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from analog and numerical models
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'Géosciences Montpellier Laboratory, University of Montpellier, Montpellier, France, 2Institute of Geophysics, ETH Zurich,
Zurich, Switzerland, 3Dipartimento di Scienze, Roma Tre University, Rome, Italy

Abstract Correlations between geodynamic parameters and interplate seismicity characteristics in
subduction zones are generally weak due to the short instrumental record and multiparameter influences.
To investigate the role of subduction velocity V; and the width of the seismogenic zone W on maximum
magnitude M.y, seismic rate z, characteristic recurrence rate 7., and moment release rate MRR, we use
synthetic data sets from simplified analog and numerical models to gain insight into natural subduction
zones seismicity. Our models suggest that M,,,,, increases with W and is unaffected by V;, 7 increases with V,
7. increases with V/W, and MRR increases with V; x W. In nature, only the positive correlation between V; and
7 is significant. Random sampling of our time series suggest that the positive correlation between V; and 7
can be observed with short observation time windows. Other correlations, including M., versus W, become
clear only for time window lengths longer than 1/z..

1. Introduction

The world’s largest earthquakes occur along the subduction megathrusts: the large faults between the sub-
ducting and overriding plates (Figure 1a). Along megathrusts, stress is locally built up as a consequence of
friction that acts against plate convergence. When the fault strength is overcome, stress is released through
a variety of slip modes that range from slow slip events to regular earthquakes [e.g., Ide et al., 2007; Schwartz
and Rokosky, 2007; Peng and Gomberg, 2010]. During regular earthquakes, slip can quickly reach tens of
meters and involve hundreds of kilometers of the fault, resulting in moment magnitude M,, 8 or larger earth-
quakes. These earthquakes, in combination with tsunamis that they may trigger, can cause extensive human
losses and severe damages in densely populated areas, as for the 2011 M,,, 9.0 Tohoku-Oki event (Japan).

The seismic signature differs between subduction zones under various aspects, including the maximum mag-
nitude and earthquake productivity [e.g., Ide, 2013]. Such variability has been initially attributed to the com-
bination of age of subducting plate and plate-rate convergence [Uyeda and Kanamori, 1979; Ruff and
Kanamori, 1980]. However, this former idea failed in explaining the occurrence of events like the 2004
Sumatra and the 2011 Tohoku-Oki, pushing the scientific community to find other possible links between
subduction interplate seismicity and long-term geodynamic parameters [e.g., Heuret et al., 2011; Schellart
and Rawlinson, 2013].

Two parameters, namely, the downdip width of the seismogenic zone W and subduction velocity V;, have
been proposed to exert a key role on interplate seismicity for their first-order control on deformation rate
and coupling area between plates, respectively [e.g., Kanamori and Brodsky, 2001; Scholz and Campos,
2012]. However, previous studies focusing on the possible relationships between seismicity and W or V; lead
to contradicting conclusions. While Kelleher et al. [1974] concluded that the maximum magnitude increases
with the width of the contact zone between the converging plates, Pacheco et al. [1993] and Heuret et al.
[2011] found no significant correlation between these two parameters. Similarly for V;, Ruff and Kanamori
[1980] and Jarrard [1986] noted that the earthquake magnitude potential of subduction zones is positively
correlated with relative plate motions, but then it is not clear why the fastest subduction zones (i.e., Tonga
and the New Hebrides) have not experienced a M,, > 8.0 earthquake along the megathrust since 1900
[e.g., Heuret et al., 2011].

These observational studies provide a snapshot of an intertwined truth, as they are confronted with a too
short instrumental time span within which multiple, intercorrelated geodynamic parameters affect the
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Figure 1. Schematic representation of a subduction zone in (a) nature compared to our (b) analog and (c) numerical mod-
els. The red lines highlight the seismogenic zone. The dashed purple polygon in Figure 2b highlights the cross-sectional
area analyzed by PIV. The numerical setup, including gravity vector, is rotated by the subduction angle of 10° with respect
to the analog setup. Boundary conditions are given in the respective sides.

seismicity at the same time. Our instrumental record dates back to 1900, while thousands of years of data are
required to cover several complete seismic cycles and reveal each subduction zone seismic characteristics
[e.g., McCaffrey, 2008]. Unfortunately, paleoseismological investigations [e.g., Cisternas et al., 2005; Sieh et al.,
2008] do not provide enough spatiotemporal coverage to extend our global analysis that far back in time.
Additionally, contemporary variations of several geodynamic parameters within tens of subduction zones
make it difficult to identify one-to-one correlations and cause-effect relationships [e.g., Heuret et al., 2011].

To overcome these limitations, we use complementary analog and numerical models to investigate how W
and V control the seismic behavior of subduction interplate events. Both analog and numerical models have
recently become a robust tool of investigation [e.g., Corbi et al., 2013; van Dinther et al., 2013a, 2013b, 2014;
Funiciello et al., 2013; Rosenau et al., 2009; Herrendérfer et al., 2015]. Their main advantage is the capability
to simulate tens to hundreds of seismic cycles per model. Properly scaled analog models are physically
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self-consistent (i.e., stresses and strain evolve spontaneously in response to applied boundary conditions),
while numerical models have also the advantage of being more flexible and efficient for a parametric
study. A previous benchmark ensures the similarity between the two modeling techniques [van
Dinther et al., 2013a). To describe the seismic behavior of our models, we use the following parameters:
maximum magnitude M,,,, seismic rate z, characteristic seismic rate z. [Herrendérfer et al., 2015], and
moment release rate MRR (supporting information Text S1). These parameters allow us to answer the fol-
lowing questions: (a) how large is the strongest event? (b) how many events occur in a given time per-
iod? (c) what is the recurrence time of the largest events? and (d) how fast is the release of seismic
energy for a given (geometric and kinematic) subduction configuration in a given time window? We
finally compare the modeling results with a database that includes geometrical, mechanical, and seismo-
logical properties of worldwide subduction zones [Heuret et al, 2011]. The aim of this comparison is to
identify potential cause-effect relationships among the investigated parameters that may be flawed by
the short observation interval and multiparameter influence.

2. Methods

We use three complementary sources of information to analyze the role of W and V. Besides a global data-
base of natural subduction zones [Heuret et al., 2011], new insights are provided by a systematic parameter
study executed with analog and numerical models that have been described in detail by Corbi et al. [2013]
and van Dinther et al.[2013a, 2013b], respectively. Here we recall their basics, while a summary of model per-
formance and scaling is provided in supporting information Text S2. The setup of our models (Figures 1b
and 1c) mimics the subduction environment (Figure 1a). A 10° dipping, flat and undeformable plate, analog
of the downgoing slab, underthrusts a viscoelastic wedge (i.e., the overriding plate). The frictional interaction
between converging plates leads to a stress buildup, which is episodically released by frictional instabilities
propagating along the base of the model (i.e., the analog earthquakes). A velocity-weakening zone (analog
of the seismogenic zone) is confined between two velocity-strengthening zones at its updip and downdip
limits [e.g., Scholz, 1998; Marone and Saffer, 2007]. V; is applied as a boundary condition in the numerical
model and via a stepping motor in the analog models. W is varied together with the depth D, of the downdip
limit according to the worldwide geometry of subduction zones (supporting information Figure S1 and
Table S1). The numerical models systematically investigate the role of D, at constant V. Since D, plays only
a secondary role on the selected seismological parameters, related results are shown in supporting informa-
tion Text S3. The numerical models are 2-D and the analog models are quasi-2-D as the geometric, kinematic,
and frictional properties of the setup are constant along the width. The trench-parallel extent of the analog
model is 34 cm, but a UV lamp is used to lighten a few millimeters thin section of the model. Both analog and
numerical models are monitored for a time scaled to nature of >10 years, allowing to recognize tens of seis-
mic cycles per model.

Correlations between the investigated parameters (i.e.,, W and V) and seismological ones (i.e., Minax 7, and
MRR) are provided by means of Spearman correlation coefficient R and p value [Press et al., 1996] both for
our models and for natural subduction zones (R and p values are reported within individual plots of
Figures 2, 3, and S4). The Spearman correlation coefficient is a nonparametric measurement that indicates
how well two variables follow a monotonic function. With respect to the more common Pearson correlation
coefficient, the Spearman correlation coefficient has the advantage of dealing with skewed data or outliers.
This is particularly important for the natural data set where correlations may be flawed by few fast subduction
zones (i.e., North Tonga and New Hebrides) [Heuret et al., 2011].

2.1. Analog Models

The wedge is made of 2.5 wt % Pig Skin gelatin (see Di Giuseppe et al. [2009] for details on rheological
properties and preparation and Corbi et al. [2011] for frictional behavior of gel against sandpaper). The
seismogenic zone is modeled with sandpaper, while the updip and downdip velocity-strengthening zones
are modeled with acetate plastic sheets. The setup is designed maintaining D, constant during the experi-
mental run. Monitoring is performed via particle image velocimetry (PIV) method (MatPIV) [Sveen, 2004].
The velocity field is used to calculate model deformation time series and earthquake source parameters
[Corbi et al.,, 2013].
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Figure 2. Modeling results: (a and b) Maximum magnitude M4y, (c and d) seismic rate z, (e and f) characteristic rate z., and (g and h) moment release rate MRR as a
function of Wand V; (color bar) in numerical models (Figures 2a, 2¢, 2e, and 2g) and analog models (Figures 2b, 2d, 2f, and 2h). The black dashed line in Figures 2a and

2b represents the M,,-R,, scaling [Blaser et al., 2010] for R, = W.

2.2. Numerical Models

The continuum-mechanics-based numerical model solves for the conservation equations of mass and
momentum for an incompressible medium with a visco-elasto-plastic rheology [Gerya and Yuen, 2007]. The
governing equations are discretized on a fully staggered finite difference grid in combination with a
marker-in-cell technique, in which advected markers carry material properties. The interface between the
wedge and the subducting plate is modeled as a frictional boundary layer, in which a nonassociative
Drucker-Prager plastic flow law is applied with a pressure-dependent yield strength. To simulate analog
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Figure 3. Summarized role of W and V; on the (a and b) maximum (squares) and medium magnitude (triangles). (c) Role of V; on . (d) Control of Vs x W on MRR and
(e) control of Vo/W on .. The roles of W and Vj, in the data set of natural subduction zones [Heuret et al,, 2011] are shown for comparison in terms of (f and g) Mnax,
(h) 7, and (i) MRR. Each panel reports the Spearman correlation coefficient R and the p value. Subduction zones with a dip angle < 15°: Sumatra (SUM), Cocos (CO),
Andaman (AN), Java (JV), E-Alaska (EA), Western Aegean (WA), Antilles (AT), Timor (TI), Nankai (NA), and Southern Chile (SC). Green stars in Figure 3f represent M ax
for the Japan subduction zone segment before (i.e., M,, = 8.3) and after the 2011 M,, = 9.0 Tohoku earthquake, respectively.
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earthquakes, van Dinther et al. [2013a, 2013b] introduced a velocity-dependent friction and the inertial term
to the momentum equations (see also supporting information Text S4 for numerical details and Table S2 for
the list of material properties).

2.3. Natural Database

We compare modeling results with the natural global database compiled by Heuret et al. [2011]. This data-
base includes M,, > 5.5 interplate events that occurred worldwide in the 1976-2007 interval sampled from
the Harvard centroid moment tensor catalog [Dziewonski and Woodhouse, 1981], including the 2010 Maule
M,, 8.8 earthquake, and M,, > 7 in the 1900-1975 interval sampled from the Centennial catalog [Engdahl
and Villaserior, 2002]. The 2011 Tohoku M,, 9.0 is not included in the database; however, we discuss its impact
on Max- Besides seismological information, the database includes W and V; of worldwide subduction zones.
As our models have a subduction angle of 10°, we highlight the subsample of the original database with
shallowly dipping seismogenic zones (dip angle <15°).

3. Results and Analysis

3.1. Control on M,

In our analog and numerical models, M.« overall increases with W (Figures 2a and 2b and 3a and 3b). The
largest events rupture at least the entire seismogenic zone width (i.e., a rupture width equal or larger than
W, dashed line in Figures 2a and 2b) and also propagate into the updip and downdip velocity-strengthening
regions. This penetration distance depends on the frictional properties along the plate interface and the
downdip location of the seismogenic zone with respect to the trench and backstop. For W > 180 km,
M mayx saturates at M, ~ 9.5. This first-order control of W on the size of the rupture and, therefore, on the max-
imum seismic moment leads to high correlations between M., and W. In contrast to W, Max is mostly
insensitive to V;, leading to insignificant correlations between M., and V; (Figures 2a and 2b and 3a and 3b).
The reason is that V; does not affect the size of the coupling area between the plates along which a slip deficit
can be accumulated and released.

3.2. Control on 7 and 7.

In our models, the seismic rate z increases mainly as a function of V; as V; controls the slip deficit accumula-
tion rate in the seismogenic zone. Consequently, correlations between V; and 7 are high (Figures 2c and 2d
and 3¢).

7—the recurrence rate of the characteristic events—clearly decreases as a function of W in the numerical
models, while the correlation between the same parameters appears weaker in the analog models. The cor-
relation is affected by the analog experiments that have the widest seismogenic zones. In these analog mod-
els, the simulated time series are not long enough to capture the recurrence time of the largest events such
that the characteristic recurrence time rate reflects the shorter recurrence time of smaller events. 7. clearly
increases as a function of V; both in the numerical and analog models (Figures 2e and 2f).

As shown above, W determines primarily the maximum slip area, while V; controls the rate at which the slip
deficit is built up along that area. Therefore, the inverse of the ratio between V/W yields the time until the
seismogenic zone is fully loaded and the largest event can be generated. Therefore, V/W is expected to con-
trol 7., which is confirmed by high correlations between V,/W and z. both in the analog and numerical model
(Figure 3e).

3.3. Control on MRR

In our models, MRR increases both with V; and W (Figures 2g and 2h). Similarly to M., MRR increases with W
for W < 180 km due to the strong influence of the increasing rupture width of the largest earthquakes in
wider seismogenic zones. For W > 180 km MRR approaches our setup’s limit of M.y Similarly to z and 7,
MRR is affected by the role of V; in controlling the stress and slip deficit built-up rate, which leads to high
correlations between V; and MRR.

The combination of the roles of Vi and W as Vs x W multiplied with the constant shear modulus GG in our
models yields a 2-D seismic moment accumulation rate and, hence, leads to the expectation that this
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Figures 4k-40 show the R values for the set of parameters in the respective column.

moment accumulation rate controls at first-order MRR. This expectation is confirmed by high correlations
between Vs x W and MRR in our models (Figure 3d).

3.4. Role of Interseismic Locking

Results show that 7z, MRR, and 7. are lower in the analog than in the numerical model for a given Vi,
Ve x W and Vi/W, respectively (Figures 3c-3e). It was noticed that the interseismic locking in the analog
models is lower (~40%) than in the numerical models (~100%) [van Dinther et al., 2013a, 2013b; Corbi
et al,, 2013]. This affects the slip deficit accumulation rate at a given V;, thereby reducing the impact of
Vs on 7, MRR, and . discussed above. Accounting for the difference in interseismic locking (i.e., reducing
Vi by 40% in the analog models) results in a better agreement between numerical and analog model
results (Figures 3c-3e).

3.5. Correlations in Nature and Impact of the Time Window Length

In nature, correlations between Vi, W, or a combination of both with the investigated seismic quantities are
weak (Figures 3f-3i). One exception is the high correlation between V; and 7 (Figure 3h).

To better understand what causes the weak correlations in nature, we quantified in our models how the esti-
mate of M.y 7, MRR, and . and their correlations with V;, W, or a combination of both is affected by the
observation time window length Tw. We sampled the time series with 100 time windows with random initial
beginnings. From these 100 random time windows, we calculated the median value of each quantity. This
analysis is conducted for a range of time window lengths Tw.

For Tw = 0.7 x Tw, (Tw, = 25 kyr is the average characteristic recurrence time of the numerical and
analog models), correlations are different than for the full time window (Figure 4) with the exception
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of the high correlation between Vi versus t (Figures 4c, 4h, and 4m) and between Vi x W and MRR
(Figures 4d, 4i, and 4n). My is strongly underestimated, and z. is not determinable in models with
long characteristic recurrence times (i.e., large W and low V; Figures 4a, 4b, 4f, and 4qg). This leads to
a low correlation between M,,ox and W and between V/W and z.. The high correlations determined
at full time windows are approached for Tw > 2 Tw, (Figures 4k and 40). Tw = 0.7 Tw, also produces
a positive apparent high correlation between V; and M., which is strongly reduced for longer Tw
(Figure 4l). In models with low V; and large W, MRR deviates from the clear relationship between
Ve x W and MRR due to the slow moment accumulation rate and the long recurrence time of
characteristic events.

4, Discussion

The combination of our models with natural observations, each with their own nonoverlapping uncertainties
and limitations (supporting information Text S5), leads to the following discussion points.

Our models show that M. is mainly controlled by W as the rupture potential increases with W. This is in
agreement with studies suggesting that a large downdip extent of the seismogenic zone is required for
the occurrence of mega events [Kelleher et al., 1974; Uyeda and Kanamori, 1979; Lay et al.,, 1982]. In our
models, the largest ruptures saturate the entire seismogenic zone and propagate into the velocity-
strengthening regions, resulting in M,ax larger than those predicted by simple magnitude - rupture width
R, scaling for R, = W [Blaser et al, 2010]. The location of M., of several subduction zones (e.g., East
Alaska and Japan; Figure 3f) above this M,,-W scaling suggests Mp,ax may exceed the magnitude based
on this scaling in nature. Regarding the rupture potential to propagate outside the seismogenic zone,
an alternative mechanism to the inefficient arresting effect of velocity-strengthening regions observed
in our models is dynamic fault weakening, as suggested for the 2011 M,, 9.0 Tohoku earthquake [Noda
and Lapusta, 2013].

Random sampling of our time series suggests that an observation history longer than the characteristic recur-
rence time (i.e., = 1/z.) is needed to constrain real My, for a given subduction zone, and Tw > 2 Tw,, to obtain
high correlations between M., and W (Figures 4a, 4f, and 4k). A similar conclusion (i.e,, Tw > 5 times the
characteristic recurrence time) for determining the recurrence time of M,, > 9 events was constrained statis-
tically for natural megathrust earthquakes [McCaffrey, 2008]. This limited observation span with respect to the
seismic cycle duration might explain: (a) why M., for the majority of natural subduction zones is smaller
than Max predicted on the base of M,,-W scaling (Figure 3e) and (b) why the observed M., of the majority
of subduction zones are more similar to the median magnitude of our models (Figure 3a). A striking example
is the 2011 M 9.0 Tohoku earthquake with a rupture width of 200 km [Romano et al., 2014]. Before this event,
the instrumentally recorded M,ax On the Japan segment was 8.3, which is lower than expected from its
W = 161 km [Heuret et al., 2011] (Figure 3e). It should be noted, however, that by using the scaling law
[Blaser et al., 2010], we assume that M,,,,, scales with R,,. Although a large downdip R,, is linked to a wide
along-strike rupture lengths [e.g., Wells and Coppersmith, 1994], it is debatable whether this scaling law holds
at very high M,, since unrealistically high widths would be expected for M,, > 9.2. Such great megathrust
earthquakes have a large along-strike component (e.g., the 2004 Sumatra-Andaman earthquake) [Shearer
and Biirgmann, 20101, which is not taken into account in our 2-D models. Therefore, M., might be controlled
by other factors that have been suggested to control the along-strike rupture propagation, such as the
trench-parallel extent of a subduction zone segment, the upper plate strain [Heuret et al., 2012], interplate
roughness [e.g., Wang and Bilek, 2014], and megathrust curvature [Schellart and Rawlinson, 2013; Bletery
et al., 2016].

In our models as well as in natural subduction zones, no significant correlation between M, and V; is
obtained (Figures 2a and 2b and 3b and 3g). Based on natural observations, it is unclear whether V indi-
vidually controls M,.,. On one hand, Heuret et al. [2011] identified a feedback between slow subduction
zones, shallow dipping slab, and wide seismogenic zones, which is proposed to lead to the generation of
the largest Max. On the other hand, Uyeda [1983] associated the largest magnitudes with fast subduction
zones due to their high mechanical coupling of the subduction megathrust. In our models high V; is asso-
ciated to high 7 and 7. increasing the probability to observe the largest events. Random sampling of our
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time series shows that at short time window lengths an apparent positive correlation between V; and
Mmax is found in contrast to the low correlation found at longer time windows (Figure 4l). Therefore,
previously suggested M,a-Vs correlations for nature might have been affected by this potential observa-
tional bias. This is in agreement with statistical simulations suggesting that the occurrence of M,, > 9
earthquakes cannot be excluded at any subduction zone, independently of Vi [McCaffrey, 2008].
However, it should be noted that our models do not take into account the thermal evolution of a subduc-
tion zone, which is suggested to control the vertical extent of the seismogenic zone [e.g., Heuret et al,
2011; Dal Zilio et al., 2016]. More complete physical models that self-consistently resolve both subduction
dynamics and seismogenesis are thus required to provide further insights.

V; is found to exert a primary control on 7 and 7. both in analog and in numerical models, which supports the
direct correlation between V; and 7 that is found when considering subduction megathrust events only [e.g.,
Heuret et al., 2011] and the whole convergent margin seismicity [/de, 2013]. When taking the different inter-
seismic locking in the analog and numerical models into account, the 7 versus Vs and MRR versus V, x W rela-
tionships of both models tend to overlap (Figures 3c and 3d). The reduced interseismic locking in the analog
models may be explained by creeping that occurs at the base of the gelatin wedge, which in turn reduces the
seismic coupling. Natural subduction zones display a wide range of seismic coupling [e.g., Scholz and Campos,
2012], whose calculation is, however, affected by the short observation time. Moreover, interseismic locking
may also change through subsequent seismic cycles as suggested for the Mentawai segment of the Sunda
megathrust [Philibosian et al., 2014]. Aseismic slip transients belonging to the slow slip phenomena observed
in subduction zones [e.g., Peng and Gomberg, 2010] release periodically a fraction of the accumulated elastic
energy of convergent margins and thereby reduce the long-term locking [e.g., Radiguet et al, 2016].
Therefore, different sources affecting the amount of locking in subduction zones may explain the scatter
of  and V; in the natural database (Figure 3h).

In our models, MRR is controlled by both Vs and W (Figures 2g and 2h). In nature, MRR is mainly influenced by
the contribution of the largest event. For example, the great 1960 M,, 9.5 Chile earthquake alone accounts for
about 30% of the total seismic energy released during the last century [Heuret et al, 2011]. Our models
furthermore demonstrate that the frequency of the largest events is a crucial factor to estimate the long-term
MRR. This frequency, ., is shown to be controlled by the ratio of V,/W, which means that larger W reduces the
recurrence rate of the largest events. This weakens the positive impact of W on MRR (Figure 3e).
Consequently, the fastest subduction zones with medium to large W are expected to have the largest MRR.
A comparison of the correlations with respect to MRR and 7. would require multiple cycles of the largest
events, which is clearly beyond the available data. Paleoseismological studies [e.g., Cisternas et al., 2005;
Sieh et al., 2008] might provide such estimates in some subduction zones to allow for a comparison in
future studies.

5. Conclusions
The following conclusions are drawn linking our analog and numerical models to natural observations:

1. Mmay increases with W, which suggests that subduction zones with the largest observed rupture widths

smaller than W have shown only a fraction of their seismic potential.

Our models show no cause-effect relationship between Vs and My ax.

V; determines the slip deficit accumulation rate. Thereby, it controls 7.

Vi X W determines the moment accumulation rate, which in turn controls MRR.

W does not play a relevant role in controlling z in our models and in nature, but our models suggest that

Vs/W controls z..

6. Different interseismic locking between our analog and numerical models affects 7, MRR, and z.. This sug-
gests that differences in interseismic locking can explain part of the scattered relationship between V; and
7 and between V; and MRR in nature.

7. Random sampling of our time series suggests that (a) high correlations between M,ax and W, V/W, and 7.
become only observable for time window lengths larger than the characteristic recurrence time; (b) the
previously observed correlation between Vi and M,,,., in nature is due to the short observation interval;
and (c) the high correlation between V; and , also observed in nature, and between V; x W and MRR
can be observed with short time windows.
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