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ARTICLE INFO ABSTRACT

The Central Costa Rica Deformed Belt (CCRDB) is a diffuse faulting area that represents the western border of the
Panama Microplate. Using the Markov Chain — Monte Carlo method and under three scenarios of the spatial
distribution of the CCRDB, we analyzed the inter-seismic crustal deformation in Costa Rica and its surroundings
based on the results of the Global Navigation Satellite System (GNSS) observations for Costa Rica, Nicaragua,
and Panama. We assumed that the observed inter-seismic crustal deformation on the surface is a result of the
kinematic effects of the rigid tectonic blocks motion, the elastic deformation due to the block interface inter-
actions and the internal strain inside of the tectonic blocks. Assuming that the seismic moment in the subduction
and inland interfaces is accumulated only as an elastic strain and is then released co-seismically, the resulting
seismic moment accumulated rates reflect the capacity for producing earthquakes M,, > 8 along the Cocos Plate
convergence and earthquakes M,, > 7 along the inland interfaces. Although these are the values that the
modeling outputs, limited historical data suggests that this earthquake potential might be overestimated, but the
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historical seismicity in Costa Rica is still short for disesteeming higher earthquake potential levels.

1. Introduction

Adamek et al. (1988) defined the Panama Microplate (PM) as a
separate tectonic unit that overthrusts the Caribbean Plate (CA) in a
northward direction, whose kinematics is associated by Montero (2001)
with the subduction morphology of the Cocos Plate (CO) in the
southwestern PM (Fig. 1). The CO segment subducting beneath Costa
Rica along the Middle American Trench (MAT) has a convergence rate
from 75 to 80 mm/yr relative to the CA motion (Argus et al., 2011).
This subduction interface has produced several historical M > 7
earthquakes (Morales, 1985; Montero, 1986; Protti et al., 2013), and
three morphotectonic domains of the oceanic crust have been identified
on this interface (Barckhausen et al., 1998; Protti et al., 1994; Von
Huene et al., 2000): the Cocos Ridge, the Seamount and the Smooth
seafloor domains (Fig. 1). The subduction of the Cocos Ridge and the
Seamount domain has had remarkable implications for the seismicity
and crustal deformation of the upper plate (e.g., Vanness et al., 1984;
Protti et al., 1994; Fisher et al., 1998; LaFemina et al., 2009). In the
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northern PM, the PM-CA interaction takes place along the North Pa-
nama Deformed Belt (NPDB) (Silver et al., 1990) (Fig. 1), where the
hypocenters of several earthquakes are found, suggesting overthrusting
at this boundary (e.g, Adamek et al., 1988). Based on the seismicity,
Camacho et al. (2010) suggested the presence of a well-defined Wa-
dati-Benioff zone and an active subduction interface along NPDB,
where earthquakes M = 7 have been reported (e.g, Camacho and
Viquez, 1993; Goes et al., 1993; Suarez et al., 1995). Marshall et al.
(2000), based on the seismic sequence ruptures in-between earthquake
epicenters in the southwestern PM due to the CO subduction and in the
northwestern PM due to CA subduction, concluded on the presence of
an active tectonic link connecting these two tectonic edges. In the
southeastern PM (Fig. 1), the interaction of the PM with the Nazca Plate
(NZ) is a predominant sinistral slip boundary with an oblique con-
vergence component along the South Panama Fracture Zone (SPFZ),
characterized by a weak seismic interface (e.g, Adamek et al., 1988;
Moore and Sender, 1995).

The western PM boundary consists of the Central Costa Rica
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Fig. 1. Tectonic configuration around Costa
14° Rica. Red arrows are observations processed
in this study and blue ones are from pre-
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Deformed Belt (CCRDB), the western extension of NPDB (Fig. 1).
Montero and Dewey (1982) suggested a sinistral transcurrent fault
system in the central zone of Costa Rica. Later, Montero (2001) de-
scribed CCRDB as a wide deformation zone (herein called Central Costa
Rica) formed by a complex faulting system, instead of a simple sinistral
boundary. Several studies have been conducted on the presence of this
complex tectonic interface (e.g., Barboza et al., 1995; Protti et al., 1995;
Quintero and Giiendel, 2000), whose faulting and deformation pattern
have been associated with the indentation of the shallow Cocos Ridge
and roughness seamounts subduction (e.g., Marshall et al., 2000;
Montero, 2001). Inland faulting in CCRDB has produced several
shallow destructive M > 6 earthquakes, such as the Cartago 1910 M
6.4 (Alonso-Henar et al., 2013), the Bajos del Toro 1911/1912 M 6.1
(Alvarado et al., 1988), the Orotina 1924 M 7.0 (Montero, 1999), the
Damas 2004 M,, 6.4 (Pacheco et al., 2006) and the Cinchona 2009 M,,
6.2 (Barquero, 2009) earthquakes. As the limit of the western PM,
CCRDB has an interface with the Central America forearc block (CAFA)
(Fig. 1), where M > 6 earthquakes have been reported (e.g, Linkimer
et al., 2018).

Previous studies based on earthquake focal mechanisms, local
faulting and geodesy, defined the boundaries of Central Costa Rica
(CCR). Marshall et al. (2000) outlined the CCRDB zone through the
evaluation of mesoscale fault outcrops in conjunction with earthquake
focal mechanisms, indicating that this zone is dominated by a sinistral
transtension across NE striking faults in the forearc. Marshall et al.
(2000) also suggested that the central volcanic and back arcs are
characterized by a dual pattern of dextral slip with NW shortening and
sinistral slip with minor extension on NE striking faults. Based on the
inversion of Global Navigation Satellite System (GNSS) observations
and earthquake slip vectors, Kobayashi et al. (2014) suggested through
the analysis of several kinematics models that the western PM edge can
be conformed directly by the CAFA-PM boundary, without the presence
of the CCRDB as a discrete block, indicating that CCRDB accommodates

100 km
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NW-SE extension. In addition, Montero and Rojas (2014) proposed a
new boundary for the CCRDB zone, enhanced with the results from
previous studies on the seismicity, seismotectonics, and the temporal
evolution of the fault system (e.g., Montero, 2001; Montero et al.,
2013).

In this study, we analyze the inter-seismic crustal deformation in
Costa Rica and its surroundings based on GNSS observations under
three kinematic models that include different coverages of the CCRDB
zone as the rigid CCR block, which are inferred as follows: Model 1
(Fig. 2a) from the outlined CCRDB zone described by Marshall et al.
(2000), Model 2 (Fig. 2b) from results of the best kinematic model by
Kobayashi et al. (2014), and Model 3 (Fig. 2c) from the enhanced
CCRDB zone defined by Montero and Rojas (2014). We assume that the
observed inter-seismic crustal deformation on the surface results from:
i. The kinematic effects of rigid tectonic block motions of CCR, PM, CO,
CA, CAFA, and NZ; ii. The elastic inter-seismic deformation due to the
block interactions on the subduction and inland interfaces; and iii. The
elastic deformation owing to the internal strain inside of each tectonic
block. For the first time, we employ the Markov Chain Monte Carlo
(MCMC) method in order to approximate the solution of the kinematics
and the crust deformation patterns in Costa Rica and its surroundings.
Compared with previous studies, we double the number of observation
sites in CCR for an improved constraint in this target area. We present
for all models a detailed description of the total budget of the inter-
seismic crustal deformation and we select the best model in consistency
with faulting and seismicity behaviors. For the best model, we integrate
the results of the slip deficit rates on the plate interfaces with the local
historical seismicity in order to estimate the earthquake potential in
Costa Rica.

2. Geodetic data and velocity field

Geodesy is helpful for studying tectonic plate motions and crustal
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Fig. 2. Geometry of model blocks: a. Model 1, b. Model 2 and c. Model 3. Brown lines are the block boundaries. Black thin contours are bathymetry according to
ETOPO1 Model (Amante and Eakins, 2009). Subduction Domains are according to Von Huene et al. (2000). CO: Cocos Plate, CA: Caribbean Plate, PM: Panama Plate,
NZ: Nazca Plate, CAFA: Central American Fore Arc Block, CCR: Central Costa Rica Block.

deformation (e.g., Argus and Heflin, 1995) because it enables mon-
itoring the crust during inter-seismic, co-seismic and post-seismic de-
formations and slow slip events (e.g., Biirgmann and Thatcher, 2013;
Klein et al., 2018). Currently, Costa Rica allocates a heterogeneous
distributed GNSS/GPS network that is more densely available in
northwestern Costa Rica on the Nicoya Peninsula (NP) than in the
northern, Central, and southeastern Costa Rica.

Fig. 1 shows the distribution of the GNSS network sites in Costa
Rica, Nicaragua and Panama. In total, this study includes 76 continuous
observation sites (Table S1), providing data from January 2004 to May
2017, available from Observatorio Vulcanoldgico y Sismoldgico de Costa
Rica-Universidad Nacional, UNAVCO, and Nevada Geodetic Laboratory.
Forty-five sites are located in Costa Rica, including seven observation
sites inside the target area in CCR and northern Costa Rica (sites not
previously used in related studies such as LaFemina et al., 2009 and
Kobayashi et al., 2014). In addition, there are 14 sites in Nicaragua, 8 in
Panama and 9 in the Caribbean and Pacific islands (7 sites in CA and 2
sites in NZ; not shown in Fig. 1).

First, GNSS data with a minimal spanning of 2.5 years were selected
(e.g., Blewitt and Lavallée, 2002) and processed in conjunction with 9
IGS sites (Dow et al., 2009) for a regional constraint using the Bernese
5.2 software developed at the Astronomical Institute of the University
of Bern.

In order to obtain a highly precise velocity field of crustal de-
formation, we eliminated non-tectonic effects as seasonal components
(annual or semi-annual) and artificial steps, which were attributed to

unknown phase center offsets after maintenance works (found from the
RINEX files inspections). In addition, we removed tectonic offsets due
to earthquakes that could have generated displacements larger than
5 mm following the Okada criterion (Okada, 1995). The formulation of
the nonlinear fitting process applied is as follows:

u(t) = a + bt + csin(2znt) + d cos(2xt) + e sin(4nt) + f

N
cos(4mt) + Z gH(t —1t)

i=1

+ g [th(t — )+ k ln(l + tj/fasj) i lj(l - exp(—tf/fvej))]
€))

where u(t) is the time series of displacement; a and b are the secular
linear trend parameters; and c, d, e, and f are the annual and semi-
annual seasonal parameters. g;, hj, k;j, and [; are the offsets parameters at
the occurrence times t; and t; for N number of artificial offsets and E
number of earthquake offsets. H represents the Heaviside function, and
Tas; and T,; are the nonlinear parameters of the constant decay time for
after slip and viscoelastic relaxation, respectively.

The observed velocity field (76 sites) based on ITRF 2008 (Altamimi
et al., 2011) was combined with the results reported by Kobayashi et al.
(2014) (63 sites, including 42 additional sites in Costa Rica, 10 sites in
Nicaragua, and 11 additional sites in Panama) based on ITRF 2005
(Altamimi et al., 2007) which were transformed to ITRF 2008 (Table
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S1). In Fig. 1, the CA motion was fixed using a priori Euler pole in-
formation (Argus et al., 2011).

As in previous studies (e.g., LaFemina et al., 2009; Kobayashi et al.,
2014), the observed velocity field in Costa Rica suggests that the inter-
seismic crustal deformation is mainly arranged in three groups (Fig. 1):
1) Northwestern Costa Rica is dominated by a northward deformation
with rates up to 25 mm/yr, rotating and decreasing up to 12 mm/yr
northwestward following CAFA. 2) Southeastern Costa Rica shows de-
formation to northeastward up to 40 mm/yr (opposite E-W motion in
comparison to northwestern Costa Rica). 3) CCR is characterized by a
diffuse deformation pattern, mainly oriented to northward with de-
formation rates up by half of those observed in northwestern and
southeastern Costa Rica.

3. Block model boundaries

We analyzed a series of three kinematic models (Fig. 2) for CCR,
following the boundaries inferred from Marshall et al. (2000) (Model
1), Kobayashi et al. (2014) (Model 2), and those suggested by Montero
and Rojas (2014) (Model 3), which were well-described by Rodriguez
(2017). Only Model 2 contained boundaries evaluated by geodetic
techniques as in this study. Furthermore, in this study, we included
additional sites to constrain the CCR block. The boundaries of the main
plates, CO, CA, and NZ, were according to Bird (2003). The CAFA-CA
boundary was the trace of the Central America forearc (e.g., Kobayashi
et al., 2014) and the boundaries of the CCR block are described in Table
S2 and Fig. S1.

4. Kinematic model analysis

The geometry of the plate interface of the subducted CO plate was
modeled with the Slab2.0 Model (Hayes et al., 2018), and the sub-
ducted southern edge of the CA plate along the NPDB was inferred from
Protti and Schwartz (1994), Camacho et al. (2010) and Liicke and
Arroyo (2015). For all models, the inland plate interfaces were pro-
jected as vertical boundaries up to 20km in depth, consistent to a
bottom depth level of 90% of the accumulative distribution of the in-
land seismicity (e.g., Tanaka, 2004; Cho and Kuwahara, 2013).

We considered that the observed crustal deformation resulted from
the inter-seismic deformation is produced by i) rigid block kinematics
(e.g., Sella et al., 2002), ii) elastic deformation due to the coupling effect
at I number of block interfaces (e.g., Nishimura, 2014), and iii) de-
formation owing to the internal strain in each block as a continuous
function within the observation network, assuming a uniform strain
rate field (e.g,, Shen et al., 1996) (Fig. 3).

Fig. 3. Schematic visualization of the kinematic of tectonic blocks.
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The rigid block kinematics VX8 inside of a block is determined by
the cross product of a position r, and the Euler pole w; of the block:

Rigid
VB = X 1 )

The relative velocity Vj; along an interface 1 of two rigid blocks in
motion (w; and w)) is determined as follows:

Vi = (w; — @) X1 3)

Having the relative velocity on a plate interface Vj;, one can calcu-
late the slip deficit rate SDR;; in the boundary between blocks in motion
due to the coupling effect C; as follows:

SDRy; = GVj (C))

The elastic deformation due to the slip deficit Kﬁ'l"te’f“m in block
interfaces and the elastic deformation due to the internal strain
V- Inernal are determined by the Green's functions Gy, and the horizontal
strain tensor E;, respectively, where the é components are Cauchy's
strain tensors, and 4, and A; are the vector components of r;, which
represents the distance of a point 7, relative to the center of the spatial
distribution of the observation network.

E.I
[’ijk nterfaces _ Gu SDRy; (5)
n [ Ay
v ?E Internal Ei r,é Axx Axy le
Gy ){ A 6)

In order to approach the observed crustal deformation d, we
combine the previous equations as follows:
1
dkCul — Villsigid + Vyl?k.lnterfaces + Vigzmemal = W xn+ Z Gu
=1
Ci(wi — @) xn+ Er %)

Since the calculation of the crustal deformation df® requires non-
linear solutions of a high-dimensional system (unknown parameter
underlined in (7)) with a limited number of constraints, we adopted for
the solution of this formulation the MCMC method introduced by
Metropolis et al. (1953) and estimated the probability density function
of the unknown parameters for the calculation of confidence interval
plots. The Markov chain provides a sequence of samples from a non-
normal distribution, which depends on the current state of the chain.
The Monte Carlo integration provides an adequate scope for the rea-
listic statistical modeling used for approximating the expectations in
our formulation (e.g, Gilks et al., 1996). We followed the procedure
defined in Kimura et al. (2019) for the calculation of the crustal de-
formation (equation (7)) using the MCMC algorithm.

Our MCMC algorithm explores randomly the parameters contained
in (7), constructing a chain, where every new set of approximations is
accepted or rejected using the Metropolis—-Hastings algorithm (e.g.,
Robert and Casella, 2004). The initial transient phase (burn-in) of
iterations was discarded in order to maintain an approximately sta-
tionary realization from the marginal posterior distribution of interest
(e.g., Liu et al., 2014). A complete explanation about the MCMC method
applied for crustal deformation in southwest Japan can be found in
Kimura et al. (2019).

Table 1 shows the calculation settings of the application of the
MCMC method in this study.

5. Results and discussion

After the MCMC calculations, we obtained for the three models the
characteristics of the rigid motion and the inter-seismic elastic de-
formation due to the coupling effects on the block interfaces and the
internal strain inside the blocks. The results of the observed velocity
field and calculations for the horizontal and vertical components are
shown in Figs. S2 and S3, respectively. The calculations in Model 1 and
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Table 1
Calculation settings for MCMC method.

MCMC Calculation Settings

Item
Initial Euler Poles

Initial value or setting

Estimated as rigid block rotations from GNSS
velocities

Uniformly distributed random value (0-1)
Uniformly distributed random value (—-0.5 ~
0.5)x107'°

1.500.000

20%

Initial Slip deficit due coupling
Initial Strain tensor

Markov Chain
Burn-In

Model 3 present fewer residuals in comparison to those for Model 2 (for
the residuals, see Figs. S4 and S5) and fewer residuals than previous
studies conducted in the region (e.g, LaFemina et al., 2009; Kobayashi
et al., 2014). We presented for each model the results of the total dis-
placement budget relative to the CA motion, based on the contribution
on the surface of the rigid kinematic motion and the elastic deformation
due to the block interface interactions and the internal strain inside of
blocks.

5.1. Block rigid kinematics

The rigid motion of each block is described through the results of
the Euler pole vectors and angular rates relative to the stable CA.
Table 2 lists the results of Euler poles and its covariance matrix for each
block in each model and Figs. S6-S8 show the pole positions. The es-
timated rigid motion of CAFA presents similarities in all models,
characterized by a sliver scape with a counterclockwise rotation that
shows a right lateral strike-slip motion of 9-16 mm/yr (northwestward)
in agreement with the focal mechanisms pattern of seismicity along the
CAFA-CA boundary (e.g., DeMets, 2001; LaFemina et al., 2002). Cor-
recting for CA motion, the rigid motion dominates the inner forearc
displacement on-shore of the CAFA block, reaching more than 60% of
the total displacement budget with an exception in Nicoya Peninsula,
the closest land to MAT, where the relative contribution of the rigid
motion represents less than 30% in all models (Figs. S9, S10, and S11
for Models 1, 2, and 3, respectively).

In all models, the PM block shows a counterclockwise rotation,
producing northeastward collision to CA with a relative convergence
rate at the northeastern PM reaching 7.7 + 0.3mm/yr and a pre-
dominant left lateral strike motion up to 24.5 = 0.4 mm/yr along the
boundary with NZ. The northwestern PM in Models 1 and 3 shows
collision along the western NPDB. This collision is consistent with the
focal mechanism solution of the 1991 Mw 7.7 Valle de la Estrella
Earthquake (e.g, Protti and Schwartz, 1994), while Model 2 shows a
null pattern of motion at the same zone. The relative contribution of the

Table 2
Estimated Euler Pole for models relative to Caribbean Plate.
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rigid motion in the displacement budget of the PM is gradually in-
creasing from less than 15%-90% from the western PM to eastward.
The relatively low contribution of the rigid motion in the western PM
and southeastern CAFA is due to the subduction of CO, and this effect is
discussed in section 5.2.

For CCR, rigid kinematics represents less than 40% of the total
displacement budget. The results for Model 1 and Model 3 show
clockwise motions. However, due to the counterclockwise rotation of
CAFA, the results of the normal rate at the CCR-CAFA boundary suggest
a relative extensive pattern at the northeastern segment of this
boundary, reaching 4.1-4.4 mm/yr in these two models (Figs. S9 and
S11). Nevertheless, the PM in Model 2 shows the opposite (counter-
clockwise) kinematics with the higher extensive rates of 11.6-12.2 mm/
yr along this interface (Figs. S10 and S12). The clockwise motion re-
flected in Models 1 and 3 suggests a relative extensive pattern of
3.1-9.3mm/yr in Model 1 (Figs. S9 and S12) and 3.8-8.5mm/yr in
Model 3 (Figs. S11 and S12) along the CCR-PM boundary with pro-
gressive crescent rates from northwestern PCT to off-shore. We infer
that the extensive patterns presented in CCR in Models 1 and 3 are
consistent with transtension across NE striking faults reflected by me-
soscale faults in the on-shore inner forearc (Marshall et al., 2000).

The strike velocities along the CCR-CAFA boundary in Model 1
suggest a relative left lateral strike-slip motion with progressive cres-
cent rates from off-shore to the inner forearc of 2.1-3.9 mm/yr (Fig.
S12). However, contrary to the Model 1, Models 2 and 3 suggest right
lateral motion with relative rates smaller than 2.1 mm/yr in Model 3
and higher than 5.1 mm/yr in Model 2 (Fig. S12). The focal mechan-
isms of destructive earthquakes, such as those reported for the 1924 M
7.0 Orotina earthquake (Montero, 1999), show left lateral behavior
close to the trajectory of CCR—-CAFA boundary, as it is indicated by the
kinematics in Model 1 (e.g., Jacob et al., 1991; Montero, 1999) (Fig.
S12). The relative strike motion along the CCR-PM boundary shows a
left lateral pattern in all models, reaching progressive crescent rates
from off-shore to back arc of 0.9-4.2mm/yr for Model 1 and
2.9-6.1 mm/yr in Model 3 (Figs. S11 and S12). An extensional pattern
in combination with a relative left lateral striking motion in the forearc
along the CCR-PM boundary, as shown in Models 1 and 3, is consistent
with focal mechanisms of events reported close to this boundary, with
normal components and left lateral slip motion, as in the case of the
1983 M 6.1 earthquake and the induced seismicity reported after the
1991 Mw 7.7 Valle de la Estrella Earthquake (e.g., Protti and Schwartz,
1994; Boschini et al., 1988; Barquero and Rojas, 1994; Fernandez et al.,
1996; Pacheco et al., 2006) (Fig. S12).

Model 2 shows extensive patterns at the CCR-CA boundary that
progressively increase westward with relative dip velocities of
0.4-1.3 mm/yr (Figs. S10 and S12). In Models 1 and 3, these two blocks
collide with progressively increasing relative rates of 0.2-2.6 mm/yr in

Euler Pole Results

Model Block Latitude Longitude Angular rate xx xy Xz yy » zz
©) ©) CMyr
Covariance Matrix (108 rad? Myr’z)
1 NZ 53.88 —110.88 0.35 0.05 0.11 0.02 1.15 0.17 0.09
CAFA 8.00 —87.61 1.41 7.21 —64.58 12.35 595.17 —114.49 22.07
CCR —10.05 96.67 2.25 2.37 —24.61 4.53 262.60 —48.68 9.18
PM 11.33 —84.69 0.64 1.36 -7.11 1.13 37.98 -6.02 0.98
2 NZ 56.15 -111.72 0.34 0.05 0.08 0.00 1.03 0.12 0.08
CAFA 8.93 —86.80 1.99 0.47 -3.72 0.83 54.36 -11.72 2.56
PM 9.95 —83.19 0.92 0.34 -2.29 0.31 16.44 -2.14 0.33
3 NZ 52.08 —110.28 0.35 0.04 0.06 0.00 0.90 0.11 0.07
CAFA 8.88 —86.84 2.06 0.75 —-8.72 1.81 110.57 —22.99 4.79
CCR —10.38 96.53 2.00 5.42 —55.17 10.17 577.46 -107.14 20.01
PM 12.15 —86.07 0.51 0.69 -3.78 0.59 21.56 -3.35 0.55
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Model 1 (Figs. S9 and S12) and 1.7-3.9 mm/yr in Model 3 (Figs. S11
and S12). Along this interface, the strike relative motion is almost zero
in Models 1 and 2, whereas Model 3 shows right lateral motions with
relative rates higher than 1.3 mm/yr. Taking into account the presence
of reverse faults in northeastern CCR, we infer that the compressive
patterns shown in Models 1 and 3 reflect more consistencies than the
extensive pattern in Model 2 (Denyer et al., 2003) (Fig. S12).

5.2. Elastic deformation due to block interactions

In our models, the elastic inter-seismic deformation is produced by
interactions along block interfaces. In all models, the high north-
eastward convergence rate of CO, combined with nucleation of high or
moderate coupling ratios, results in compressive patterns in CAFA, CCR,
and the western PM. Although we considered the effect of this coupling
along the inland interfaces, elastic deformation is governed by the
subducting interface of CO, even in places located close to inland
boundaries and back arc zones of CCR and the western PM. Figs. S13
and S14 show the spatial distribution of the coupling for the subduction
and inland interfaces, respectively. Fig. S15 presents the results of 90%
of confidence interval for coupling ratio for both block interface types.

Our calculations show, in all models, high coupling ratios along the
CO subduction interface in southeastern CAFA, close to Nicoya
Peninsula. All models present similar patterns of the coupling ratios.
The maximum coupling ratio is 0.98 + 0.01 in Model 1, 0.95 * 0.03
in Model 2, and 0.98 = 0.02 in Model 3. In the surrounding zones,
moderate coupling ratios between 0.70 and 0.85 are reached for all
models (Fig. S13). Likewise, the maximum coupling ratios converge
more in the subduction interface of CO in southwestern PM, close to
Osa Peninsula, than in NP; the highest coupling ratio is 0.99 + 0.01 in
all models, with greater coverage in Model 2 than in Models 1 and 3
(Fig. S13). These high coupling ratios resulted in northeastward inter-
seismic elastic deformations on the surface in southeastern CAFA and
southwestern PM that reach rates higher than 20.0 mm/yr in NP and
35.0 mm/yr in OP, representing more than 70% and 85% of the total
deformation budget, respectively (Figs. S16-S18). Historical seismicity
M > 7 provides evidence of asperities in these two zones (e.g,
Montero, 1986; Morales, 1985; Protti et al., 1996; Protti et al., 2001).
The highest inter-seismic elastic deformation resulted in the overriding
PM in southeastern Costa Rica as a consequence of the compressive
pattern produced by the locked subduction of the wide buoyancy Cocos
Ridge domain (Montero, 1994). In northeastern Costa Rica, although
our models show an unclear pattern of coupling ratios for the PM-CA
subduction interface (Fig. S13), the northeastward inter-seismic de-
formation rates are lower than 12.0 mm/yr. These results are not well
constrained in our models due to the sparse observation network, but
they do agree with the presence of the reverse faults and low de-
formation rates reported by Sudrez et al. (1995).

Several studies have been conducted in Costa Rica and its sur-
roundings for the evaluation of the coupling due to the subduction of
the CO; showing more moderate coupling ratios (0.5-0.65) in NP (e.g,
Kobayashi et al., 2014; LaFemina et al., 2009; Norabuena et al., 2004),
and OP (e.g., Kobayashi et al., 2014; LaFemina et al., 2009). Our results
show similar distribution of high coupling ratios to Feng et al. (2012)
and a scenario in Protti et al. (2001) (> 0.9) in NP. The main differ-
ences are owing to 1. The number and distribution of the GNSS ob-
servation sites inverted in this study is higher on the target area; 2.
Different geometry models of the subduction interfaces (e.g., Kobayashi
et al.,, 2014; LaFemina et al., 2009; Norabuena et al., 2004); 3. The
coupling behavior was not constrained as it was controlled in best
models previously suggested (e.g., Kobayashi et al., 2014; LaFemina
et al., 2009; Norabuena et al., 2004); 4. The MCMC method calculated
all the parameters simultaneously from the horizontal (trench parallel
and normal) and vertical velocity field, while studies as Norabuena
et al. (2004) made inversion of the Euler poles and elastic strain not
simultaneously; and 5. We applied, for the first time, the MCMC method
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for the parameters calculation in this study area, and compare to pre-
vious studies analyzed using DEFNODE (e.g., Kobayashi et al., 2014;
LaFemina et al., 2009) our results reflect less residuals (Figs. S4 and S5).

Inter-seismic elastic deformation in CCR represents more than 60%
of the total displacement budget in this block. Moderate coupling ratios
are shown in Models 1 and 3 for CCR, with maximum ratios in south-
eastern Nicoya Peninsula reaching 0.68 + 0.03 and 0.65 + 0.08, re-
spectively, and low ratios in the surrounding zones (0.02-0.40 in both
models; Fig. S13). Model 2 reflects higher coupling ratios in comparison
to Models 1 and 3, reaching 0.79 = 0.05 in Central Pacific Costa Rica.
We attributed the high elastic deformation calculated in Model 2 to the
counterclockwise rigid motion of the western PM, where the high
coupling ratio in the subduction interface is a neutralization response
against the counterclockwise rigid motion. Nevertheless, this scenario
of high coupling ratios cannot be explained by the historical seismicity
(as it can be explained in the Nicoya or Osa Peninsula) due to the ab-
sence of earthquakes on this interface with a magnitude higher than M,,
7 (Protti et al., 1995).

Model 1 and model 3 offer a driving mechanism that partially agrees
with LaFemina et al. (2009), where the sliver motion of CAFA was at-
tributed to the oblique convergence of CO and the contribution of the
Cocos Ridge subduction. Instead, our results suggest that this driving
motion is the result of the oblique convergence of CO and the con-
tribution of the collision between the CCR-CAFA blocks in south-
western CCR, as a consequence of the Seamount Domain subduction
beneath CCR and the resulting clockwise motion of the CCR block.
Nevertheless, Protti et al. (2001), suggest that the subduction beneath
off Central Costa Rica is weak due to the seamounts acting as small
asperities that break often with moderate events, therefore, does not
transfer significant deformation to the upper plate in Central Costa
Rica, where the stresses cannot propagate far on inland through the
faulting zone. The Cocos Ridge domain is activated northeastward di-
rectly to the PM, resulting in a different kinematic behavior (counter-
clockwise rotation), which is observed in all our models and it could
result unrealistic to expect a strong contribution for the sliver motion of
CAFA.

Although the vertical velocity field in Costa Rica shows high re-
siduals, the inter-seismic elastic deformation in the on-shore area ex-
ceeds 11 mm/yr of subsidence in NP and 14.0 mm/yr in OP in all
models. Southeastern Costa Rica has the highest uplift elastic de-
formation, more than 3mm/yr in all models (Figs. S19-S21). The
higher uplift reflected in southeastern Costa Rica is a dual effect pro-
duced by the subduction of the Cocos Ridge on the CO-PM interface and
the compressive domain produced by the back arc thrust effect of the
CA-PM subduction in northeastern Costa Rica (e.g., Montero et al.,
1992; Suarez et al.,, 1995). The interseismic deformation along the
Pacific coast and northeastern Costa Rica is mainly elastic deformation
and is recovered with every large earthquake (Protti et al., 2001). The
co-seismic deformation is viscous-elastic deformation where the viscous
part remains as permanent deformation bringing up NP, OP and the
coast region of northeastern Costa Rica and produces permanent sub-
sidence along the Nicoya and Dulce gulfs (Protti et al., 2001).

5.3. Elastic deformation due the internal strain

In comparison to the rigid motion and the elastic deformation
produced by interactions along block interfaces, we found in all models
that a small fraction of the total inter-seismic displacement budget is
due to the effect of the internal strain (less than 1% for CCR, CAFA, and
CO, and less than 10% for PM and NZ). Table S3 contains the results of
maximum, minimum, and shear strains and their axes orientations for
all models.

The principal strain axes in CAFA, result in Models 2 and 3 in a
compressive pattern northwestward and an extension pattern north-
eastward, with higher strain values in Model 3, up to 0.39 + 0.16
nanostrain/yr for contraction and up to 0.28 * 0.17 nanostrain/yr for
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extension. In comparison to the other models, Model 1 reflects different
strain axes orientation, characterized by compression of 0.55 + 0.24
nanostrain/yr in the east-west direction and extension of 0.23 + 0.1
nanostrain/yr in the north-south direction (Fig. S22).

In the PM block, the orientation of principal strain axes shows si-
milarities in Models 2 and 3; north-northeastward for compression and
west-northwestward for extension. However, the strain values differ;
Model 2 shows maxima strains of 0.68 + 0.23 nanostrain/yr for con-
traction and 1.62 * 0.54 nanostrain/yr for extension. The highest
value for extension in Model 2 is influenced by the presence of more
observation sites that constrain the western PM; observation sites in the
western PM show short east components of deformation, while more
eastward observation sites show high east component of deformation.
Model 1 also shows a different pattern of principal strain axes in
comparison to other models, with a north-south axis of 0.11 * 0.09
nanostrain/yr for compression and an east-west axis of 0.83 *= 0.25
nanostrain/yr for extension (Fig. 522).

Our results of the internal strain in CCR do not differ significantly,
with regard to the orientation of the strain axes between models that
contain this block. However, both principal strain axes in Model 3 show
a northeastward compression of 0.52 * 0.13 nanostrain/yr and a
northwestward compression of 0.11 = 0.12 nanostrain/yr. On the
contrary, Models 1 and 2 show northeastward compression of
0.59 * 0.18 nanostrain/yr and 0.73 * 0.21 nanostrain/yr, and
northwestward extension of 0.69 = 0.17 nanostrain/yr and
0.24 + 0.21 nanostrain/yr, respectively (Fig. S22). The consequent
shear strain in all models for CCR is consistent with the inland faulting
pattern and the focal mechanisms of the inland seismicity, dominated
by strike-slip events (e.g, Marshall et al., 2000; Arroyo et al., 2014;
Fernandez et al., 1996; Fan et al., 1993; Montero, 2001; Denyer et al.,
2003; Barquero and Rojas, 1994). Nevertheless, Model 1 is in con-
cordance with the extensive pattern defined through northeast striking
faults in CCRDB (Marshall et al., 2000; Denyer et al., 2003).

For models that contain the CCR block, we compared the average
historic seismic moment release rate (M{***) produced inside the
seismogenic volume of the block, with the minimum scalar moment
rate resulting from the principal surface strain rates g and
& M™™ = 2yHA Max (|g |, |&|, l& + &)) obtained from the geodetic
observations (Savage and Simpson, 1997). The seismogenic volume
V = AH is based on the local seismicity catalog of Observatorio Vulca-
noldgico y Sismoldgico de Costa Rica—Universidad Nacional, where A is the
area defined as the CCR block edges minus an offset of 5 km in order to
avoid contamination from the seismicity produced in the block inter-
faces. H corresponds to the bottom depth level of 90% of the accu-
mulative distribution of the inland seismicity (e.g., Tanaka, 2004; Cho
and Kuwahara, 2013) and u is the rigidity (32 GPa). This comparison
shows that Models 1 and 3 reflect a M{e!e®e)/p (™M) ratio of 2.11 and
2.61, respectively (Fig. S23). A better balance between the historic
seismic moment release rate and the minimum scalar moment accu-
mulation rate is obtained from Model 1.

5.4. Slip deficit and earthquake potential in Costa Rica

Model 1 is more consistent with the criteria presented in session 5.1,
5.2, and 5.3 (Table 3). From this model, we obtained the slip deficit
rates on the block interfaces (equation (4)) based on the interaction
between the rigid motions of two blocks defined by their Euler poles
and the coupling ratio in the boundary interface (Figs. 4 and 5). Taking
into account the slip deficit rate on a certain boundary, we estimated
the seismic moment accumulation rate as M, = uA SDR, where y is the
rigidity (32 GPa), and A and SDR represent the locked area and the slip
deficit rate on the block interface, respectively. We compiled a list of
M > 6 earthquakes from previous studies in order to calculate the total
seismic moment released from the year 1798 for subducting earth-
quakes and M > 5.5 earthquakes from the year 1772 for inland
earthquakes (e.g, Peterson and Seno, 1984) (Tables S4 and S5,
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respectively). We assumed that the seismic moment in a whole segment
or sub-fault is accumulated only as elastic strain and is released co-
seismically. This assumption represents an upper limit of the earth-
quake potential since additional effects may contribute to the release of
accumulated slips, such as the post-seismic deformation, plastic de-
formation, and the occurrence of slow slip events (e.g., Jiang et al.,
2012) (see discussion about the contribution of slow slip events in NP
and surroundings identified in previous studies below).

Outside of the CCR block, three zones reflect a high concentration of
coupling ratios that produce high slip deficit rates due to the CO-CAFA
convergence (Fig. 4). In the NP, a locked area of ~5400 km? shows a
weighted average of slip deficit rate of 62.1 *+ 2.0 mm/yr, equivalent
to a seismic moment accumulation rate of 10.7 = 0.35 x 10'8J/yr
(Fig. S24 and Tables S6 and S7). Based on Hanks and Kanamori (1979),
the historical seismicity reaches a total release seismic moment rate of
~3.65 x 10'8J/yr, resulting in a seismic moment deficit rate of
7.05 + 0.35 x 108 J/yr, enough deficit to produce a M,, 8.1 earth-
quake every 225 *= 11 years.

Close to the previously described zone, a smaller zone in northern
NP shows a moderate coupling ratio of 0.48 + 0.07 consistent with a
concentration of asperities (Fig. 4). This subducted zone reflects a slip
deficit rate of 35.61 * 4.81 mm/yr, representing a seismic moment
accumulation rate of 13.45 + 1.82 x 10'7 J/yr (Fig. S25 and Tables S8
and S9). The largest reported historical earthquake in this zone was in
1950 with an M 7.7 (~3.98 x 102°J) (Table S9); it resulted from a
recurrence period of 296 = 41 years for M,, 7.7 earthquakes or
53 *+ 7 years for M,, 7.2 earthquakes.

If previous two zones being released as a single segment, a locked
area of ~7600km? and a weighted average of slip deficit rate of
49.9 * 2.41 mm/yr, could represent a seismic moment accumulation
rate of 12.1 + 0.58 x 108 J/yr (Fig. $26 and Tables $10 and S11).
Both groups of historical seismicity released a total seismic moment
rate of ~6.59 x 10'8J/yr, keeping a seismic moment deficit rate of
5.51 + 0.58 x 10'®J/yr, enough deficit to produce a M,, 8.1 earth-
quake every 288 * 31 years.

On the CO-CCR subduction interface in southeastern NP, the re-
sulted coupling ratios reach 0.68 = 0.03, consistent with the evidence
of asperities based on historical earthquakes (Table S4). We evaluated
an area of ~4100 km? showing a weighted average of slip deficit rate of
32.23 += 3.9mm/yr, equal to a seismic moment accumulation rate of
42.06 + 4.16 x 10'7 J/yr (Fig. S27 and Tables S12 and S13). Histor-
ical seismicity discloses a total release seismic moment rate of
~15 x 107 J/yr, maintaining a seismic moment deficit of
27.06 + 4.16 x 10'7 J/yr equivalent to a M,, 7.4 earthquake every
52 + 8 years. This recurrence interval is similar to a period of 54 *+ 4
years proposed for earthquakes with magnitude 7.0 (based on not
complete enough earthquake catalogs) in Protti et al. (1995). We sug-
gest that the contribution of slow slip events in the entrance of the
Nicoya gulf and the aseismic creep along the gap between seamounts
reflects the differences between these two earthquake magnitudes for
these similar recurrence intervals (see discussion about the contribution
of slow slip events in this segment below).

High slip deficit rates reflected in high coupling ratios expose a
locked area of ~16,500 km? in southeastern Costa Rica (CO-PM), be-
neath the Osa Peninsula (Fig. 4). The weighted average of the slip
deficit rate in this zone is 62.01 = 5.02 mm/yr, equivalent to a seismic
moment accumulation rate of 32.83 + 2.66 x 10'8J/yr (Fig. $28 and
Tables S14 and S15). In comparison with NP, in OP, the historical
seismicity (Table S15) reveals a wider zone of asperities that releases a
seismic moment rate of ~8.11 x 108 J/yr, maintaining a seismic mo-
ment deficit of 24.72 * 2.66 X 10'®J/yr. This high seismic moment
deficit rate is comparable to a M,, 8.3 earthquake every 128 * 14
years. Nevertheless, records of historical earthquakes along this seg-
ment did not show earthquakes M,, > 8, suggesting that additional
tectonic effects may be contributing to the release of accumulated slips,
such as the post-seismic deformation, the shortening along the forearc
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Table 3
Criterions for selection of the best model.
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Criterions for Best Model Selection

Criterion Adopted Model 1  Model 2  Model 3
Less residuals between OBS and CAL of the ISD in the surface. Yes Not Yes
RM of NW PM reflects relative collisions with CA consistent with FMS of Mw 7.7 VE EQ (e.g, Protti and Schwartz, 1994). Yes Not Yes
CCR shows an extensive pattern in consistency with transtension across NE striking faults (e.g., Marshall et al., 2000). Yes Not Yes
CCR-CAFA interface shows relative LLM consistent with FMS of the 1924 M 7 OR EQ and the 1990 M 5.7 PN EQ (e.g., Jacob et al., 1991; Yes Not Not
Fernandez, 1996) and consistent with LLM faults as BF, TF and LGF (Denyer et al., 2003).
CCR-PM interface shows relative extension combined with LLM, consistent with FMS with normal and LLM components as the 1983 M 6.1 BVEQ. Yes - Yes
(e.g., Protti and Schwartz, 1994; Boschini et al., 1988).
CCR-CA interface shows relative compression consistent with the presence of reverse faults as MF, GF and SMF (Denyer et al., 2003). Yes Not Yes
CO-CCR subduction interface reflects LCR consistent with the lack of asperities based on HEQ. (e.g., Protti et al., 1995). Yes Not Yes
Better explanation about the DM of CAFA due to the contribution of the CCR-CAFA collision. Yes Not Yes
Better balance between the HSMRR with the SMAR. Yes - Not

OBS: Observed; CAL: Calculated; ISD: Inter-seismic deformation; RM: Rigid motion; NW: Northwestern; FMS: Focal mechanisms solutions; BF: Barranca fault; TF:
Tarcoles fault; LGF: La Garita fault; MF: San Miguel fault; GF: Guapiles fault; SMF: Siquires-Matina fault; VE: Valle de la Estrella; EQ: Earthquake; NE: North-East;
LLM: Left Lateral Motion; BV: Buenavista; LCR: Low coupling ratios; HEQ: Historical earthquakes; DM: Driving mechanism; SMAR: Scalar moment accumulation rate;

HSMR: Historic seismic moment release rate.

and back arc of the Paleo-volcanic Cordillera de Talamanca estimated
in 4-10 mm/yr (Fisher et al., 2004), and the occurrence of slow slip
events as it is known in Nicoya Peninsula (e.g, Dixon et al., 2014; Jiang
et al., 2012; Outerbridge et al., 2010).

In CCR, along the inland CCR-PM interface (Fig. 5), two segments
show the highest slip deficit rates. Historical seismicity records reveal
an M 7 earthquake in 1948 close to this interface (Table S5). A
weighted average of the slip deficit rate of 3.3 = 0.3 mm/yr in a locked

area of ~1900 km? represents a seismic moment accumulation rate of
19.7 + 1.88 x 10 J/yr (Fig. 29 and Tables S16 and S17), capable of
producing M,, 7 earthquakes every 180 * 16 years. Nevertheless,
evidence of faults along these segments are limited (Denyer et al.,
2003). In addition, if the M 7 earthquake in 1948 is considered as an
asperity released along the PM—-CA interface, the second largest earth-
quake is the M 6.5 earthquake in 1939 (Table S17). The equivalent
recurrence period for an M 6.5 earthquake is 65 + 7 years in a locked
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Fig. 4. Slip deficit rates (SDR) and historical seismicity due to the block interaction in subduction interfaces.
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area of ~900km?* and a seismic moment accumulation rate of
9.7 + 1.08 x 10'° J/yr.

The northeastern inland CCR-CAFA interface includes a segment
with a slip deficit rate of 3.7 = 0.2 mm/yr, equal to a seismic moment
accumulation rate of 16.8 = 0.91 x 10'®J/yr in a locked area of
~1400km? (Fig. $30 and Tables S18 and $19). If the 1924 M 7.0 Or-
otina earthquake is adopted as a result of asperity on this interface, we
can expect a M,, 7 earthquake every 211 =+ 11 years along this inter-
face.

The southeastern segment of the CAFA-CA boundary shows the
maximum inland slip deficit rate close to the Metropolitan Area in Costa
Rica, reaching a rate of 8.9 * 0.8 mm/yr (Fig. 5), with an equivalent
seismic moment accumulation rate of 33.4 + 3.0 X 10'®J/yr along an
interface area of ~1200 km? (Fig. S31 and Tables S20 and S21). An
earthquake M 7.3 was reported close to this interface in 1939 (Table
S21), where we estimated a recurrence period of 299 + 27 years for
this earthquake magnitude. Taking in account that this segment is
characterized by an unclear faulting pattern (Denyer et al., 2003;
Rodriguez, 2017) and if we assume that the M > 7 earthquakes (in
1916 and 1939) do not correspond to this segment (due to the un-
certainties in location and magnitude of historical earthquakes), we can
expect an M 6.9 earthquake every 75 * 7 years in this block interface.

The slip deficit rate determined in the CA-PM subduction interface
reflects lower rates in comparison to those obtained along the con-
vergence of CO. The weighted average of slip deficit rate for this zone is
1.6 = 0.2mm/yr, but this result is not well constrained by the geodetic
observation.

Inversion of slow slip event vectors demonstrated that this kind of

events are commonly placed at the entrance of the Nicoya Gulf
(depth > 25km) and off-shore (depth < 20 km) in front of the central
coast of NP (Dixon et al., 2014; Jiang et al., 2012; Outerbridge et al.,
2010; Voss et al., 2018, 2017). Large events at the entrance of the Ni-
coya Gulf propagate down-dip of the main earthquake rupture areas,
while small off-shore events propagate up-dip to the trench (Dixon
et al.,, 2014). Slow slip events M > 6.5 show recurrence intervals of
20-27 months beneath of NP (e.g., Jiang et al., 2012; Voss et al., 2017)
and results of released seismic moment from 2007 to 2012 was
1.6 x 10%°J, equivalent to an M 7.5 earthquake (Dixon et al., 2014).
This budget of seismic moment released by slow slip events represents a
significant amount of energy that can reduce the earthquake potential
in locked segments of NP, however the produced slip may also increase
the potential in adjacent segments (e.g, Segall et al., 2006). Similar
behavior can be occurred beneath OP, but the GNSS network in this
peninsula is more recent than in NP, keeping the interest for evaluating
the occurrence of this kind of events in OP.

6. Conclusions

We analyzed here the inter-seismic crustal deformation in Costa
Rica and the neighborhoods based on the results of the geodetic ob-
servations with different coverages of the CCRDB zone. The best results
were obtained from the outlined CCRDB zone inferred from Marshall
et al. (2000).

Assuming that the seismic moment in the subduction and inland
interfaces is accumulated only as elastic strain and is released co-seis-
mically, the resulting seismic moment accumulated rates reflect
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capacity for producing M,, 8.1 earthquakes every 225 = 11 years in
southwestern Costa Rica, M, 7.4 earthquakes every 52 + 8 years be-
neath CCR, and M,, 8.3 earthquakes every 128 *= 14 years in south-
eastern Costa Rica, as the upper limits of the earthquake potential
produced by the Cocos Plate convergence. Since no events with such
magnitude have ever been recorded in Costa Rica, the model results
might be giving an overestimated seismic potential occupied by addi-
tional tectonic effects as the post-seismic deformation, plastic de-
formation, and the occurrence of slow slip events.

We remark that these results may be significantly dependent of the
occurrence of slow slip events. These events represent an important
amount of energy released along the subduction interface of the Cocos
plate beneath Nicoya Peninsula and probably in Osa Peninsula. Slow
slip events can reduce the earthquake potential in the locked segments
considered in this study, but these events may also increase the po-
tential in adjacent segments.

Along the inland interfaces, the resulted seismic moment accumu-
lated rates reflect upper limits of the earthquake potential up to M,, 7
earthquakes every 180 + 16 years along the CCR-PM interface, M,, 7
earthquakes every 211 =+ 11 years in northeastern CCR-CAFA inter-
faces, and M,, 7.3 earthquakes every 299 =+ 27 years in the south-
eastern CAFA-CA boundary.

The unclear faulting pattern around the Central Costa Rica block
and the uncertainties in location and magnitude of historical earth-
quakes may disesteem the occurrence of M > 7 earthquakes on the
inland interfaces. Both historical and current seismicity in Central Costa
Rica is very disperse inside the entire CCR block, indicating a very
dense array of multiple faults that are probably redistributing strain and
strain release over a volume and not necessarily along discrete block
boundaries. Nevertheless, the historical seismicity in Costa Rica is still
short for disesteeming higher earthquake potential levels along these
segments.
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