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Abstract Given recent advances in geodetic data, interseismic locking models along the megathrust now
become useful to qualitatively evaluate future earthquake potential. However, an individual earthquake's
true rupture potential is challenging, as it depends on more than just a static image of prior locking. Here, we
test the determinism of interseismic locking models using spontaneous rupture simulations and the
well-resolved processes associated with the 2012 moment magnitude (Mw) 7.6 Nicoya earthquake. To do so,
we estimate initial megathrust stress from locking by assuming that the entire slip deficit will be released in
the next megathrust earthquake. Then we initiate spontaneous ruptures at the hypocenter of the 2012
Nicoya earthquake. We find scenarios that approximate the same coseismic slip distribution and final
earthquake moment magnitude as obtained from seismic and geodetic observations, demonstrating that
deriving potential rupture scenarios from interseismic locking is feasible. We also find that spontaneous
rupture scenarios from different locking models differ in moment rate duration and thus ground motion
prediction, although the final slip distribution and moment magnitude were similar. The results highlight
that quantifying rupture scenarios and ground motions from reliable locking models by dynamic rupture
simulations can be an effective tool for seismic hazard assessment in subduction zones.

1. Introduction

The interseismic locking distribution derived from geodetic measurements has significantly improved our
understanding of a future earthquake's potential along a variety of subduction zones (e.g., Konca et al.,
2008; Loveless & Meade, 2011; Satake & Atwater, 2007). The locked patches are often interpreted as where
megathrust earthquakes will occur, which has been shown true in at least a few cases, including the
Maule and Iquique region of Chile (Metois et al., 2013; Moreno et al., 2010), the central Peru megathrust
(Perfettini et al., 2010), and northern Costa Rica (Protti et al., 2014). However, it is difficult to directly infer
future rupture extent based on the locking distribution, as shown in the southern Chile subduction zone
where the 2010 Mw 8.8 Maule and 2015 Mw 8.3 Illapel earthquakes ruptured a portion of the highly locked
patch (Moreno et al., 2010; Yin et al., 2016), respectively, leaving a ~50-km-long locked segment unbroken in
between. Similarly, partial rupture of a locked patch has also been found on the Sumatra megathrust during
the 2007 Mw 7.9 and Mw 8.4 earthquakes (Konca et al., 2008). Thus, it remains challenging for seismic
hazard evaluation to accurately estimate future rupture extents from locking models.

Even though the interseismic locking distribution can be used to map out the potential ruptures in certain
regions, details of the rupture process cannot be inferred from those static locking images. For instance, in
the case of static locking models, patches of higher locking are sometimes expected to slip more in future
earthquakes. In the case of the 2007 Mw 8.0 Pisco earthquake, two major rupture patches were observed,
with the larger one coinciding with a zone of intermediate locking (Perfettini et al., 2010). Furthermore,
numerical simulations based on interseismic locking models in the Nicoya Peninsula of Costa Rica show that
different nucleation locations may lead to completely different rupture scenarios (Yang et al., 2019). Due to
the rupture directivity effect, the ground displacement in the offshore region of a downdip nucleating rup-
ture is nearly twice as much as that from an updip nucleating rupture, despite the identical initial loading
conditions and ultimate moment magnitudes of the two scenarios (Yang et al., 2019). Such enlarged ground
displacement on the seafloor may increase the tsunamigenic potential. The dependence of rupture scenarios
on hypocenter locations also highlights the advantage of deriving rupture details from dynamic rupture
simulations, which can better prepare for earthquake and tsunami hazard assessment in subduction zones.
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Efforts have been made to quantitatively evaluate interseismic locking models for dynamically driven coseis-
mic slip (e.g., Hok et al., 2011; Lozos et al., 2015; Yang et al., 2012). For example, in a rate- and state-
dependent friction model to evaluate long-term rupture characteristics, Kaneko et al. (2010) have found
an unlocking (velocity strengthening) region could be broken by accumulated stress due to ruptures on
the neighboring locked (velocity weakening) segments. The probability for an earthquake to break through
the velocity-strengthening patch correlates with the average degree of interseismic locking. In contrast with
such generic models of earthquake cycles, coseismic rupture scenarios for specific subduction zones have
been built on interseismic locking models, such as in Nankai Trough, Japan, where rupture extent was gov-
erned by the prescribed along-strike variation in fracture energy (Hok et al., 2011). In Cascadia, Yang, Liu,
and McGuire (2012) have derived potential rupture scenarios using two locking models to estimate initial
stress distribution (Burgette et al., 2009; McCaffrey et al., 2007) and suggest that rupture extents are depen-
dent on hypocenter locations. Due to the long recurrence intervals between large earthquakes in Nankai,
Cascadia, and many other subduction zones, the above numerical simulation results have not yet been able
to compare with field observations recorded by modern instruments. Consequently, it is intrinsically difficult
to judge whether the model assumptions and critical parameters in these studies are reasonable for real sub-
duction environments. Validating such quantitative rupture scenarios with observed coseismic slip
is necessary.

To derive rupture scenarios from interseismic locking and validate such scenarios with observed coseismic
slip, a megathrust rupture that is well resolved from modern instrumental records, such as the one below
the Nicoya Peninsula, is desired to compare with the numerical coseismic process. As such, we conduct spon-
taneous rupture simulations based on the interseismic locking distribution here, where the Cocos plate con-
sisting of the East Pacific Rise and the Cocos-Nazca crust subducts beneath the Caribbean plate at a rate of
~82 mm/year (DeMets et al., 2010; Harris et al., 2010; Figure 1). On 5 September 2012, an Mw 7.6 earthquake
occurred directly under the peninsula, consistent with one of the previously determined locked patches
(Protti et al., 2014; Yue et al., 2013). The instrumentally well recorded 2012 Nicoya earthquake provides us
an unprecedented opportunity to quantitatively evaluate coseismic slip from interseismic locking distribu-
tion using numerical simulations.

In this paper, we first introduce kinematic source models of the 2012 Nicoya earthquake and the locking
models that are used to constrain slip deficit. Then we describe the model setup and how to convert the lock-
ing distributions into initial stress condition. We also conduct a series of sensitivity tests in deriving the rup-
ture scenarios, including material properties and rupture nucleation from the hypocenter of the 2012 Nicoya
earthquake. In comparison, rupture scenarios in the recent work of Yang et al. (2019) were nucleated from a
number of prescribed locations in the locked region. Next we validate our preferred rupture scenarios with
kinematic source models and ground velocities of the Nicoya earthquake, which was not available in Yang
et al. (2019). We also discuss potential factors that could affect rupture propagation. In the end we conclude
that deriving a reasonable rupture scenario from interseismic locking distribution is feasible and can be used
in evaluating seismic hazards in subduction zones.

2. Interseismic Locking Models in the Nicoya Peninsula and the 2012
Nicoya Earthquake

The rapid convergence between the Cocos and the Caribbean plates (~82 mm/year) in the Middle America
subduction zone produced a series of large M~7.5+ earthquakes in the Nicoya Peninsula with an approxi-
mate 50-year recurrence interval, the prior event being in 1950 (Protti et al., 2001). The Nicoya Peninsula
of northwestern Costa Rica lies only ~40 km from the trench (Figure 1), forming a unique environment
allowing near-field on-land geodetic observations directly above the seismogenic portion of the megathrust.
A late interseismic locking distribution derived from trench-normal and vertical campaign and continuous
global positioning system (GPS) data revealed two fully locked patches that were capable of generating up
to an Mw 7.8 earthquake (Feng et al., 2012). Using the identical megathrust fault geometry, Xue et al.
(2015) updated the locking model by adding trench-parallel GPS and line-of-site interferometric synthetic
aperture radar data. Despite the variations in locking maps in both downdip and along-strike directions,
two locked patches were imaged near the coastline of central Nicoya, roughly 60 km in length along strike
in both locking models (Figure 1). A large earthquake was anticipated over the locked patches given the large
earthquake history and the strain accumulation that was imaged on the interface.
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Figure 1. Tectonic setting of the Nicoya Peninsula. Xue's interseismic locking (2015) and coseismic slip (Yue et al., 2013) of
the 2012 Nicoya earthquake (>1 m) are shown in red and blue filled polygons. Red star denotes the earthquake epicenter.
Green triangles denote high-rate global positioning system (GPS) stations that recorded the 2012 earthquake. Areas
with slow slip events (Dixon et al., 2014) are shown in black polygons. Solid blue and red lines denote plate age in the
incoming plate while dashed lines show tectonic boundaries (Barckhausen et al., 2001). EPR = East Pacific Rise;

CNS = Cocos-Nazca spreading center.

On 5 September 2012, an Mw 7.6 earthquake (hereafter called the Nicoya earthquake) occurred directly
over the previously determined locked patches with the rupture nucleating offshore (Yue et al., 2013),
resulting in a coseismic uplift up to ~0.7 m (Protti et al., 2014). The coseismic slip distributions deter-
mined from static GPS observations showed that the Nicoya earthquake ruptured the landward extent
of the locked patch, with a maximum slip of ~4 m (Protti et al., 2014). Joint inversion results using mul-
tiple sources of data such as teleseismic P waves and local strong motion and GPS observations indi-
cated that the rupture propagated at a velocity of ~3.0 km/s and broke two patches with an average
slip of ~2 m in the primary slip zone (Liu et al., 2015; Yue et al., 2013). Moment rate functions showed
a relatively simple rupture process, with a single peak value of 2.3 — 2.7 X 10" Nm/s (Quintero et al.,
2014; Ye et al., 2013).
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3. Method and Model Parameter

Key ingredients to simulating dynamic ruptures include fault geometry and material properties, as well as
appropriately estimating the initial stress distribution and fault friction (e.g., Harris, 2004). In this section
we describe how we set up the finite element model, estimate the initial stress and strength distribution,
and conduct resolution tests for spontaneous rupture scenarios. All computations are conducted using a
finite element package, Pylith (Aagaard et al., 2013), which was well tested in spontaneous rupture simula-
tion exercises (Harris et al., 2018).

3.1. Megathrust Geometry and Frictional Law

In order to make meaningful comparison of our numerical results and linking the interseismic deformation
to coseismic rupture process, we incorporate a smoothly curved fault geometry that was used to invert for the
locking models (Feng et al., 2012, hereafter Feng locking model; Xue et al., 2015, hereafter Xue locking
model) and the coseismic rupture process (Yue et al., 2013). We construct a three-dimensional mesh in an
elastic domain, which extends 180 km along strike, 170 km perpendicular to strike, and 80 km at depth.
The geographical reference point is at (—85.40, 8.91) and rotated N45°W, the approximate strike of the trench
(Figure 1). Following the fault geometry used in the locking models, the fault interface starts at 4.5 km in
depth below the sea level.

We assume that the fault is governed by Ida’s (1972) linear slip-weakening law, which is widely used in spon-
taneous rupture simulations (e.g., Ampuero et al., 2002; Andrews, 1976, 1985; Day, 1982; Olsen et al., 1997;
Palmer & Rice, 1973; Weng et al., 2015). Parameters in the linear slip-weakening law include yield strength,
initial and dynamic stresses, and the critical slip distance d,. According to the seismological source observa-
tions, the dj is suggested to be proportional to final slip (Tinti et al., 2005). However, it is well known that
determination of d, after an earthquake suffers from a trade-off with yield strength (Guatteri & Spudich,
2000). Recent investigations integrating spontaneous rupture simulation and near-field observations yield
robust estimates of in situ dy during the 2015 Mw 7.8 Nepal and 2012 Mw 7.6 Nicoya earthquakes, which
are one fifth the final slip magnitude (Weng & Yang, 2018; Yao & Yang, 2018). Their results also show that
given nonuniform prestress distribution, the rupture process and synthetic ground velocities generated from
a heterogeneous distribution of dy do not significantly differ with those using a uniform average value of d,
(Weng & Yang, 2018). As we do not know the amplitude of future coseismic slip, we set a uniform dg of 0.4 m
on the fault plane, a value commonly used in spontaneous rupture simulations (e.g., Harris et al., 2009).

3.2. Distribution of Initial Stress, Dynamic Stress, and Yield Strength

We estimate the stress state on the fault from slip deficit pattern, which in turn is inferred from interseismic
locking distribution. To do so, we make the following assumptions. First, the slip deficit is linearly and con-
tinuously accumulated during the period of stress buildup, following Hok et al. (2011). Although the locked
depth has been suggested nonstationary with updip propagating creep in other subduction zones (e.g.,
Bruhat & Segall, 2017), the well-documented characteristic earthquakes below Nicoya indicates that the
locked patches probably do not significantly change spatially (Protti et al., 2001). Temporal changes of lock-
ing degrees are possible, as partial ruptures of the locked patches may occur in small to moderate earth-
quakes. However, interplate earthquakes in the Nicoya region with magnitudes larger than 6 were rare
before the 2012 event, except the 1978 Mw 6.9 earthquake whose centroid location in the Global Centroid
Moment Tensor catalog is further inland (Figure 1). Although relocation indicates this event occurred at a
much shallower depth, probably on the megathrust near coast (Avants et al., 2001), the location uncertainty
is relatively large. Furthermore, moment released during an Mw 6.9 and smaller quakes can only slightly
affect our estimated slip deficit. Moreover, the observed slow slip events in the Nicoya region surrounded
but had little overlap with the locked region (Dixon et al., 2014) and thus would not release the accumulated
stress (Figure 1). Instead, the locked patches may be loaded by slow slip events. Therefore, the first assump-
tion appears to be valid in the Nicoya Peninsula. Although the aforementioned processes may lead to uncer-
tainties of our estimated slip deficit, it would not significantly change the moment magnitude and final slip
distribution of rupture scenarios, by considering up to 15% perturbation in the estimated slip deficit (Yang
et al., 2019). As such, we obtain the slip deficit from the long-term slip rate (~82 mm/year) and the interseis-
mic locking distributions.

YANG ET AL.
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Second, we assume that the accumulated stress will be completely released by a large earthquake. Since the
last Mw 7.5+ earthquake below the Nicoya Peninsula was in 1950, we then obtain the stress buildup Az from
the slip deficit for 62 years (1950-2012), which is assumed to be the static stress drop for a future earthquake.
The slip deficit is assumed purely along the dip direction, as indicated by the locking models. To compute the
stress buildup from the slip deficit, we set all boundaries in the domain as Dirichlet boundary conditions (i.e.,
displacement is fixed) except the free surface. Since the domain is sufficiently large, the results are
presumably not affected by the boundary conditions (e.g., Yin et al., 2016, 2017). Furthermore, we compare
our numerical results of stress changes with half-space analytical solutions that are calculated from a trian-
gular element dislocation method (Meade, 2007). We compute the stress changes for 1-year slip deficit from
the Feng locking model. The numerical results and analytical results show remarkable coherence
(Supporting Information, Figure S1), reassuring that our computation of stress changes is not affected by
the boundaries.

To estimate the initial stress 7, before the 2012 earthquake, we assume a constant dynamic friction coeffi-
cient (i.e., 0.2) that is indicated from fast sliding laboratory experiments (Di Toro et al., 2011). For simplicity,
the effective normal stress is taken as 50 MPa, assuming near-lithostatic pore pressure on the megathrust
(Saffer & Tobin, 2011). Therefore, the heterogeneous initial stress field is the sum of the dynamic stress
(10 MPa) and static stress drop (Figure 2). The yield stress is assumed to be slightly higher than the maximum
initial stress (Hok et al., 2011), and thus we set the static coefficient as 0.41 (Table 1). We also test scenarios
with spatially varying strengths (rupture scenario 2 in Table 1) that will be discussed later. A higher static
friction coefficient (e.g., 0.6) can produce similar results with a smaller critical slip-weakening distance,
which demands more computational power. As such, we use the values in Table 1 for our simulations.

3.3. Effects of Material Properties

The initial stress computation is dependent on the material properties. We compare the values of stress level
for a half-space model and a one-dimensional depth-dependent velocity structure (Table S1), which was
inferred from the results of seismic receiver function and tomographic images in the region (Audet &
Schwartz, 2013; DeShon et al., 2006) and was also used in the kinematic source model for the 2012 Nicoya
earthquake (Yue et al., 2013). Amplitudes in the calculated stress levels at greater depth in the one-
dimensional velocity model are larger than the half-space model, due to the increasing shear modulus
(Figures 3a and 3b). In the highly locked region where the 2012 earthquake occurred, the difference is smal-
ler than 1 MPa.

However, the dynamic rupture scenarios with different materials do not exhibit distinct differences, includ-
ing final slip distribution and moment magnitudes (Figures 3c and 3d). We apply those two heterogeneous
initial stress fields and their respective material models in spontaneous rupture simulations. Ruptures are
nucleated from the hypocenter of 2012 Mw 7.6 earthquake. Although there are minor differences in slip
amplitudes at different portions, the overall slip distribution and final moment magnitudes are not signifi-
cantly dependent on the material properties (Figure 3). Thus we use a half-space in our dynamic
rupture models.

3.4. Resolution Tests of Coseismic Rupture Process

In order to satisfy numerical requirements to resolve the rupture front, the cohesive zone where the stress
decreases from the static to dynamic state must be 3 to 5 times larger than the grid size (Day et al., 2005).
The size of the static cohesive zone equals to

9 @ dy
C321-vT—1y]

0 @
where u is shear modulus, v is Poisson's ratio, d, is critical slip distance, and 7, and 74 are the static and
dynamic shear stress, respectively. According to the parameters used in our models (Table 1), the static cohe-
sive zone size equals to 1.46 km, so the mesh grid size x, should be smaller than 500 m.

Note that the dynamic cohesive zone size is smaller than the static one (Day et al., 2005). Therefore, we tested
mesh grid sizes of 400, 300, 250, and 200 m on the fault interface during dynamic rupture simulations. The
results show that the final slip patterns are stable for 300, 250, and 200 m, while the slip amplitudes and
moment magnitudes slightly differ (Figure S2). Based on the grid size test, we select 250 m as the

YANG ET AL.
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Figure 2. Interseismic locking distribution—(a) Xue's locking model (c) Feng's locking model—and the initial stress esti-
mations from the two locking models, respectively. Star denotes epicenter of the 2012 Nicoya earthquake (Yue et al., 2013).

preferred grid size for the fault and gradually increase the grid to 3 km at the remote boundaries to reduce
computation time. All boundaries aside from the free surface are set to be absorbing boundary conditions
to avoid the interference from the boundary-reflected waves.

Model Parameters in Dynamic Rupture Simulations

Fault parameter

Rupture scenario 1

Rupture scenario 2

Static friction coefficient, f;
(strength/o},)

Dynamic friction coefficient, fy
Effective normal stress, o, (MPa)
Critical slip distance, dg (m)

0.41

0.2
50
0.4

Northwest: 0.45

Southeast: 0.37
0.2
50
0.4

The time step At is set as 0.007 s based on the minimum tetrahedron
element size, and thus the Courant-Friedrichs-Lewy ratio,
CFL = V,At/Ax = 0.2 < 0.71, satisfies the CFL condition and numer-
ical requirements for dynamic rupture process (Madariaga, 1976).

4. Deriving Rupture Scenarios from Interseismic
Locking Models

4.1. Nucleation with Heterogeneous Initial Stress

How natural earthquakes nucleate remains controversial based on
observations to date (Ellsworth & Bulut, 2018; Tape et al., 2018). In

YANG ET AL.
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Figure 3. Initial stress (a and b) and rupture scenarios (c and d) for two types of material properties obtained from the Xue
locking model. (a and c) A homogeneous half-space model. (b and d) A one-dimensional depth-dependent velocity model.

spontaneous rupture simulations that do not include the preceding parts of the earthquake cycles and far-
field loading, the nucleation process is often artificial (a prescribed initial condition), and its choice affects
results (Bizzarri, 2010). Prescribing higher initial shear stress or decreasing the strength within the
nucleation zone has been commonly used to artificially nucleate ruptures in simulations (e.g., Harris
et al., 2009).

To successfully initiate a spontaneous rupture, the nucleation zone needs to be larger than a critical size (e.g.,
Day, 1982; Galis et al., 2015),

(377)3 To—T4 (rs—rd)z

A = -
1 2 77, (To—Td)4

w3, 2

in which the 7,,7,4,7 represent yield strength, dynamic stress and initial stress on ambient fault, z'f) is the initial
shear stress within the nucleation zone, and ¢ and d, are shear modulus and critical slip distance, respec-
tively. Such relation is derived based on a uniform initial stress and strength distribution and nucleating
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the rupture by increasing initial stress. Because the initial stress distribution is heterogeneous in our models,
we nucleate ruptures by decreasing strength to be 0.1 MPa lower than the average initial stress within a cir-
cular nucleation zone, and therefore we modify the above equation

2

37
(37m)” To—7q (1 Td)4;,¢2d(2) (3)

A = :
T2 o (=)

where To—74 and (rs—ri) denote average static stress drop and strength decrease within the nucleation zone,
respectively. The minimum size of the nucleation zone depends on the location and the area size because of
the heterogeneous stress distribution.

4.2. Dynamic Rrupture Scenario of the 2012 Nicoya Earthquake

We first derive rupture scenarios from the locking models based on a uniform strength distribution, slightly
higher than the maximum initial stress (i.e., 20.5 MPa). Because we need to make meaningful comparison
with the kinematic source model of the 2012 Nicoya earthquake, we force the nucleation from the hypocen-
ter (Yue et al., 2013), which locates in relatively low stress areas in our models and thus requires an unrea-
listically large nucleation zone (>100 km?) by only decreasing the strength. Since a radius of 5-km nucleation
zone approximately corresponds to an Mw 6 earthquake, we therefore consider it as the upper limit in our
nucleation zone sizes to minimize artificial effects on the modeled moment magnitudes of rupture scenarios.
However, the rupture does not successfully propagate outside the nucleation zone by only decreasing the
strength or increasing initial stress (Figure S3).

To generate a rupture with comparable size of the 2012 Nicoya earthquake, we then conduct a series of
nucleation tests by ensuring a reasonable rupture speed (<0.8 Vs) until the rupture becomes sponta-
neously dynamic. This is also termed time weakening (e.g., Andrews, 1985; Harris et al., 2018).
Through the trial-and-error process, we eventually increased the initial stress to 15.5 MPa in a circle with
a radius of 7 km and decreased the strength to 14 MPa in a 2.5-km-radius circle for the Xue locking
model, both being centered at the hypocenter of the 2012 Nicoya earthquake. In such case, the rupture
can propagate out of the nucleation zone with a reasonable rupture speed (~0.6 Vs).

The rupture starts in a circular patch and first propagates downdip due to the direction of concentrated stress
(Figure 4a). Then part of the rupture starts to propagate updip, forming a bilateral rupture (Figure 4b). After
12 s, the rupture propagates primarily along strike until arrest (Figures 4c-4f). The rupture is initially domi-
nated by crack mode and then evolves into slip pulse around 15 s (Figure 5). Peak slip rates reach ~5 m/s,
correlating with high-locking regions (Figure 5f). The total duration of the rupture is ~30 s with an average
rupture speed of ~2.7 km/s. The rupture area spans ~75 km downdip and ~100 km along strike (Figure 4f),
resulting in a total seismic moment of 2.7 X 10%° Nm and My = 7.6 with the maximum slip of 4.5 m, consis-
tent with the kinematic source models (Protti et al., 2014; Yue et al., 2013).

We also derive rupture scenarios from the Feng locking model, following the same procedure. The rupture
also starts to propagate downdip, then updip, following by along-strike expansion until arrest (Figure 6).
The downdip part of the rupture evolves into slip pulse after 10 s. Peak slip rates are ~5 m/s and also correlate
well with high-locking areas (Figure 7), similar to those in the Xue locking model. The rupture area covers
~80 km along strike (Figure 6f), slightly smaller than that in the Xue locking model. However, the final
moment magnitude of the scenario earthquake is Mw 7.55, similar to that of the 2012 Nicoya earthquake.

In addition to the total moment and peak slip, we compare the slip distribution and moment rate function in
our dynamic model with those in the kinematic models. The simulated slip distributions in both locking
models (slip >1 m) correlate well with the inversions from observations, especially for the on-shore patch
(Figures 8a and 8b), despite that the inverted slip extended to greater depth than those predicted from locking
models. Furthermore, our modeled moment rate from the Xue model shows a single peak value of
~2.6 X10"* Nm/s at ~15 s (Figure 8c). The slope of the moment rate function is quite sharp in the first 10 s
with a relatively fast rupture speed of ~3 km/s. Both the peak value and the shape of the moment rate func-
tion are consistent with those in the kinematic models (Quintero et al., 2014; Ye et al., 2013). In contrast, the
scenario from Feng locking model exhibits two peaks in the moment rate (Figure 8c), which attribute to the
effects of heterogeneous initial stress distribution on rupture propagation.

YANG ET AL.
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5. Discussion
5.1. Effects of Along-Strike Variation in Strength Distribution

Using a uniform distribution of strength and critical slip distance, we demonstrate that deriving a reasonable
approximation of the coseismic slip distribution and rupture process from interseismic locking is feasible. In
both scenarios, the final moment magnitudes and main slip locations are consistent with those of the 2012
Mw 7.6 Nicoya earthquake. However, there are appreciable differences between our dynamic model and
the kinematic ones. Both locking models over predict slip in the northwest offshore region (Figures 8a and
8b), as it is prescribed with high interseismic locking. The simulated ruptures will break the high-stress patch
unless additional heterogeneities are introduced.

Rupture propagation is not only affected by the initial stress distribution but also depends on strength hetero-
geneities on the fault (e.g., Weng et al., 2015; Yang et al., 2012). In the above rupture scenarios, we employ a
uniform strength distribution. However, seismic receiver function images have been used to infer that fault
strength is higher in the northwestern part of the East Pacific Rise-Cocos-Nazca suture than in the southeast
(Audet & Schwartz, 2013). But the along-strike changes in fault strength have not been quantified. We con-
duct a test by prescribing a higher strength (i.e., 22.5 MPa) in the northwest and a lower value (i.e., 18.5 MPa)
in the northeast (rupture scenario 2 in Table 1), and find that such along-strike variation in strength slightly
improved the fit between the dynamic and kinematic models in final slip distribution (Figure 9a). However,
the rupture duration is shortened because the rupture did not propagate further northward (Figure 9b).
Moment magnitude is slightly reduced but is still consistent with observation.

To better quantify potential rupture scenarios from interseismic locking models, well-determined strength
distributions on the megathrust will be helpful. Due to the limitation in direct measurement of stress state
and pore fluid pressure on seismogenic faults, strength distributions are poorly known and usually estimated
from other observations or calculations. During major earthquakes, the “strength drop” (described as the
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Figure 7. Same to Figure 5, except for the Feng locking model.

reduction in frictional resistance from static to dynamic friction) may be used to infer a ruptured fault's
strength distribution, when assuming a constant dynamic stress (Weng & Yang, 2018). As such, we can
conduct dynamic rupture simulations to evaluate the strength drop during the 2012 Nicoya earthquake
using constraints from near-field observations. From these, we can better quantify details in rupture
scenarios from interseismic locking models. Because this process is computationally expensive and is
beyond the scope of the current work, we may explore it in future studies.

5.2. Synthetic Ground Velocities

We compute synthetic ground velocities in our modeled scenarios at the six high-rate GPS locations
(Figure 1), at which the 2012 Nicoya earthquake was well recorded. We obtain three-component processed
ground motion data of the high-rate GPS measurements from Yin and Wdowinski (2014). We transform the
time series of displacement into velocity waveforms and apply a bandpass filter of 0.05-0.25 Hz. Then we
rotate the horizontal components into along-strike and strike-normal directions. The synthetic ground velo-
cities are filtered to the same band as Yue et al. (2013) and appear largely consistent with the observations in
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both waveform shapes and amplitudes (Figure 10), especially on the vertical components. At certain stations,
for example, SAJU and HATI, the modeled amplitudes of ground velocities are larger than observations
(Figure 10) because of the over-predicted slip offshore near the two stations (Figure 8a).

Synthetic waveforms from the Feng locking model agree with the observations to some extents, for example,
the first pulse in the data (Figure 11). However, the discrepancies appear larger than those from the Xue
model. For instance, the second pulses in the synthetics appear at a few stations (PUJE, CABA, and
EPZA) but are not visible in the data (Figure 11). Such discrepancies originate from the detailed rupture pro-
cesses, despite nearly identical moment magnitudes obtained from both locking models. The moment rate in
the Feng locking model exhibits two peaks (Figure 8c), implying two subevents during the 2012 Nicoya
earthquake. However, no kinematic solutions have claimed subevents of the Nicoya quake, and both kine-
matic models show a single peak in the moment rate function (Quintero et al., 2014; Ye et al., 2013).
Therefore, we conclude that the coseismic scenarios derived from the Xue locking model appear to better
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Figure 9. Same to Figure 8, except for along-strike variation of fault strength.
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fit the kinematic model of Yue et al. (2013) than did the scenarios from the Feng locking model. While the
Feng locking model used trench-normal and vertical GPS along a curviplanar megathrust, the Xue locking
model also incorporated trench-parallel GPS and interferometric synthetic aperture radar data along the
same geometry that may have improved some resolution of features.

5.3. Earthquake Initiation from Low-Locking Region

The hypocenter of the 2012 Nicoya earthquake locates in a relatively low-locking region (Figure 1). Similarly,
a few megathrust earthquakes were suggested to initiate from moderate to low locking areas offshore, such
as the 2011 Mw 9.0 Tohoku-Oki earthquake (e.g., Simons et al., 2011) and the 2007 Mw 8.4 Mentawai earth-
quake (Konca et al., 2008), although the locking distribution offshore was generally not well constrained
without seafloor geodetic measurements.

Since we estimated initial stress from locking, the stress level corresponds to the spatial gradient of the lock-
ing distribution that is directly controlled by the model resolution. In the Nicoya region, the spatial variation
of locking degree is rather smooth, which may reflect the limited resolution (>20 km) of the locking models.
We are not able to resolve more spatially heterogeneous stress distribution unless locking models with much
higher resolution become available. Therefore, we cannot rule out that the Nicoya earthquake initiated from
a small high-stress spot, which was however not captured by locking models.

5.4. Other Challenges in Deriving Coseismic Slip from Locking Distributions

In addition to the spatial resolution in locking models, patterns of fault locking do not necessarily correspond
to earthquake rupture extent. One of the reasons is the stress shadowing effect, in which a patch reaching the
failure state cannot move because of strong locking of neighboring patches (Wang, 2007). The effects may be
quite strong near trench due to the downdip locked megathrust (Almeida et al., 2018). In a 2-D boundary ele-
ment model, a shallow velocity-strengthening patch can only creep at most 30% of the plate convergence
rate. As such, the locking model derived from geodetic measurements may underestimate the degree of lock-
ing on shallow megathrust and thus earthquake and tsunami hazard (Almeida et al., 2018). Such stress sha-
dowing effect, together with uncertainties of locking models near trench, needs to be quantitatively
evaluated for tsunamic hazard assessment by spontaneous rupture simulations, considering a number of
ad hoc models.

Moreover, stress history evolves on seismogenic faults, especially in subduction zones where frequent mega-
thrust earthquakes occurred, posing challenges to accurately estimate the slip deficit from locking models.
For example, a locked segment remains unbroken between the 2010 Mw 8.8 Maule and 2015 Mw 8.3
Illapel, Chile earthquakes that ruptured a portion of the highly locked patch, respectively (Moreno et al.,
2010; Yin et al., 2016). It is unclear whether the failure of breaking the locked segment during the past
two megathrust ruptures was due to low stress or geometric changes on the megathrust (Bletery et al.,
2016; Qiu et al., 2016; Yang et al., 2013; Yu et al., 2018). Detailed rupture histories in a locked segment are
crucial for estimating future rupture potential and deriving detailed scenarios. Fortunately, the M7.5+ mega-
thrust earthquakes recur in Nicoya with an approximate 50-year period, the last taking 62 years. In the last
interseismic period, there were few interplate earthquakes of significant magnitude, providing an ideal
environment to derive rupture scenarios from slip deficit calculations.

Additional factors such as dynamic weakening processes may modulate rupture propagation (e.g., Noda &
Lapusta, 2013; Rice, 2006). Different dynamic weakening mechanisms have been explored and tested in
laboratory experiments (e.g., Di Toro et al., 2011; Wibberley & Shimamoto, 2005; Yao et al., 2018).
Regardless of rock composition and experimental conditions in the laboratory, strong weakening behaviors
have been observed under seismic slip rates, termed velocity weakening. Some mechanisms (e.g., thermal
pressurization) are used to explain field observations of large slip in the velocity-strengthening region
(Noda & Lapusta, 2013). However, these effects are not considered in this study, as their relevant parameters
on the megathrust are poorly known and we do not know whether such mechanisms occurred during the
Nicoya earthquake. Furthermore, numerical results based on velocity-weakening law do not qualitatively
differ with those using slip-weakening law (Gabriel et al., 2012; Luo & Duan, 2018; Murphy et al., 2018).
As such, our results derived from the linear slip-weakening law should be, at least qualitatively, no different
from those incorporating more complex effects, if relevant frictional parameters on the megathrust can be
well constrained from independent observations.

YANG ET AL.

14



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2019JB017541

Acknowledgments

The authors thank support from Hong
Kong Research Grant Council grants
(24601515, 14313816, and 14306418),
China Earthquake Science Experiment
Project, CEA (grant no.
2017CESE0103), CUHK Direct Grant
from Faculty of Science, Open Fund of
the State Key Lab of Earthquake
Dynamics (grant no. LED2017B07),
Institute of Geology, CEA, and US
National Science Foundation grant to
AVN (1447104). We also benefit from
constructive comments from the
associate editor Alice-Agnes Gabriel
and three anonymous reviewers.

6. Conclusions

Here we demonstrate that deriving rupture scenarios from interseismic locking models is feasible in the
Nicoya Peninsula, Costa Rica. Our dynamic rupture simulations show consistent final slip distribution,
moment magnitude, and moment rate function with those of the 2012 Mw 7.6 Nicoya earthquake from
one of the locking models (Xue et al., 2015). Our synthetic ground velocities also agree with near-field
high-rate GPS observations during the 2012 earthquake. We also find that the rupture scenarios are
dependent on the choice of input locking models, highlighting the necessity to quantitatively investigate
detailed rupture scenarios from interseismic locking models. This study provides a framework to
quantitatively evaluate potential earthquake sizes from interseismic locking models, which can be used
for other subduction zones that have reasonably well-constrained locking distribution. Such an approach
can be further improved by constraining a priori frictional parameters on seismogenic faults using
near-field observations and/or incorporating dynamic weakening mechanisms that impact earthquake
rupture propagation.
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