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Abstract Frictional properties on subduction interfaces are essential for understanding earthquake
nucleation, rupture propagation, and tsunami generation during megathrust earthquakes. Because they
cannot be directly observed, they have been inferred from different approaches. However, none of them have
reported constraints immediately before a megathrust earthquake. Here we quantify the frictional strength
on the megathrust prior to the 2012 Mw 7.6 Nicoya earthquake by conducting spontaneous rupture
simulations with constraints from near‐field observations. Our preferred dynamic rupture model shows a
remarkable fit on the near‐field data. The simulation results indicate an average strength drop of <5 MPa.
Considering typical ranges for the dynamic friction coefficient fd ≤ 0.2 and the static friction coefficient
fs = 0.6, we infer that the average strength on the megathrust is ≤7.5 MPa. Such low strength is attributed to
the near‐lithostatic pore pressure along the subduction interface, which is implied by seismic studies in this
region.

Plain Language Summary Subduction zones host a preponderance of great earthquakes that are
sometimes accompanied by destructive tsunamis. The frictional resistance (strength) on subduction
interfaces, termed megathrusts, plays critical roles in controlling earthquake rupture process and thus
significantly impacts the ground motion intensity and the tsunamigenic potential during earthquakes.
However, the strength on the megathrust is difficult to estimate directly and evolves over time. Here, we
constrain the strength on the Nicoya megathrust shortly before the 2012 Nicoya Mw 7.6 earthquake with
constraints from near‐field observations. Based on the simulation results, we infer the strength on the
megathrust prior to the earthquake to be less than 7.5 MPa. Such low strength at ~25 km in depth indicates
the existence of compacted fluids with a high pore pressure.

1. Introduction

Faults slip when shear stress (τ0) exceeds yield stress (τs), the static frictional resistance, generating a variety
of slip modes such as earthquakes, slow slip events (SSEs), and creeping. However, both the stress level and
the yield stress on natural faults remain elusive due in part to the lack of direct measurements, although they
are well known to play critical roles in earthquake generation and seismic radiation during dynamic rup-
tures (Dunham, 2007; Harris, 2004; Weng et al., 2015). Multiple lines of evidences suggest that the strength
is low in regions of aseismic slip. For instance, rate‐state numerical simulations suggest an extremely low
(<2 MPa) strength in the source region of SSEs downdip to the locked megathrust to match their recurrence
intervals (Liu & Rice, 2007). Furthermore, the static friction coefficient derived from laboratory experiments
on fault gouge samples from the shallow creeping section of the San Andreas Fault is ~0.2 owing to the pre-
sence of smectite clay minerals (Carpenter et al., 2011; Lockner et al., 2011), significantly lower than 0.6 that
was commonly obtained for most materials (Byerlee, 1978). The strength on seismogenic faults is not a con-
stant but features instability during earthquakes. Fault strength drastically drops from the yield stress (τs) to
a low dynamic stress (τd) with a friction coefficient of <0.2 (Di Toro et al., 2011). Such low coseismic resis-
tances have been confirmed by postseismic temperature measurements on seismogenic faults (Fulton
et al., 2013; Kano et al., 2006; Li et al., 2015). Furthermore, heat flow measurements imply low long‐term
average frictional resistances on seismogenic faults over multiple earthquake cycles (Gao & Wang, 2014;
Lachenbruch & Sass, 1980). However, due to the lack of constraints on the strength evolution, the yield stress
on faults prior to ruptures remains poorly understood.

In addition to the strength, the shear stress on megathrusts remains elusive and by far is indirectly derived
and suggested to be low from different approaches. Studies of stress field modeling in forearcs with
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constraints from stress orientation observations (Seno, 2009), the force balance for mountain building
(Lamb, 2006), or the stress field rotation across a megathrust (Li et al., 2018) commonly suggest a low
mean shear stress on megathrusts (<50 MPa). Hardebeck (2015) has found that most megathrusts are
nonoptimally oriented with angles of 45°–60° between the maximum compressive stress and the
subduction interface, indicating a low stress environment on megathrusts. Similarly, analyses of coseismic
stress rotations suggest that prestress levels are on the order of stress drops in several megathrust
earthquakes such as the 2011 Tohoku Mw 9.0 and the 2010 Maule Mw 8.8 earthquakes (Hardebeck, 2012).
Yield stress serves as the upper bound for shear stress during interseismic periods. However, the
difference between the yield stress and the shear stress (strength excess) preceding earthquakes has been
poorly constrained.

Estimates of the strength excess and the strength drop, the difference between the yield stress and the
dynamic frictional resistance, require solving the dynamic rupture process. Therefore, dynamic inversions
with constraints from near‐field observations have been conducted (Gallovič et al., 2019; Ma et al., 2008;
Weng & Yang, 2018). However, megathrust earthquakes usually do not have very good near‐field constraints
due to the offshore locations, leading to ambiguities in dynamic rupture models. Here we investigate the
strength on the megathrust in the Nicoya Peninsula region, where the Cocos plate subducts beneath the
Caribbean plate with an average convergence rate of 82 mm/year (DeMets et al., 2010), characterized by
M 7.5 + megathrust earthquakes with time intervals of 50–60 years (Protti et al., 2001). The latest event hap-
pened in 2012 with a moment magnitude of 7.6 (Figure 1). Dynamic rupture scenarios derived from inter-
seismic locking models (Yang et al., 2019) match the first‐order source parameters in the kinematic
models, such as the moment magnitude and the rupture extent. However, these scenarios do not have con-
straints on stress and strength on the megathrust (Yang et al., 2019). Because the Nicoya Peninsula sits right
over the major ruptured patch of the megathrust, land‐based observations provide unique opportunities in
monitoring slip behaviors and resolving physical properties on the megathrust. We utilize near‐field obser-
vations to constrain the strength prior to the 2012 Mw 7.6 earthquake by dynamic rupture simulations.

Figure 1. A 3‐Dmodel for the study region. Upper block: The purple area is the projection of the ruptured patch with slip
over 1 m (Yue et al., 2013). The yellow star is the epicenter. Red, black, and blue triangles are continuous GPS,
campaign GPS, and strong motion stations, respectively. Light red dashed lines represent slab depths of 10, 20, and
30 km. Bottom block: Slip distribution in Yue's model. The yellow star denotes the hypocenter. The red dashed line
denotes the depth of Moho. The black dashed line is the boundary between the oceanic crusts originated from
Cocos‐Nazca spreading center (CNS) and East Pacific Rise (EPR).
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2. Method and Model Setup

We conduct dynamic rupture simulations on a 3‐D cubic elastic model with an embedded curved mega-
thrust. The elastic model extends 180 km along strike, 190 km strike‐normal, and 70 km in depth, sufficiently
large to avoid boundary effects. Fault parameterization and material properties are consistent with the set-
tings in the finite fault kinematic model of the 2012 NicoyaMw 7.6 earthquake (Yue et al., 2013): The strike
angle is set to be 307°; the 2‐D fault geometry is defined according to a seismic reflection profile (Christeson
et al., 1999); and a 1‐D depth‐dependent layered velocity model is adopted (Audet & Schwartz, 2013)
(Table S1).

In order to meet numerical requirements to resolve the rupture front, the cohesive zone, where the stress
decreases from the static to dynamic level, must be 3 to 5 times larger than the grid size on faults
(Day et al., 2005). We thus set the grid size on the fault to be 250 m (see details in the supporting informa-
tion). A time step of 0.007 s is adopted in simulations. The grid size on the ground surface increases from
250 m near the trench to 3 km on the boundaries. Most near‐field stations correspond to surface grids of
~1 km. We test the effects of the surface grid size on synthetic ground velocities by comparing their results
with results from the uniform surface grid size of 500 m. Synthetic waveforms in the two models are nearly
identical (Figure S3).

We adopt a linear slip‐weakening (LSW) law (Ida, 1972) on the fault, in which the frictional resistance (τf)
decreases linearly from the yield stress (τs) to the dynamic stress (τd) with slip (δ) over a critical weakening
distance (D0) (Equation 1). Rupture propagation is controlled by the strength excess (τs − τi), strength drop
(τs − τd), and D0, which are represented by three free parameters (B, S, and C) in our models and will be con-
strained by a grid search. We initially assume a constant effective normal stress (σn) on the megathrust
(i.e., 50 MPa), which determines the values of τs and τd after the selection of static (fs) and dynamic (fd)

Figure 2. Parameters in the preferred dynamic rupture model: (a) initial stress distribution and hypocenter (star),
(b) strength drop, (c) final slip distribution, and (d) moment rate functions of our result (red) and two kinematic source
models (black and blue).
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friction coefficients (Equations 4 and 5). Because we can only constrain the strength drop (τs− τd), the initial
value of σn does not matter, as it is coupled with the difference between the static and dynamic friction coef-
ficients. How to separate them will be discussed later.

We first calculate the static stress drop (Δτkin) from a kinematic slip model of the 2012 Nicoya earthquake
(Yue et al., 2013). Assuming a uniform dynamic stress (i.e., 10 MPa), we can then estimate the initial stress
τi (Figure 2a), which is the summation of the static stress drop and the dynamic stress (Yang et al., 2019). To
account for the potential overshoot or undershoot process during the rupture, we introduce a free parameter
B to multiply the static stress drop (Equation 2) and search for the best fit value of B, which is constrained to
be 0.8 based on the misfit patterns for coseismic static displacements and the moment magnitude of the
Nicoya earthquake (Figure S4; see details in the supporting information).

It is well known that there is an intrinsic trade‐off between the strength drop and D0 (Guatteri &
Spudich, 2000). By utilizing different source parameters, e.g., rupture speed and slip distribution, the
trade‐off can be removed because the trade‐off trend for each parameter differs from each other (Weng &
Yang, 2018). D0 is suggested to scale with the final slip distribution (Rice, 2006; Viesca & Garagash, 2015)
and thus is heterogeneous (Equation 3). We also compare the case with a uniform distribution of D0 with
the average value in a range of 0.2–0.6 m. The strength drop (τs − τd) is controlled by the seismic ratio S
(Equation 4). In areas with slip smaller than the cutoff value (i.e., 0.3 m), the strength (τs) is artificially pre-
scribed to be high (i.e., 25 MPa) to stop ruptures. We utilize an open‐source finite‐element package, PyLith
(Aagaard et al., 2013), to run simulations.

τf δð Þ¼ τs −
δ
D0

× τs − τdð Þ δ<D0

τd δ ≥ D0

8<
: (1)

τi!¼τd!þ B �Δτkin���!
(2)

D0¼C � ukin (3)

τs¼f s × σn¼ 1þ Sð Þ � τi!
�� �� − τd!

�� ��� �þ τd!
�� �� (4)

τd¼f d × σn (5)

Ruptures are nucleated from the hypocenter at 9.76°N, 85.56°W, and 13 km in depth. To minimize the
artificial effects, we nucleate ruptures by a time‐weakening scenario with a constant rupture speed of
1.6 km/s, which spontaneously transforms into the slip‐weakening mechanism. The prescribed initial
rupture speed only impacts the early stage of rupture propagation, while its effect on later stages that
dominate the energy is negligible (Figure S5). Ruptures stop spontaneously before reaching the strength
barrier when the strength or D0 exceeds critical values, termed self‐arresting ruptures, due to the insuffi-
cient energy to overcome the fracture energy on the fault (Weng & Yang, 2017). Contrarily, some rup-
tures eventually break both the offshore and onshore patches, classified as breakaway ruptures. The
boundaries between the two types of ruptures in the parameter domain are denoted by self‐arresting
lines (Figure 3).

3. Constraints on Strength Drop in Dynamic Simulations From Near‐Field
GPS Data

We calculate the standard misfits between synthetics and vertical velocity waveforms at six high‐rate GPS
stations and three strong motion stations for all breakaway ruptures (Figure 3). Due to the significant ampli-
fication effects on the high‐rate GPS stations LMNL and PUMO, we exclude the two stations from the misfit
calculation (see details in the supporting information). We apply a band‐pass filter of 0.02–0.25 Hz on both
data and synthetic waveforms, slightly higher than the high‐frequency end (i.e., 0.2 Hz) in the kinematic
source model (Yue et al., 2013). Then we calculate the least squares misfits for waveforms in a 20‐s window,
centered at the peak velocities. Considering the possible biases in picking arrivals, the imperfect velocity
structure, and the effects of the artificial nucleation process, synthetic waveforms are allowed to shift in
±2 s windows to search for the minimum of misfit. Allowing shift in ±1 s windows results in similar misfit
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patterns (Figure S7). Then we take the average among the nine stations as the misfit in velocity waveform for
each model.

The minimum of the waveform misfit is around 10%, yielding an average D0 value of ~0.25 m (Figure 3a).
There is still a slight trade‐off with the strength drop (Figure 3a). The area with a misfit of <15% coincides
with the area between contours of rupture speed in 2.6–3.2 km/s. We also compare the cases with uniform
distribution ofD0, whose results are similar in the trade‐off trend (Figure 3b). The best fit value ofD0 (0.25m)
is identical to the value assuming a slip‐scaled D0. Then we inspect the modeled rupture process with the
best fit solution of frictional parameters (white cross in Figure 3a). The rupture front propagates both down-
dip and updip, then reaches the downdip limit at ~20 s and starts to propagate along strike, and eventually
terminates at ~40 s (Figures S8 and S9). The total moment released in the best fit scenario is 2.97 × 1020 Nm,
equivalent to a moment magnitude of 7.58, well consistent with observations. The peak slip is 3.6 m on the
downdip patch (Figure 2c). The moment rate function is consistent in duration, shape, and the peak value
with kinematic source models (Figure 2d). Moreover, the synthetic surface responses remarkably fit the
near‐field displacements and velocities (Figure 4), except the horizontal components of the station GNSR.
We find that the horizontal ground motions at GNSR were not well resolved in long periods. Overall, the
great coherence between synthetics and data indicates the reliability of our preferred dynamic rupture
model.

The best fit average value ofD0 is 0.25 m, corresponding to a S ratio of 0.5. Thus, the strength drop is 3.6 MPa.
If we consider the trade‐off trend and take the average value of D0 from 0.2 to 0.6 m, the average strength
drop is constrained to be ≤5 MPa with a peak value of ≤12 MPa on the downdip patch (Figure 3c).
According to the self‐arresting lines, the upper bound for the strength drop in breakaway cases is 15 MPa.
The average fracture energy on the ruptured fault is constrained to be 0.35–0.7 MJ/m2.

We test the dependences of dynamic rupture simulations on the kinematic model. We apply the same
parameter group (C0.125, B0.8, and S0.5) in the preferred model and follow the same procedure to con-
duct dynamic rupture simulations based on the other kinematic model (Liu et al., 2015), which differs
with Yue's model by using a planar fault model and more near‐field GPS data. The dynamic model
derived from Liu's kinematic model has a similar final slip pattern and a nearly identical moment
magnitude with that derived from Yue's model (Figures S10 and S11). Synthetic waveforms in this
dynamic model have a comparable fit on near‐field data with that derived from Yue's kinematic model
(Figures 4 and S11), demonstrating that our determination of frictional properties is robust and
independent on kinematic models.

Figure 3. Misfits in velocity waveforms using a (a) heterogeneous and (b) uniform distribution of D0. Colored solid lines indicate the contours with misfit less
than 15% (red in (a) and green in (b)). Colored dashed lines represent the boundaries between breakaway and self‐arresting ruptures. White dashed lines
denote rupture speeds of 2.6 and 3.2 km/s, respectively. The white cross in (a) denotes the preferred model with the minimummisfit. (c) Grayscale colors represent
the fracture energy associated with different parameters. Red and green dashed lines with dots correspond to self‐arresting lines with heterogeneous and uniform
distribution of D0, respectively. Solid dotted lines show the best fit parameter groups, with 15% misfit shown in shadow.
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4. Estimates of the Effective Normal Stress and Yield Stress on the
Nicoya Megathrust

The yield stress on the megathrust is the product of the effective normal stress (σn) and the static friction
coefficient (τs = σn × fs), where the effective normal stress is the difference between normal stress and pore
pressure (σn = σ − P). According to laboratory experiments, the typical value of the static friction coefficient
is ~0.6 for various types of rocks and fault gouges (Byerlee, 1978; Di Toro et al., 2011; Kuo et al., 2013; Yao
et al., 2013). The dynamic friction coefficient on natural faults has been estimated to be extremely low
(0.04–0.08) during earthquakes, based on postseismic in situ temperature measurements such as the 2011
Tohoku earthquake (with a residual stress of 0.54 MPa; Fulton et al., 2013) and the 1999 Chi‐Chi earthquake
(0.7–1.7 MPa; Kano et al., 2006). However, such drilling projects are expensive and hence cannot be univer-
sally employed. In laboratory experiments, a significant drop in friction coefficient from fs to fd during fast
sliding has been identified and attributed to various physicochemical processes such as flash heating on

Figure 4. Data on high‐rate GPS and strong motion stations (black) and synthetics from the best fit model (red) in three
directions: (a) strike‐normal, (b) along strike, and (c) vertical. Station locations are in Figure 1. Numbers on the top of
each trace are the peak ground velocities from measurements. Measured (black) and computed (red) static coseismic
displacements in (d) horizontal and (e) vertical directions.
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contact asperities, thermal decomposition, and melting, termed fault lubrication phenomena (Di Toro
et al., 2011).

Although pervasive weakening has been observed, different values of fd have been reported from experi-
ments on different rock samples. For instance, experiments on calcite usually maintain nearly complete
strength drops with fd < 0.1 (Han et al., 2007; Violay et al., 2015); while for basalt, fd ranges from 0 to 0.3
under similar experimental settings (Violay et al., 2015). Experiments on fault gouges commonly report
low fd (0–0.3) (Di Toro et al., 2011; Kuo et al., 2013; Yao et al., 2013). Among experiments on various rock
types, a general rule is that the magnitude of fd is negatively correlated with the normal stress (σn) and
the slip rate, as they control the heating process that drives various lubrication mechanisms. For instance,
fd for dolomite dry gouges decreases from 0.28 to 0.10 when σn increases from 0.43 to 2.04 MPa under the
slip rate of 1.3 m/s and decreases from 0.41 to 0.21 when the slip rate increases from 0.693 to 1.3 m/s under
a σn of 1.21 MPa (De Paola et al., 2011). We infer the range for fd on the Nicoya megathrust based on experi-
ment results with the following constraints: (1) given the estimated average strength drop of 5 MPa, we rea-
sonably discard experiment results with σn under 5MPa; and (2) we only refer to the experiment results with
a slip rate of ~1m/s, the typical seismic slip rate. As such, we take an upper bound of 0.2 for fd, corresponding
to our initially prescribed value of the dynamic stress.

If the pore pressure does not change during the coseismic slip, the coseismic strength drop can be calculated

as τs − τd = σn × (fs − fd). Therefore, the effective normal stress is estimated as σn ¼ τs − τdð Þ
fs − fdð Þ, inversely pro-

portional to the reduction in friction coefficient and proportional to the strength drop. Based on our simula-
tion results, the average strength drop (τs − τd) is constrained to be 2.5–5 MPa. To estimate the yield stress
τs = σn × fs, we adopt fs to be 0.6 and fd ≤ 0.2. Given fs = 0.6, fd = 0.2, and an average strength drop of
5 MPa, we can derive the upper bounds for the average σn and τs to be 12.5 and 7.5 MPa, respectively, while
the lower bounds for the average σn and τs are estimated to be 4.2 and 2.5 MPa, respectively, by giving fd = 0
and an average strength drop of 2.5 MPa. Similarly, the peak σn and τs on the downdip patch are estimated to
be 11.7–30 and 7–18 MPa, respectively, by considering the peak strength drop of 7–12 MPa.

However, the effective normal stress may not be a constant during the coseismic process, as the pore pres-
sure has been suggested to change during earthquakes. Field observations suggest that most coseismic slip
is accommodated in millimeter‐thick shear zones adjacent to fault interfaces (Noda & Shimamoto, 2005;
Tanikawa & Shimamoto, 2009), leading to a localized temperature rise up and a consequent increase in pore
pressure. Experiments on field samples suggest low values for permeability in slip zones (10−19 m2), 3 orders
lower than the surrounding damage zones (10−16 m2) (Noda & Shimamoto, 2005), forming an unfavorable
condition for draining outward from slip zones. Therefore, coseismic draining is likely unable to eliminate
the temperature‐induced pore pressure rise up; hence, the coseismic pore pressure change should be
positive. This phenomenon, termed thermal pressurization, has been adopted in numerical simulations
(Noda & Shimamoto, 2005; Rice, 2006; Tanikawa & Shimamoto, 2009) to explain unexpected slip distribu-
tion in earthquakes such as the 1999 Chi‐Chi Mw 7.6 and the 2011 Tohoku Mw 9.0 events (Tanikawa &
Shimamoto, 2009; Ujiie et al., 2013).

When we consider a positive coseismic pore pressure change (ΔP > 0), dynamic stress should be calculated

as τd = (σn − ΔP) × fd; thus, the effective normal stress before the earthquake is calculated as σn ¼
τs − τd − ΔP � fd

fs − fd
. In the case with a positiveΔP, the yield stress and the effective normal stress are estimated

to be lower than the case discussed above with a constant σn (ΔP = 0). Here we suggest the upper bounds for
the average σn and τs on the Nicoyamegathrust to be 12.5 and 7.5MPa, respectively, and the peak σn and τs to
be lower than 30 and 18 MPa, respectively, on the down‐dip patch.

5. The Spatial Pattern of Strength on the Nicoya Megathrust

Such low strength (i.e., 7.5 MPa on average) on the Nicoya megathrust is consistent with local seismic
observations. It is well known that the strength is critical in controlling earthquake recurrence intervals
(Liu & Rice, 2007; Matsuzawa et al., 2010; Yang et al., 2012). Numerical simulations of earthquake cycles
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indicate a positive correlation between the recurrence interval and the effective normal stress (Kato, 2012).
Given the observed relatively short earthquake intervals (50–60 years) in the Nicoya region, a low effective
normal stress is anticipated. Before the 2012 earthquake, large SSEs had been reported to occur updip, down-
dip, and southeast of the locked‐then‐ruptured megathrust every 2–3 years (Dixon et al., 2014). According to
numerical simulations (Liu & Rice, 2007), recurrence intervals of SSEs can be reached when the effective
normal stress is ~4–7 MPa. As such, we propose a modest contrast in strength between the seismogenic zone
(~10 MPa) and adjacent SSE zones (~2–4 MPa). Moreover, Walter et al. (2011) found tremors at the seismo-
genic depth within the rupture extent of the 2012 earthquake, indicating a heterogeneous strength distribu-
tion within the locked megathrust.

A near‐lithostatic pore pressure can be deduced from the low strength on the Nicoya megathrust. Fluids in
subduction zones may originate from the sediment dewatering process at shallow depths, as well as meta-
morphic dehydration reactions at greater depths. As an evidence of high fluid content, seismological studies
have identified high Vp/Vs zones near subduction interfaces in Nicoya and other subduction zones (Audet &
Kim, 2016; Audet & Schwartz, 2013; Chaves & Schwartz, 2016). In Nicoya, the high Vp/Vs structure extends
from the deep transition zone to the seismogenic portion, consistent with our constrained low strength on
the megathrust. Such tomographic images qualitatively indicate material properties on the megathrust in
their observation periods. The megathrust strength may evolve with time due to fluid migration. In the sense
of timing, our study quantifies the strength on the megathrust immediately prior to a large earthquake.

Our results are based on the LSW law. Beside the slip‐dependent phenomena, friction has been observed to
depend on slip velocity (Beeler et al., 2008; Di Toro et al., 2011; Dieterich, 1979). The friction coefficient
decreases exponentially with sliding velocity close to the typical seismic slip rate (m/s). Such exponential
decay of rate‐weakening friction leads to an exponential slip‐weakening curve, rather than being linear. It
has been found that models using rate‐weakening laws do not qualitatively differ with those using the
LSW law (Bizzarri et al., 2001; Luo & Duan, 2018). However, friction laws with exponential weakening
curves result in a faster energy release at the onset of slip and therefore may produce slightly more energetic
rupture fronts than may those based on the LSW law (Dunham, 2007; Luo & Duan, 2018; Ryan &
Oglesby, 2014). If we adopt a rate‐weakening friction law to reproduce the rupture process of the 2012
Nicoya Mw 7.6 earthquake, a slightly higher yield stress may be inferred.

We here estimate the potential difference from adopting a LSW law by comparing it with rate‐weakening
laws with an exponential decay (Mizoguchi et al., 2007) and a power law decay (Abercrombie &
Rice, 2005; Rice & Uenishi, 2002), which are expressed below, respectively.

τf ¼ τd þ τs − τdð Þexp ln 0:05ð Þδ
D0

� �
δ<D0

τd δ ≥ D0

8<
: (6)

τf ¼ τs − τs − τdð Þ δ
D0

� �p

δ<D0

τd δ ≥ D0

8<
: (7)

In the exponential slip‐weakening law (Equation 6), D0 is defined as the critical displacement at which the
friction reduces from the peak by 95% of (τs − τd), close to the critical weakening distance in the LSW law.
The fracture energies for the two weakening laws at slip greater than D0 are G _¼ 0:33σn f s − f dð ÞD0 and
G = σn(fs − fd)D0p/(p + 1), respectively, where p is the power index that is suggested to be 0.2–0.5 from fric-
tion experiments and seismic observations (Abercrombie & Rice, 2005; Di Toro et al., 2011). Assuming that
fracture energies are well constrained, the product of D0 and the strength drop may be underestimated by a
factor of 1.5–3 by assuming a LSW curve. If we assume the same D0, the average yield stress should be no
more than 23 MPa, still very low for such seismogenic depths.

6. Conclusion

With constraints from dynamic simulations, kinematic models, and near‐field observations, we resolve the
dynamic rupture process of the 2012 Mw 7.6 Nicoya earthquake and constrain the strength on the Nicoya
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megathrust prior to the earthquake. The average strength before the rupture is suggested to be not higher
than 7.5 MPa, and the peak strength on the down‐dip patch should be less than 18 MPa. We attribute such
low strength to the near‐lithostatic pore pressure, which is implied by seismic studies in the region (Audet &
Schwartz, 2013; Chaves & Schwartz, 2016). Our estimated strength on the megathrust can serve as a refer-
ence for parameter prescriptions in numerical simulations for future seismic hazard assessments and can
advance our understanding of the dynamics of subduction systems.

Data Availability Statement

The data sets used in this study contain high‐rate, low‐rate GPS data and strong motion data. The time series
of GPS data can be downloaded from UNAVCO (https://www.unavco.org/data/gps-gnss/gps-gnss.html).
The strong motion data can be downloaded from LIS‐UCR (http://www.lis.ucr.ac.cr). We obtain
three‐component ground displacement data of the high‐rate GPS from Yin andWdowinski (2014). We trans-
form the time series of displacement on high‐rate GPS into velocity waveforms. Solutions of static offsets of
high‐ and low‐rate GPS measurements are from Protti et al. (2014). We integrate the acceleration data on
strong motion stations to obtained velocity waveforms. The final slip distribution and slip rate history on
the fault in our preferred dynamic rupture model are available at 10.4121/uuid:307369d2‐778d‐4ede‐a733‐
cd38f3ff0c6a.
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