-correlation between consecutive images, discretized in 18 x 29 interrogation windows. 
These windows represent measurement points that in ensemble mimic a spatially dense, continuous geodetic 
network (i.e., laboratory geodesy (e.g., Corbi et al., 2019, 2020; Kosari et al., 2020), with 1 station every 5 cm of 
the model, equivalent to 17 km spacing between stations in nature. For tracking model deformation, we seeded the 
wedge surface with black rice markers. The high PIV resolution allows solving both amplitudes of coseismic and 
interseismic velocities measured between two frames within the model surface at micron resolution.

From surface velocity time series, we used a standardized procedure to identify slip events. We determined coseismic 
frames applying a picking algorithm to a reference time series extracted from the interrogation window located at seis-
mic asperity center surface projection (Figures 1a–1b). Due to the model configuration, the maximum coseismic slip 
is always located around the center of the asperity, excluding a potential picking bias. We used the FPEAK MATLAB 
algorithm to identify emergent peaks from the lower background interseismic velocity (Text S1 and Figure S3 in 
Supporting Information S1). We use the locking to quantify model behavior during interseismic periods. We defined 
locking as the ratio between the interseismic cumulative landward displacement and the cumulative displacement 
related to subduction. This ratio ranges from 0 (i.e., totally delocked system) to 1 (i.e., fully locked system).

2.5.  Source-Parameters Derivation

By multiplying PIV velocities by the time between consecutive frames, we obtained the displacement field at 
the model surface. From the displacement upscaled to nature, we calculated foamquakes source parameters. 
Due to the shallow dip of the analog megathrust and the nearfield coverage of PIV measurements until the 
trench, the coseismic displacement pattern measured at surface is quantitatively close to the real slip inverted 
at depth. Hereinafter, we consider surface displacement and slip as synonyms, despite this assumption causing 
slight underestimation of moment magnitudes in the order of 0.1–0.2 (Text S2 and Figure S4 in Support-
ing Information S1). Foamquakes span more than one frame, therefore, we summed the identified coseismic 
displacement matrices, obtaining a single cumulative displacement map of each analog earthquake (Figure 2d 
and Figure S12 in Supporting Information S1). Rupture area A is defined as the product of PIV interrogation 
window size by the number of windows that overcome a given displacement threshold during one event. We 
considered 1, 5, and 10 m thresholds obtaining minor variation (±10%) in source parameters. We use the 5 m 
threshold, which provides the most reliable foamquakes scaling in respect to natural interplate earthquakes. 
The average displacement D is computed as the mean of the trench orthogonal component of displacement 
considering exclusively the windows located within the rupture contour. From D and A the seismic moment 
M0 [N m] is computed as:

𝑀𝑀0 = 𝐺𝐺 ⋅𝐷𝐷 ⋅ 𝐴𝐴� (1)

where G is 5⋅10 10 [Pa], the average crustal rigidity.

Finally, the foamquake moment magnitude is (Hanks & Kanamori, 1979):

Mw = 2∕3 ⋅ log10 (M0) − 6.03� (2)

Multiplying the number of identified coseismic frames to the sampling interval, the event's duration (T) is 
obtained, while the time between frames with peaks in velocities is defined as the recurrence interval (RT).
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Figure 2.  Seismic behavior of 2-min extracted from the reference model (Lw = 20 cm, 𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa, 15-min long). (a) Velocity time series of the reference point used to 
identify coseismic events. Values faster than a fixed velocity threshold (red line vs. = 0.1 cm/s) are interpreted as foamquakes. Pink crosses represent coseismic peaks, 
blue and black circles are first and last coseismic frames, respectively. Filled red circles highlight the 4 foamquakes depicted in (d). (b) Line-time evolution of the model 
represented by a trench parallel section crossing the downdip center of the seismic asperity. The temporal scale of coseismic stages (i.e., thickness of vertical lines) 
is exaggerated to improve visibility, while the vertical dimension represents the tench-parallel extent of each foamquake. Green dashed lines depict the limits of the 
asperity. (c)–(d) Map view details of the 4 seismic cycles. (c) Interseismic deformation patterns: red quivers highlight landward motion of virtual GPS stations, while 
colormaps depict the superficial interseismic locking (contour levels from 0.1 to 0.5). Quiver spatial density is equal to 1/3 of the available data set. Cyan rectangles 
represent the velocity weakening asperity. (d) Coseismic displacement maps, contour levels every 10 m (scaled to nature). (e) Trench orthogonal profiles of the 
superficial coseismic displacement (in orange) and coupling (in blue). In red is depicted the slip pattern for the 2011 Mw = 9.1 Tohoku earthquake inferred by Bletery 
et al. (2014). Trench-orthogonal profiles are located exactly along the center of the seismic asperity. Vertical dashed lines represent the updip and downdip limits of the 
asperity.
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3.  Results
In this section, we first show the general model behavior; then we explain the procedure used for identifying 
the model configuration that allows reproducing stick-slip cycles scaled with large interplate earthquakes. It 
has been systematically explored the 2D parameter space formed by the normal load 𝐴𝐴 𝐴𝐴𝑛𝑛 and the seismic asper-
ity length along trench Lw. We subsequently report the behavior of a 15-min long reference model. This model 
provides maximum similarities with respect to the natural prototype. Finally, we report results from double asper-
ity models. Experimental data are published open access in (Mastella, Corbi, Funiciello, & Matthias, 2021).

3.1.  General Model Behavior

After an initial 1.5 min-phase, characterized by elastic loading of the wedge, the subduction interface starts to 
exhibit stick-slip dynamics. The initial loading phase, which characterizes seismotectonic analog (Caniven & 
Dominguez, 2021; Corbi et al., 2013; Rosenau, Lohrmann & Oncken, 2009) and numerical models (Barbot, 2019), 
has been ignored in the following analysis. Subsequently, the model alternates phases of apparent quiescence 
(i.e., interseismic) with rapid episodic slip events. During interseismic stages, the friction along the base of the 
foam rubber results in the mechanical coupling that partially locks the subduction interface. As a consequence 
of the continuous convergence of the foam wedge, the upper plate moves toward the backstop (i.e., landward; 
Figure 2c). When shear stress overcomes the frictional resistance of the analog megathrust, a spontaneous insta-
bility nucleates, resulting in trenchward (i.e., seaward) motion of the wedge (Figure 2d). In general, spatially 
and temporally heterogeneous locking is observed with the highest values of 0.4–0.8 above the seismic asperity 
(Figure 2c).

3.2.  Model Sensitivity to Normal Load and Asperity Length

20 models have been performed to investigate how both the asperity along-trench length (Lw) and the external 
normal load (𝐴𝐴 𝐴𝐴𝑛𝑛 ) tune the seismic behavior of Foamquake. We modulated 𝐴𝐴 𝐴𝐴𝑛𝑛 adding a given quantity of rice above 
the foam wedge on the superficial projection of the asperity (Figure 1). Rice grains are too big to penetrate and 
contaminate the foam and at the same time serve as speckles. We tested five Lw, from 10 to 80 cm, a range scaled 
to nature from 35 to 280 km. For each Lw, four models have been performed changing 𝐴𝐴 𝐴𝐴𝑛𝑛 above the asperity, from 
10 to 100 Pa, with a step of 30 Pa. Each model runs for 2 min, during which 19–112 foamquakes (depending on 
model configuration) are detected for a total of 1,062 events. The vast majority of foamquakes are trench breaking 
(Lay et al., 2012), while non-trench-breaking partial ruptures characterize models with small Lw and 𝐴𝐴 𝐴𝐴𝑛𝑛 .

Slip episodes recurrence RT, duration ED, and size of events with average coseismic displacement (D) and seismic 
moment M0 as well as their variability are calculated. To quantify the variability of foamquakes size, we refer to 
the range of Mw measured for each model, while the temporal variability has been evaluated through the Coef-
ficient of Variation (CoV) of RT. This coefficient is often used for describing earthquake recurrence periodicity. 
CoV is a dimensionless parameter describing the dispersion of a selected variable. Considering a seismic catalog, 
it is defined as the standard deviation divided by the mean recurrence interval. CoV = 0 indicates a perfectly peri-
odic system, whereas a CoV = 1 represents a time-independent Poissonian behavior. In paleo-seismic literature, 
records with a CoV > 1 are called clustered (McCalpin, 2009), or bursty (Salditch et al., 2020). Intermediately, 
records with a CoV > 0.5 are defined “aperiodic,” while a CoV < 0.5 defines quasi-periodic records (e.g., Kuehn 
et al., 2008). In our sensitivity study CoV is in the 0.19–0.5 range, testifying a quasi-periodic behavior.

Lw exerts a crucial influence governing the frictional evolution of experimental models. Increasing Lw results in 
larger and less frequent events (Figure 3). For example, fixing 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa, the model with Lw = 10 cm (35 km in 
nature) includes 81 foamquakes (RT = 1.5 ± 0.4s; 1σ standard deviation), with an average coseismic displacement 
D of 9.3 ± 3.3 m, while the Lw = 80 cm (280 km in nature) model encompasses only 24 events (RT = 4.9 ± 1.4s) 
with a D = 59.9 ± 23.0 m. Longer patches favor higher displacements and larger rupture areas, resulting in higher 
seismic moments (Figures 3a–3b). The longest patches imply the presence of full ruptures spanning the whole 
model along strike (Figure 2b). The range of magnitudes (Mw-max–Mw-min) remains approximately stable (between 
0.5 and 1) considering each experimental configuration (Figure 3). This means that while the average magnitude 
scales with Lw, the magnitude range (i.e., the variability for the tested configurations) is independent of Lw.
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The increase of 𝐴𝐴 𝐴𝐴𝑛𝑛 above the seismic asperity controls the spatiotemporal sliding behavior of our models. Higher 
𝐴𝐴 𝐴𝐴𝑛𝑛 promotes larger events, both in terms of average slip and average rupture area (Figures  3a–3b). Accord-

ingly, also the event duration T increases (Figure 4), while the number of foamquakes decreases, resulting in 
longer seismic cycles (Figure 3d). For Lw = 20 cm and 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa, the experimental catalog includes 62 events 
(RT = 1.9 ± 0.5s), half of the number observed with the same Lw but 𝐴𝐴 𝐴𝐴𝑛𝑛  = 10 Pa (RT = 1.1 ± 0.4s). For low 𝐴𝐴 𝐴𝐴𝑛𝑛 and 
small Lw, the system alternates distinct families of recurrence intervals, which are multiples between them (i.e., 
period-doubling behavior; Kato, 2014; Ma & He, 2001; Mele Veedu et al., 2020; Shelly, 2010).

The analysis of foamquakes sizes for each configuration allowed identifying the model with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa and 
Lw = 20 cm as the best-scaled configuration. This model produces analog earthquakes with up to 9m as average 
displacement when scaled to nature. Hence, Foamquake does not produce only stick-slip dynamics but also 
slip phases whose size properly scales with the slip of natural interplate earthquakes. This configuration has 
been further examined performing a 15-min model, considered as the reference model and described in the next 
section.

3.3.  Earthquake Behavior of the Reference Model

505 foamquakes occur in the reference model. The average displacement of individual foamquakes ranges from 
18 to 78 𝐴𝐴 𝐴𝐴 m (6.6–28 m when scaled to nature). Considering all seismic ruptures, the average is 15.7 ± 2.6 m. The 
associated seismic moment average is M0 = 4.9⋅10 22 ± 2.9⋅10 22N m, equivalent to a magnitude Mw = 9.0 ± 0.2. 
Coseismic phases last from 0.02 to 0.08s, that is, the duration of 1–4 consecutive frames. Within the temporal 
resolution, we observe a direct proportionality between event duration and magnitude. Recurrence periods range 
between 0.62 and 2.52s (i.e., ideally 62–252 years when scaled to nature), with an average of 1.63 ± 0.54s and 
are branched into three distinct groups as shown in Figures S14c and S14d in Supporting Information S1. The 
reference model alternates long (∼2.25s), intermediate (∼1.2s), and short (∼0.6s) repeat periods. Figure S5 in 
Supporting Information S1 shows that recurrence periods are proportionally correlated with magnitude.

Figure 3.  Fomquakes properties represented for each performed model, varying Lw and the normal load above it (𝐴𝐴 𝐴𝐴𝑛𝑛 ). Red rectangles highlight the reference model with 
𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa and Lw = 20 cm (70 km scaled to nature).

A B C

FD E
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3.4.  Double-Asperity Models

The dimension of Foamquake allows investigating the along-trench propagation of ruptures and, in turn, to high-
light how the along-trench frictional segmentation affects the seismic behavior. We performed four additional 
models with two asperities, both sized Lw = 20 cm and W = 30 cm (i.e., the same size as in the reference model), 
distanced by 40 cm (140 km in nature). We fixed 𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa above one asperity (as in the reference model, 
accordingly named reference asperity), while we varied 𝐴𝐴 𝐴𝐴𝑛𝑛 above the other asperity (hereafter named secondary 
asperity), from 10 to 100 Pa, with 30 Pa steps.

The model generates single- and double-asperity ruptures. The former includes ruptures that nucleate within an 
asperity, propagate partially along the barrier but arrest before involving the second asperity. The second includes 
foamquakes with two asperities failing during the same event (i.e., asperity synchronization). The coexistence of 
single- and double asperity ruptures causes a larger variability of source parameters with respect to the reference 
model.

Here we describe the recurrence behavior of double asperities models using the model with both asperities with 
𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa as a proxy. We select 4.2 s of the 2 min-long model, during which six foamquakes have been captured 

(Figure 5). Events 26, 27, and 30 are single-asperity ruptures, with magnitude between 8.6 and 9.2. On the other 
hand, examples of asperity synchronization are events 28, 29, and 31. Those ruptures generally nucleate in one 
asperity and subsequently involve the central barrier and the other asperity (e.g., event 31-Figure 5d).

To distinguish single-versus double-asperity ruptures and quantify their relative proportion, we applied a densi-
ty-based temporal clustering algorithm, DBSCAN (Ester et  al., 1996), capable of grouping coseismic frames 
relative to multi-asperities ruptures (Text S3 in Supporting Information S1 for details). We found that the number 
of foamquakes with asperities synchronization decreases as a function of 𝐴𝐴 𝐴𝐴𝑛𝑛 of the secondary asperity (Figure S8 
in Supporting Information S1). In particular, 91% of foamquakes are double-asperity ruptures for the model with 

𝐴𝐴 𝐴𝐴𝑛𝑛  = 10 Pa, while only 51% of events represent synchronized asperities ruptures for the model with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa. 
The total number of events follows an inverse trend, increasing from 131 to 155 considering these two models. 
Double-asperity ruptures are more frequent with low 𝐴𝐴 𝐴𝐴𝑛𝑛 and show larger displacement and magnitude in respect 

Figure 4.  (a)–(b). Seismic moment vs. duration from models monitored at 50 fps (a) and from models monitored at 100 fps 
(b). Seismic moments values for each subset of durations are represented through a boxplot, where the central red mark 
indicates the median, the box edges indicate the 25th and 75th percentiles, the whiskers extend to the most extreme value of 
that subset not considered outlier, while outliers are plotted individually with the red‘ + marker. Pink lines (M0 𝐴𝐴 ∝  T 2.82 and 
M0 𝐴𝐴 ∝  T 2.44) are the best-fitting regression lines obtained through a grid-search inversion, compared with cubic scaling of 
regular earthquakes (dashed lines M0 𝐴𝐴 ∝  T 3) and linear scaling of slow slip earthquakes (dashed lines M0 𝐴𝐴 ∝  T). All foamquakes 
quantities are scaled to nature.
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to single-asperity ruptures from the same model (Figures S9 and S10 in Supporting Information S1). Generally 
double-asperity ruptures nucleate in the asperity with the lower 𝐴𝐴 𝐴𝐴𝑛𝑛 and subsequently trigger the other asperity 
(Figure S11 in Supporting Information S1).

Except for the model with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 10 Pa above the secondary asperity, single-asperity ruptures involve more 
frequently asperities with the lower 𝐴𝐴 𝐴𝐴𝑛𝑛 . Conversely, 𝐴𝐴 𝐴𝐴𝑛𝑛 seems not to control the displacement amplitude of 
single-asperity ruptures. Increasing 𝐴𝐴 𝐴𝐴𝑛𝑛 (of the secondary asperity) does not increase foamquakes magni-
tudes and displacements as instead observed in single asperity models (Figures S9 and S10 in Supporting 
Information S1).

Double-asperity models systematically experience a larger number of foamquakes than single-asperity 
models, according to the presence of two seismogenic sources. The system is still characterized by period 
doubling-behavior, with distinct families of RT. CoV of RT is in the 0.15–0.27 range, indicating a quasi-pe-
riodic recurrence behavior similar to single-asperity models. Figure 6 shows that both the reference and the 
secondary asperity experience shorter cycles (RT) with respect to the corresponding single asperity model 
cycles durations. This observation is particularly clear due to the presence of distinct classes of RT. For 
example, the RT of the double asperity model with the secondary asperity with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa includes only 
a few interseismic periods of ∼2.25s (Figure 6), that instead are the most frequent RT in the corresponding 
single-asperity model (Figure 6l).

Figure 5.  Representation of 4.2 s of the reference double asperity model (Lw = 20 cm, 𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa) (a) Particle-image-velocimetry maximum superficial velocity time 
series (b) Line-time evolution of the model obtained through a trench parallel section crossing the downdip center of seismic asperities. Green dashed lines depict 
the limits of asperities (c) Representation of interseismic locking maps and subsequent coseismic cumulative displacement maps for each seismic cycle (d) Rupture 
propagation of event 31: Rupture starts within the left asperity and then propagates involving in a second moment the other asperity.
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4.  Discussion
4.1.  Single-Asperity Models

Several parameters have been proposed to explain the variability of seismic behavior of different subduction 
zones (e.g., Heuret et al., 2011; Schäfer & Wenzel, 2019; Schellart & Rawlinson, 2013). Frictional and geomet-
rical properties of asperities together with their spatial distribution control the trench-parallel length along which 
a seismic rupture is capable of propagating (e.g., Corbi, Funiciello et al., 2017; Dublanchet et al., 2013; Kaneko 
et al., 2010; Rosenau et al., 2019). Another important role in controlling interplate seismicity is played by geolog-
ical features, such as the presence of ridges and seamounts (e.g., Bilek, 2007; Contreras-Reyes & Carrizo, 2011; 
van Rijsingen et al., 2018] or sediment thickness at trench (Brizzi et al., 2020; Heuret et al., 2012). These features 
may influence the stress field at subduction zones and the normal load acting on megathrust segments (e.g., 
Scholz & Small, 1997). Elevated normal stress on seismic asperities introduces nontrivial recurrence behavior 
and allows for higher stress drops even along a relatively simple fault configuration (e.g., Lui & Lapusta, 2018).

In our model as 𝐴𝐴 𝐴𝐴𝑛𝑛 increases, and in turn also the yield strength of a given asperity increases, larger and less 
frequent foamquakes are observed. These results reflect the strong dependence of the recurrence time on normal 
stress, as described by the basic Coulomb friction model. In that model (RT) = (stress drop)/(shear stressing rate) 
and stress drop is proportional to normal stress. Consequently, also RT is proportional to 𝐴𝐴 𝐴𝐴𝑛𝑛 . This evidence is 
also theorized by rate and state laws (e.g., Barbot, 2019; Dieterich & Linker, 1992; Mele Veedu & Barbot, 2016; 
Okubo & Dieterich, 1984; Wang & Scholz, 1994) and agree with rock mechanics observations from double direct 
shear apparatus experiments (e.g., Scuderi et al., 2016). In Foamquake, the seismic behavior is also controlled by 
the trench-parallel extent of asperities. Longer asperities favor bigger and less frequent events. A primary control 
on maximum earthquake size exerted by the trench-parallel dimension available for ruptures to grow is intuitively 

Figure 6.  Comparison of foamquakes recurrence time (RT) histograms between double- (A-B-D-E-G-H-J-K) and single asperity models (C-F-I-L). The first two rows 
refer to RT of double asperity models: the second row represents RT of the reference asperity (𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa), while the first is the RT of the asperity with variable 𝐴𝐴 𝐴𝐴𝑛𝑛 (from 
10 to 100 Pa). The third row in cyan, corresponds to single asperity models.
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a basic implication of elasticity and agrees with statistical inferences from worldwide subduction zones (Brizzi 
et al., 2018).

Varying Lw and 𝐴𝐴 𝐴𝐴𝑛𝑛 we identified the configuration (Lw = 20 cm and 𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa) that better scales with the natural 
prototype. Although in this model we cannot observe foamquakes smaller than Mw = 8.2, the coseismic displace-
ment amplitude is adequately scaled to natural subduction earthquakes. This result represents a step forward 
in respect to several seismotectonic models. Indeed, previous studies applied a specific scaling factor for the 
coseismic slip (e.g., Caniven & Dominguez, 2021) or found some turn-around to calculate analog earthquake 
magnitudes (Corbi, Funiciello et al., 2017; Rosenau, Lohrmann & Oncken, 2009).

Despite unavoidable model limitations (Section 2 and Text S4 in Supporting Information S1), it is tempting to 
compare foamquakes obtained from the reference single-asperity model to the 2011 Mw = 9.1 Tohoku earth-
quake (Tsuda et al., 2017), which is the best instrumentally monitored mega-earthquake ever occurred. Some 
foamquakes, such as events 60 and 82 in Figures 2d and 2e are characterized by source parameters (average 
slip of 14m and an average rupture area between ∼5·10 4 and 6·10 4 km 2) comparable to the Tohoku earthquake 
source parameters (e.g., Satake et al., 2013). Figure 2e depicts trench-orthogonal profiles of the surface coseismic 
motion. Foamquakes exhibit an asymmetric bell-shaped profile akin to the Tohoku earthquake. Analog profiles 
show a general amplitude and seaward displacement decay comparable to the slip model of Bletery et al. (2014), 
which includes near trench observational constraints.

4.2.  Source Parameters: Foamquakes Versus Large Interplate Earthquakes

Scaling relations between subduction earthquake parameters illuminate the physics of seismogenesis. Several 
scaling relations have been proposed for subduction earthquakes (e.g., Blaser et al., 2010; Murotani et al., 2008; 
Strasser et al., 2010). Their main difference is generally related to uncertainties in the inversion of geodetic and 
waveform data used to calculate source parameters. Other odds depend on the inclusion of aftershocks data to 
define some relations (Blaser et al., 2010; Strasser et al., 2010). Murotani et al. (2013) compiled source parame-
ters for seven giant (Mw ∼ 9) earthquakes globally distributed for which the heterogeneous slip distributions were 
estimated from tsunami and geodetic data, adding 25 slip models of 10 great earthquakes (Mw > 8.5, excluding 
aftershocks). Here we compare these scaling laws with those from Foamquake to provide a quantitative estima-
tion of model similarity with respect to the natural prototype. Murotani's models are indicated for the purpose as 
the magnitude of foamquakes is always higher than 8.2. Moreover, Murotani's catalog also encompassed recent 
great earthquakes like the Maule and the Tohoku-oki earthquakes. The Murotani's regression models respect to 
the seismic moment M0 are listed below: for the rupture area [km 2] A = 1.34 × 10 −10·M0 2/3, for the average slip 
[m] D = 1.66 × 10 −7·M0 1/3 and for the asperity area [km 2] AS = 2.81 × 10 −11·M0 2/3, where M0 is defined in N·m.

From our data set, scaling laws have been determined for these couples of parameters: M0 versus rupture area A, 
M0 versus average slip D, and M0 versus asperity size As. We defined the asperity area as the area of the rupture 
with coseismic slip 1.5 higher than the average slip D of the rupture, as in Murotani et al. (2013). This definition 
excluded a few (i.e., 2.2%) events, for which no sub-faults overcame the 1.5D threshold, precluding the possibility 
to define a spatial asperity.

We estimated scaling parameters through linear fitting, considering the function:

log10(𝑋𝑋) = 𝑎𝑎 + 𝑛𝑛 ⋅ log10(𝑀𝑀0)� (3)

Described by two unknown parameters: the dimensionless coefficient a, and the seismic moment exponent 𝐴𝐴 𝐴𝐴 . The 
seismic moment exponent is the most indicative parameter; for example, regarding the rupture area relation, n 
represents a first order evaluation of the rupture mode, being related to the difference between circular crack and 
pulse-like models of earthquake growth.

Foamquakes scaling of moment versus rupture area shows almost the same exponent (∼0.68) in respect to the 
Murotani et al. (2013) scaling 𝐴𝐴 𝐴𝐴 ∝ 𝑀𝑀

2∕3

0
 . Slip versus moment fit follows a 𝐴𝐴 𝐴𝐴 ∝ 𝑀𝑀

0.25
0

 proportionality, slightly 
different from the 1/3 exponent observed in nature. The best-fitting analog moment exponent for the asperity area 
versus M0 relationship is 0.45, ∼30% smaller than the ⅔ scaling of natural mega-earthquakes (Figures 7). Gener-
ally, the scaling law goodness of fit does not change modifying any of the experimental conditions. This suggests 
that the underlying physics controlling foamquake ruptures propagation is independent of changes in 𝐴𝐴 𝐴𝐴𝑛𝑛 or Lw.
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From rupture area and moment, we calculated the stress drop associated with each foamquake, applying the circu-
lar crack model, a dynamical model that fits most properties of seismic ruptures to first order (M0 = CΔτA 3/2, 
where Δτ is the stress drop and C is a constant equal to 2.44; Kanamori & Anderson, 1975). The empirically 
estimated stress drops range from 2 to 40 MPa when scaled to nature. This range is similar to stress drops of 
giant subduction earthquakes, such as the Tohoku (Hasegawa et al., 2011) and the Maule earthquakes (Luttrell 
et al., 2011).

Another fundamental scaling law is given by the relationship between seismic moment and slip duration. 
The underlying idea is that duration is proportional to the moment for slow earthquakes (Houston, 2001; Ide 
et al., 2007; Peng and Gomberg, 2010), while for regular earthquakes duration scales as the cube root of seismic 
moment. The scaling difference has been widely interpreted (e.g., Dal Zilio et al., 2020; Ide et al., 2008; Gomb-
erg et al., 2016), mainly assuming different physics of earthquake growth, but it has been considered also as an 
artifact related to slow slip catalogs from different megathrust zones (Michel et al., 2019).

Moment and duration of foamquakes have been compared to identify their scaling. To strengthen our observa-
tions, we analyzed both the models monitored at 50 and 100fps. Figures 4a and 4b depicts the best-fitting relation 
between seismic moment and duration of foamquakes. Foamquakes follow an M0 𝐴𝐴 ∝ 𝑇𝑇

2.82 and M0 𝐴𝐴 ∝ 𝑇𝑇
2.44 propor-

tionality considering models monitored at 50fps and 100fps respectively. Moment-duration proportionality of 
foamquakes thus appears independent of the monitoring rate. Both best-fitting duration exponents are slightly 
smaller (∼5% and 22%) than the n = 3 exponent characterizing natural earthquakes. On the contrary, the n = 1 
exponent is strongly unlikely, giving a large increase (i.e., ∼160%) in the RMSE minimization parameter. This 
observation supports the mechanical and dynamical similarity between foamquakes and earthquakes in nature.

4.3.  Along Trench Frictional Segmentation: Double-Asperity Models

The along-trench frictional segmentation of subduction megathrusts is supposed to play a significant role in 
controlling their seismic behavior (e.g., Lay & Kanamori,  1981). Wide and strongly velocity strengthening 
regions are thought to act as permanent barriers for the along-trench rupture growth and, in turn, to limit earth-
quake magnitude (Kaneko et al., 2010). Viceversa, tightly spaced asperities surrounded by weak barriers represent 
favorable conditions for multi-asperity ruptures and for the genesis of mega-earthquakes. Examples of multiple 
asperities events include the 1960 Chile earthquake (Mw = 9.5; Moreno et al., 2009) and the 2004 Sumatra-An-
daman earthquake (Mw = 9.2; Subarya et al., 2006). Both numerical (Dublanchet, 2019; Kaneko et al., 2010) 
and analog models (Corbi, Funiciello et al., 2017; Rosenau et al., 2019) showed that the probability of asperities 
synchronization depends on physical and geometric properties of barriers and asperities.

Here this type of investigation is extended with Foamquake. We analyzed a configuration constituted by two 
asperities with the same geometrical and frictional properties, distanced by a fixed length (i.e., 2 times the indi-

Figure 7.  Comparison between foamquakes source parameters and large interplate earthquakes scaling (Murtonai 
et al., 2013). Seismic moment versus rupture area (a), moment versus average displacement (b) and moment versus asperity 
area (c) scaling of foamquakes (red lines) compared to the scaling of natural interplate earthquakes (blue line, dashed lines 
are 1 𝐴𝐴 𝐴𝐴 uncertantanties). Best fitting exponents for foamquakes are reported and compared to Murotani's values, considering 
the form 𝐴𝐴 𝐴𝐴 ∝ 𝑀𝑀
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vidual asperity length), varying the 𝐴𝐴 𝐴𝐴𝑛𝑛 above them. Double-asperity models exhibit single-asperity earthquakes 
alternating with double asperity ruptures (Figure 5). Figure 6 shows that both asperities are characterized by 
shorter RT compared to the corresponding single asperity model cycles durations, confirming that the interaction 
of 2 neighbor asperities causes a “clock advance” temporal effect (e.g., Ruff 1996).

The number of synchronizations depends on 𝐴𝐴 𝐴𝐴𝑛𝑛 above each asperity. 𝐴𝐴 𝐴𝐴𝑛𝑛 controls the recurrence of a given asperity, 
as observed in single-asperity models. Figure 8 depicts cumulative velocity time series of two asperities, with 
a 𝐴𝐴 𝐴𝐴𝑛𝑛  = 10 Pa above the secondary asperity (in red). Since both asperities are characterized by a small frictional 
resistance, they fail almost systematically (i.e., 91%) simultaneously. The weaker asperity dictates the system 
recurrence periods (Figure 6) according to Rosenau et al. (2019). Figure 8 depicts the case with a 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa 
above the secondary asperity. Given its lower 𝐴𝐴 𝐴𝐴𝑛𝑛 , the reference asperity experiences more events. When this 
asperity ruptures, it promotes an accelerating transient along the model, but not always the acceleration is strong 
enough to force the secondary asperity to overcome its frictional resistance and slip together (Figure 8b). This 
observation suggests that the “permeability” of a barrier depends not only on its frictional strength (e.g., Dublan-
chet et al., 2013; Kaneko et al., 2010) but also on the physical properties of the two asperities. 𝐴𝐴 𝐴𝐴𝑛𝑛 of the secondary 
asperity controls the proportion of single-to double asperities ruptures and also the nucleation of double asperities 
ruptures: ruptures tend to nucleate in the asperity with the lower 𝐴𝐴 𝐴𝐴𝑛𝑛 and trigger the other asperity to fail coseismi-
cally in a later moment (Figures S11 and S12 in Supporting Information S1) Interestingly, this tendency agrees 
with experimental results observed in strike-slip analog models (Caniven et al., 2017).

Below, we show that Foamquake succeeds in reproducing the first-order peculiarities of the space-time rupture 
history over multiple seismic cycles of several megathrust segments. We focus on similarities and differences 
with three subduction zones that share similar patterns and where a historical record of multi-cycle ruptures is 
available: the Sanriku-Tohoku segment (e.g., Satake, 2015) and the Nankai Trough of the Japan-Kuril Trench 
(Fujiwara et al., 2020; Garrett et al., 2018; Kitamura et al., 2018; Kodaira et al., 2006) and the Conception and 
Valparaiso segments along the Chilean margin (Beck et al., 1998; Carvajal et al., 2017; Melnick et al., 2009). 
Those three subduction zones are characterized by a similar long term space-time rupture pattern: the superim-

Figure 8.  Interaction between asperities with different 𝐴𝐴 𝐴𝐴𝑛𝑛 . Cumulative velocity time series from two reference points located above the two seismic asperities centers. 
The reference asperity (𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa) is the red one. (a) Model with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 10 Pa above the secondary asperity. All ruptures are synchronized, as highlighted by gray 
rectangles. (b) Model with 𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa above secondary asperity. Single- and double-asperity (red rectangles) foamquakes coexist together.
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posed cycles rupture behavior (Philibosian & Meltzner, 2020). This behavior involves two or more neighboring 
segments with similar or different RT, and/or rare multi-segments ruptures. Frequent barriers separate frictional 
segments that have failed individually at least once in historical time. Sometimes barriers are "permeable” leading 
to the failure of multiple segments in a synchronized fashion. In the long-term, subduction segments may show 
complementary ruptures, during which single-segment earthquakes involve different sections in a sequential 
fashion.

Superimposed cycles embed nested “serial ruptures” (Atwater & Griggs, 2012), also called ruptures cascades 
(Philibosian & Meltzner, 2020). In this pattern, the interseismic strain accumulation is released in a temporally 
clustered series of earthquakes on neighboring frictional segments. Cascade sequences can last from hours to 
months or even years and ruptures may involve separated or overlapped megathrust segments. Clear examples of 
cascades include for example : the 2010 Maule (Mw = 8.8) and Illapel (Mw = 8.3) earthquakes, which occurred 
distanced by 6 months along the separated segments of Conception and Valparaiso in Chile (Melnick et al., 2017) 
or in a much shorter timing, the 1854 twin earthquakes Ansei I and Ansei II, occurred at Nankai trough with 32 hr 
delay (Ando, 1975).

The space-time recurrence behavior of Foamquake is comparable to rupture-patterns presented above. We 
consider double-asperity models analogous to an along trench frictionally segmented megathrust. In our model 
the barrier separating two asperities can be partially involved by single-asperity ruptures (e.g., event 27 in 
Figure 5) or sometimes is completely overcome during double-asperity events (Events 28 and 29 in Figure 5). 
Single-asperity ruptures can be part of long-term complementary rupture sequence, during which the static stress 
interaction due to a single-asperity event favors a subsequent slip within the neighbor asperity in the next foam-
quake. As a result, these multi-cyclic ruptures sequentially involve the whole along-trench model dimension (e.g., 
events 26-27-28 in Figure 5).

Events 29 and 31 in Figure 5 represent examples of short-term, coseismic rupture cascades: the rupture nucleates 
in one asperity and propagates along-trench involving the neighbor asperity in a second moment. Similar patterns 
have been observed in gelatine seismotectonic models (Corbi, Funiciello et al., 2017) and in numerical simula-
tions (Kaneko et al., 2010). As an example, it is reported the comparison between event 22 of the model with 

𝐴𝐴 𝐴𝐴𝑛𝑛  = 100 Pa above the secondary asperity and the 2016 Pedernales earthquake (Mw = 7.8), where two patches 
ruptured sequentially in distinct phases during one minute of rupture propagation (Figure S12 in Supporting 
Information S1; Nocquet et al., 2017).

Our double-asperity models highlight the key role of “permeable” barriers, which introduce irregularity in the 
recurrence behavior of a given trench segment, as proposed by Konca et al. (2008), and suggested by dynamic 
rupture modeling (Ben-Zion & Rice, 1993; Cochard & Madariaga, 1996). This observation supports the idea 
that long earthquake chronologies are required to properly characterize the earthquake recurrence variability of 
subduction segments (Philibosian & Meltzner 2020).

4.4.  Recurrence Behavior, Experimental Variability and Repeatability

Our models, both with one and two asperities, are characterized by CoV in the 0.19–0.5 range, expression of a 
quasi-periodic recurrence behavior. This evidence agrees with observations from other seismotectonic models 
(Corbi et al., 2013; Rosenau & Oncken, 2009). On the contrary, Brune et al. (1990) found a strong periodicity 
of slip phases in their foam models, with a CoV of 0.1. Similarly, elastic sliders by Corbi et al. (2011) show a 
regular recurrence in terms of size and period of events. This difference can be easily explained by the 3D nature 
of Foamquake associated with the coexistence of partial- and full ruptures, introducing spatially heterogeneous 
rupture histories.

In real subduction zones, the CoV is generally obtained from paleoseismic investigations. Well-dated geologic 
indicators, such as coral microatolls (e.g., Natawidjaja et al., 2006; Philibosian & Meltzner, 2020), lacustrine 
(e.g., Moernaut et al., 2014) and marine turbidites (e.g., Noda et al., 2008; Satake & Atwater, 2007), offer a 
powerful tool to investigate long recurrence records. Quasi-periodic earthquakes have been inferred in Sumatra 
(Natawidjaja et al., 2004), South Chile (Bookhagen et al., 2006), Cascadia (Kulkarni et al., 2013), Alaska and 
New Zealand (Lajoie, 1986).
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The CoV parameter in nature could depend on the completeness and resolution of catalogs: Its value could be 
potentially biased due to the short extension of paleo-seismic catalogs (e.g., Goes, 1996) or to some artifacts of 
different paleoseismic methods (e.g. Goldfinger et al., 2012; Stein & Newman, 2004). The same problem may 
concern our 2-min long models. Therefore, we decided to verify whether our foamquake catalogs had enough 
intervals to provide reliable recurrence histories. For each model, we calculated the CoV increasing the number 
of recurrence intervals until using the whole time series. We analyzed how many foamquakes are required to 
stabilize the CoV at a constant value. We arbitrarily considered a CoV as constant if it remains within a range of 
±0.1 removing the last five intervals of each record, similarly to what has been assumed for paleoseismic records 
by Moernaut (2020). Additionally, we performed the same procedure randomly resampling the records 100 times, 
producing a total of 2,000 synthetic records. Considering all the simulations, we calculated the number of events 
needed to stabilize the CoV within the ranges ±0.1, and ±20% of the total value. We found that all synthetic 
seismic catalogs are statistically reliable, given that removing the last five intervals, the calculated CoV remains 
in the ±0.1 range considering the real CoV (Figure S13 in Supporting Information S1). This evidence agrees with 
what is observed in lacustrine paleoseismic records (Moernaut, 2020), where at least 10 intervals are needed to 
allocate a record to the main recurrence model based on the CoV.

Moreover, we evaluated if our records can be associated with a time-independent Poissonian model, characterized 
by an exponential distribution of recurrence intervals. To reject this hypothesis, we applied the Lilliefors test, a 
two-sided goodness-of-fit test suitable when the population parameters are unknown (Lilliefors, 1969), increas-
ing the number of foamquakes considered. The minimum number of foamquakes needed to reject the exponential 
distribution for each model ranges from 5 to 10, demonstrating that our 2 min-long models are unbiased by record 
length and can successfully reflect the real recurrence behavior of the investigated stick-slip process.

To strengthen our study and provide a quantification of model repeatability, we executed two additional 
15 min-long models, reproducing the reference configuration (𝐴𝐴 𝐴𝐴𝑛𝑛  = 40 Pa and Lw = 20 cm). We investigated if 
longer models own a similar statistic in respect to shorter models. First, we compared the recurrence behavior 
by the mean of the CoV. We compared the CoV of the shorter model to the CoV calculated in 2-min temporal 
shifting windows within the longer test. In the longer test, the CoV varies within a small range (0.26–0.42) and 
sometimes equals the value derived from the 2 min model (CoV = 0.36; Figures S14c and S14d in Supporting 
Information S1). Moreover, we randomly subsampled 1,000 sub-catalogs from the longer test, evaluating each 
time the CoV. Also in this case, the observed variability encompassed the value of the shorter test (Figures S14a 
and S14b in Supporting Information S1). Then, we selected seven properties of foamquakes to be quantitatively 
compared between long and short experiments: seismic moment, rupture area, average slip, magnitude, stress 
drop, recurrence time, and foamquakes duration. We examined the average and two standard deviations of all 
parameters. Despite slightly lower values (i.e., ∼19% for the average slip and ∼25% for the average recurrence 
time), the parameters derived from the 2-min fall within the variability of parameters from the 15-min models 
(Figure S15 in Supporting Information S1), testifying that the short observation time is enough to capture the 
model behavior and the similarity between different models.

5.  Conclusions
We developed Foamquake, a novel analog setup simulating the seismic cycle of subduction megathrusts. The 
elastoplastic model experiences quasi-periodic cycles of stress accumulation and sudden release through spon-
taneous nucleation of frictional instabilities, called foamquakes. The representativeness of modeling results has 
been assessed by investigating repeatability and completeness of the experimental recurrence histories. Through 
a systematic analysis of model sensitivity to the seismogenic zone length and to the normal load, we identified 
the best scaled single-asperity model configuration with respect to the natural prototype. This model generates 
slip phases properly scaled in terms of coseismic displacement amplitude. Additionally, the generated analog 
earthquakes share similar source parameters scaling as natural interplate earthquakes.

Models with two asperities divided by a barrier highlight the importance of the 3D nature of the subduction 
megathrust to take into account the observed complexity of rupture patterns in space and time. The coexistence 
of full and partial ruptures with different RT, long-term complementary rupture sequences, rupture cascades 
and superimposed cycles, demonstrates that Foamquake reproduces the space-time rupture behavior of natu-
ral subduction zones. Together with barriers, physical properties of asperities control seismic behavior. This is 
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particularly interesting when asperities properties are dissimilar. Asperities synchronization (which may lead to 
the origin of mega-earthquakes) is observed preferentially for asperities with similar properties and low yield 
strength. Experimental results suggest that long earthquake histories are needed to properly evaluate the earth-
quake recurrence variability of subduction megathrusts. Experimental results can be compared with numerical 
models based on the rate and state framework to make quantitative comparisons to asperities interaction theory.

This study confirms the importance of analog modeling as a useful tool to overcome the paucity of direct obser-
vations from the natural prototype. Our model can afford new insights into how the megathrust frictional segmen-
tation controls the long-term recurrence of interplate earthquakes. Foamquake can be further tuned to perform 
parametric studies on other megathrust properties, for mimicking specific frictional configurations from real 
subduction zones and to draw new inferences about the underlying physical processes governing the stick-slip 
behavior, investigating the nucleation and propagation of frictional instabilities within the granular shear zone.

Data Availability Statement
Material properties data are available open access in Mastella, Corbi, Funiciello, Rosenau et al. (2021) http://doi.
org/10.5880/fidgeo.2021.047). PIV Data and codes underlying this study are published open access in Mastella, 
Corbi, Funiciello and Matthias et al. (2021, http://doi.org/10.5880/fidgeo.2021.046).
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