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Abstract

Costa Rica has several active shallow (depth < 15 km and Mw > 5.3) crustal faults near towns with
high seismic hazard. We present three critical deterministic hazard scenarios in San José city for
the Bello Horizonte, Cipreses, and Rio Azul faults systems, with Mw 6.2, 6.3 and 6.6, and closest
distances to the rupture surfaces of 5.0 km, 4.3 km and 5.2 km, respectively (from the capital
center). We estimate accelerations in rock and soil conditions using adapted amplification factors.
The results show Peak Ground Acceleration values reaching 0.6 - 0.8g in San José and the Gran
Area Metropolitana of Costa Rica, including soil conditions, the scenarios for the Cipreses and Rio
Azul faults being the most hazardous. We also estimated the response spectra for specific locations,
comparing them with those spectra based on the seismic code for Costa Rica. We found that the
code spectra were exceeded for rigid and medium soils in short structural periods, but they were
conservative for softer soils. Finally, to highlight the relevance of our scenarios, we estimated the
deformation using InSAR techniques and a potential fault reactivation assessment by analyzing slip
and dilation stress tendencies. The small deformation observed (< 3mm/year) compared with
nearby deformation in the Aguacaliente-Navarro fault systems (over 1 cm/year), could indicate
either gradual stress accumulation or that scarce energy is being released seismically. Furthermore,
analyses of the stress tendencies in the 3 faults indicate a high potential fault reactivation in a short-
medium term hazard. San José has not suffered severe earthquake destruction in the last 500 years,
although the occurrence of an earthquake such as the scenarios modeled could cause significant
losses given the high exposure and vulnerability of the city. Our results provide a further step in
seismic risk assessment for San José aimed at development of mitigation measures.

Key Words: Faults, Maximum magnitude, Site effects, Seismic hazard, Stress state, Seismic code,
San José Metropolitan Area, DSHA, Seismic scenario, Central America.
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1 INTRODUCTION

Costa Rica is characterized by high seismicity of intermediate magnitude earthquakes (5.0 < Mw <
7.7). This earthquake activity is mainly generated in the subduction zone between the Cocos and
Caribbean plates, and along the volcanic arc faults. The Gran Area Metropolitana (GAM), which is
the most populated region in Costa Rica, including San José (the country’s capital), has been affected
by numerous destructive earthquakes throughout its history, due to its location surrounded by the
complex fault system of the Central Valley. The GAM has approximately 2.6 million inhabitants
(approximately 60% of the country's population) and an area of 2044 km? (slightly over 4% of Costa

Rica's total area).

Several earthquakes of epicentral intensity greater than VIII have occurred on faults in the Central
Valley and have caused destruction in towns in the GAM, such as Cartago and Heredia, although
there are no reports of major damage in the Central Canton of San José (CCSJ), the political and socio
-economical heart of Costa Rica since 1823. However, some active fault systems near the CCSJ,
located within the GAM, could generate critical hazard scenarios in the CCSJ. Furthermore, given the
conditions of exposure and vulnerability, which currently exist in this population center, these
scenarios could also be critical in terms of seismic risk, leading to significant human and material

losses.

In this research, we analyze and characterize critical scenarios that could be generated on faults close
to the city of San José. We identify the local faults and their possible maximum magnitudes,
highlighting three critical scenarios with high hazard for the city. We then simulate the corresponding
expected ground motions using a deterministic approach. Accelerations were simulated firstly at
generic rock sites, applying different Ground Motion Prediction Equations (GMPEs) considered
suitable for the region. Data compiled from different sources were then used to create a soil conditions
map, considering the classification proposed by the National Earthquake Hazards Reduction Program
(NEHRP, 2020), so that the ground motions were characterized for the three proposed scenarios,
including the local effect. Finally, we characterize the three critical scenarios in terms of PGA and

response spectra, considering the soil conditions.
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Our results are of particular interest with regard to assessing and calibrating the building design code
in the country's capital and subsequently determining the seismic risk, thus facilitating the
development of suitable emergency plans and mitigation measures. Bearing in mind the
abovementioned situation, this research seeks to quantify the accelerations that can be expected in the
CCSJ due to critical ruptures on nearby faults, in turn providing a basis on which to subsequently

quantify the associated losses and adopt the necessary mitigation measures.

In addition to simulating the expected motions, a complementary approach was carried out aimed at
evaluating the deformation rates in the CCSJ (using MT-INSAR techniques) and the slip-dilatation
stress tendencies of the three faults analyzed in the study area, with the objective of compiling data

that provides an idea of the slip rate accumulating and the potential for reactivation of these faults.

2 TECTONIC FRAMEWORK AND RISK FACTORS

2.1 SEISMOTECTONIC CHARACTERISTICS

The tectonic framework of Costa Rica is characterized by its location on the southwestern part of the
Caribbean Plate, where the Pacific coast is deformed by the subduction of the Cocos Plate under the
Caribbean Plate and Panama Microplate (Fig. 1) (Protti et al., 1995; DeMets et al., 2010) and where a
significant deformation in the forearc has developed over time (Fisher et al., 2004; Sak et al., 2009;
Morell et al.,, 2012; Mescua et al., 2017). DeMets et al. (2010) identified differences in the
convergence rates, with a range of 85-87 mm/year in the north and up to 92- 95 mm/year in the south

of Costa Rica.

On the southeastern side of the Caribbean plate is the Panama Microplate. A zone of crustal
deformation exists at the boundary of the Panama Microplate with the Caribbean plate to the north,
where many authors have pointed to an incipient subduction of the Caribbean plate under the Panama
microplate (e.g., Alvarado et al., 2017; Arroyo and Linkimer, 2021b; Bourke et al., 2023). To the
south of the Panama microplate, there is also a ‘triple point’ where the Cocos and Nazca plates are

separated by the Panama Fracture Zone (PFZ), a transform fault that is subducted under the Panama
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Microplate. Furthermore, on the western side of the Caribbean plate is the Central American Sliver
(CAS) (i.e., Montero et al., 2017; Araya and Biggs, 2020), which moves at a rate of about 9 to 14
mm/year towards the northwest and parallel to the Middle America Trench. The origin of the CAS is
related to the oblique convergence between the Cocos and Caribbean plates or to the collision of the

Cocos Ridge with southern Costa Rica (LaFemina et al., 2009; Fig. 1).
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Figure 1. Tectonic framework of Costa Rica. The grey-shaded area corresponds to the Central
America Sliver (CAS), and the region within the dotted lines represents the Central Costa Rica
Deformed Belt (CCRDB). The thicker dotted line, located next to the VAF label, represents the
simplified northeastern boundary of the Central American Forearc Block along the Volcanic Arc
Faults. NPDB is the North Panama Deformed Belt, and PFZ is the Panama Fracture Zone. The red
triangles represent the Quaternary volcanoes along the volcanic arc, the orange square represents
downtown San José, and the numbered stars represent the most relevant earthquakes for central Costa
Rica mentioned in the text: 1) 1841 Mw 6.4 San Antolin, 2) 1888 Mw 6.0 Fraijanes, 3) 1910 Mw 6.4
Cartago, 4) 1924 Mw 7.0 Orotina, 5) 1990 Mw 5.7 Piedras Negras, 6) 1991 Mw 7.7 Limén, 7) 2009
Mw 6.2 Cinchona, and 8) 2016 Mw 5.5 Capellades. The faults mentioned in the text and associated
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with these earthquakes are shown in red and labeled as AgF: Aguacaliente Fault, AIF: Alajuela Fault,
AnF: Angel Fault, LaF: Lara Fault, LiF: Liebres Fault, PF: Picagres Fault, and TarF: Tarcoles Fault.

Central Costa Rica could be subdivided into an internal forearc, with a predominance of Neogene
sedimentary and volcanoclastic rocks (Denyer and Arias, 1991), and an external forearc, characterized
by the presence of Paleogene and Neogene volcanic and sedimentary rocks (Denyer and Alvarado,
2007). The Central Valley of Costa Rica and specifically, the city of San José, is framed within a
diffuse plate boundary zone called the Central Costa Rica Deformed Belt (CCRDB) (Fig. 1), where
the Caribbean plate, the CAS, and the Panama microplate interact (Montero et al., 2013; Montero et
al., 2017). Much of the seismicity in central Costa Rica is shallow and closely related to a complex
fault system within the CCRDB, considered the western boundary of the Panama Microplate (Fan et
al., 1991; Marshall et al., 2000). This is a transpressive deformation zone that includes sinistral strike-
slip faults with strikes E-W to ENE, dextral faults with NW to N strikes, and thrust faults with WNW

strikes (Marshall et al., 2000; Montero, 2001).

2.2 RISK FACTORS IN THE CENTRAL CANTON OF SAN JOSE (CCSJ)

Masonry and precast reinforced concrete are the most common building typologies in Costa Rica
(Calderon and Silva, 2019). Approximately 1.18 million structures have been identified and classified
into 34 building classes, with more than 97% contained within 15 classes of low-rise structures of
reinforced masonry, wood, and precast reinforced concrete. Previous probabilistic seismic
vulnerability and risk assessments identified the most significant loss potential for Costa Rica as being
mainly concentrated in the Central Valley in the GAM, which embraces four of the seven provincial
capitals (Calderon and Silva, 2019). The estimated average annual losses in this region exceed 1
million USD in more than 20 districts. The CCSJ is part of the San José province with an area of 45
km?, representing approximately 0.1% of the country's total territory. It is the most important city in
terms of commercial activity and population, with an estimated population of around ~349,000
inhabitants (INEC, 2021), a housing stock made up of ~73,000 residences (Calderon and Silva, 2019)
and a population density of 7,700 inhabitants/km?. This canton is highly urbanized, with only 3% of

1ts urban land available for construction.
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According to the National Census of 2011, 63.4% of the buildings in the CCSJ were in good condition,
29.1% fair, and 7.5% were in poor condition. If the data from the 2011 census is compared to that of
the 1973 census, a generalized decrease in the relative proportion of dwellings in good condition can
be observed in almost all districts of CCSJ, along with a decrease in the number of dwellings in poor

condition, and an increase in those in fair condition (INEC, 2011).

As regards the vulnerability of the CCSJ, it should also be mentioned that much of the building stock
was built prior to the seismic resistance regulations which came into force in 1974 (Alvarado and
Cordero, 2021) and that almost 25% of the buildings are self-built and therefore lack seismic resistant
design (CFIA, 2022). In summary, given the high seismic potential of the Central Valley faults along
with the high degree of vulnerability and exposure of the CCSJ, the high seismic risk to which the

country’s capital is exposed can be affirmed.
3 SEISMIC BACKGROUND

3.1. SOME SIGNIFICANT HISTORICAL EARTHQUAKES NEAR SAN JOSE

One of the most damaging earthquakes affecting the CCSJ occurred on September 2, 1841, with an
estimated magnitude of Mw 6.4 (Figs. 1, 2 and 3). Known as the San Antolin earthquake it destroyed
the city of Cartago, at epicental distance (Rep) around 6 km with a maximum intensity of IX in
Modified Mercalli intensity scale (Imm). In San José, the intensity Imm was between VII and VIII with
36 fatalities being recorded. Based on this earthquake, the first construction regulations were
developed in the country (Alvarado and Cordero, 2021). The San Antolin earthquake was associated
with the Lara fault (Fig. 3), east of San Jos¢ (Peraldo and Montero, 1999). Another important
earthquake occurred in the Central Valley on December 30, 1888, with Imm VIII and Mw 6.0 (Figs.
1,2 and 3). Maximum intensity was observed at Rep 4 km. This earthquake is known as the Fraijanes
earthquake and it caused severe destruction in the northern part of the Alajuela fault (Fig. 3),
(Alvarado et al, 1988). More recently, Montero et al. (2010) associated the 1888 Fraijanes earthquake

with the central sector of the Angel fault (Fig. 1).
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On May 5, 1910, one of the most memorable earthquakes of the 20th century occurred, with
epicentral intensity Imm VIII and Mw 6.4. The earthquake destroyed the city of Cartago, located at 6
km from the epicenter, causing ~600 victims (including both the dead and missing), along with 5000
injured (Figs. 1 and 2). This event was felt practically throughout all of Costa Rica. The intensities for
the CCSJ, as well as for several areas of Heredia and Alajuela, were reported up to Imm V (Montero
and Imamura, 1981). This earthquake is thought to have originated from the Aguacaliente fault (Fig.
3), which is located south of Cartago (Montero and Miyamura, 1981; Montero et al., 2005). Another
important earthquake that affected the central Pacific side of the country and the Central Valley was
the Orotina event, which occurred on March 4, 1924, and had a maximum Imm of X (Rep 10 km) and
Mw 7.0 (Figs. 1 and 2). This earthquake occurred beyond the Central Valley but affected the CCSJ,
causing extensive damage to the civil infrastructure and it was associated with the Tarcoles fault
(Montero, 1999), although some other authors consider that it was most likely to have been a

subduction event (Arroyo-Solorzano and Linkimer, 2021).
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Figure 2. Temporal evolution of the seismicity originated from crustal faults in the Costa Rica
seismic zone C6 (Central Valley and Volcanic Range; Alvarado et al., 2017) with magnitudes Mw > 5.
The red circles correspond to the events highlighted in the text, and the star corresponds to the
earthquake with the highest magnitude registered in Costa Rica.
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Hence, over the last 200 years, four destructive earthquakes (1841, 1888, 1910, and 1924) have taken
place either within or near the Central Valley (Fig. 3). These earthquakes, all of Mw > 6.0 (Figs. 1, 2
and 3), seriously affected the CCSJ although they did not cause severe destruction in the capital city.
Those earthquakes occurred over a period of less than 100 years. However, in the last century there
have been no earthquakes greater than Mw 6.0 in the Central Valley, where only two relevant events,

one of Mw 5.7 and the other 5.5, have occurred (Fig. 3).

On December 22, 1990, the Mw 5.7 Piedras Negras earthquake occurred in the southern part of
Alajuela (Figs. 1, 2 and 3), resulting in intensities from VI to VII in the western part of CCSJ (Rep 12
km). This earthquake was attributed to the Picagres fault (Montero and Rojas, 2014). Another event
occurred on April 22, 1991, known as the Limoén earthquake (Mw 7.7), this being the maximum
instrumentally measured earthquake magnitude in Costa Rica (Figs. 1 and 2) (Arroyo-Solorzano and
Linkimer 2021; RSN, 2021), with a maximum intensity of Imm X at 25 km from the epicenter . This
earthquake was highly destructive and caused severe losses on the Caribbean side, including 102
deaths and 582 people injured. It originated in a major seismic source at the North Panama Deformed
Belt (NPDB) (Fig. 1), where incipient subduction of the Caribbean plate under the Panama microplate

is postulated (e.g., Alvarado et al., 2017; Arroyo and Linkimer, 2021; Bourke et al., 2023).

Finally, the most recent relevant events in Central Costa Rica were the January 8, 2009 (Mw 6.2)
Cinchona earthquake and the November 30, 2016 (Mw 5.5) Capellades earthquake (Figs. 1, 2 and 3).
The former occurred on the northern slopes of the Pods volcano, associated with a northern branch of
the Angel fault (Montero et al., 2010), and had a maximum intensity Inm IX at epicentral distance of 6
km, causing 25 deaths, 15 missing and 300 people injured. It caused great destruction to the
infrastructure and roads around the epicentral zone (Barquero et al., 2009). The Capellades earthquake
occurred in the proximity of the Turrialba and Iraz( volcanoes and allowed a previously unmapped
fault to be defined; namely the Liebres fault (Linkimer et al., 2018). The maximum intensity report
estimated Imm to be VI in the epicentral area, where damage to several houses, landslides and falling

objects were reported (RSN, 2021).
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3.2. PREVIOUS SEISMIC HAZARD STUDIES IN COSTA RICA (ESTIMATES IN ROCK
CONDITIONS)

Several previous studies concerning seismic hazard assessment, both deterministic and probabilistic,
are worthy of mention. The first hazard study in Central America was carried at national scale by the
John Blume Earthquake Engineering Center, of Stanford University, California, in the mid-1970s. In
Costa Rica, Mortgat et al. (1977), carried out the first study using a probabilistic methodology, which
resulted in isoacceleration (PGA) and isoduration maps for return periods (RP) of 50, 100, 500 and
1000 years. These maps provided the basis for the Seismic Code of Costa Rica of 1986 (CFIA, 1987).

The PGA value for San José was 0.31 g for a RP of 500 years.

Laporte et al. (1994) subsequently carried out a probabilistic study (using a logic tree) at national level,
employing an attenuation model developed for the Central American region (Climent et al., 1994).
Their results included PGA maps for RP of 50, 100, 500, and 1000 years, hazard curves for San José
and Golfito, as well as uniform hazard pseudo-velocity spectra. In the case of San José, a PGA value

of 0.37 g was estimated for a RP of 500 years.

Rojas et al. (1998) implemented a probabilistic assessment combining fifteen seismic source areas and
five active fault systems, using the attenuation model of Schmidt et al. (1997). This study produced
three PGA maps for the Central Valley, for return periods of 50, 100 and 500 years, obtaining a PGA
value for San José of 0.53 g for a RP of 500 years. Fernandez and Rojas (2000) published a Costa
Rica seismic hazard map for a 500-year RP, based on 21 crustal and 2 intraplate seismic source areas.
They applied the attenuation models of Schmidt et al. (1997) and obtained a PGA of 0.42 g for the
city of San José. Another national study was carried out by Rojas et al. (2005) for the National
Insurance Institute (INS), which included 36 seismic zones, divided into 27 crustal sources and 9
related to the subduction (interplate and intraplate). A PGA value of 0.51 g was estimated for San José
for a RP of 500 years. Studies prior to 2002 were considered for the 2003 updating of the Seismic

Code of Costa Rica (CFIA, 2003) using a minimum RP of 500 years for the design.

Another hazard study was carried out within the framework of the RESIS II Project (Benito et al.,

2010; Benito et al., 2012). This was also a zoned probabilistic study for Central America, considering
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crustal, interplate and intraplate subduction zones on a national scale, resulting in PGA maps for RP
of 500, 1000, and 2500 years. In the case of the metropolitan area of San José, the PGA values
estimated in that study were around 500 gal for a RP of 500 years, similar to the value estimated by
Rojas et al. (1998) and Rojas et al. (2005), although slightly higher than the estimations by Laporte et
al. (1994) and Fernandez and Rojas (2000). A dominant earthquake in San José for a RP of 500 years,
characterized by the magnitude-distance pair (Mw = 6.5, R =0 - 15 km) was also determined through
disaggregation analysis as part of the RESIS II project. According to this analysis, some local faults in
the Central Valley present such a capacity and are compatible with the characteristics obtained for
magnitude and distance of the control earthquake. The results of this study were used to develop the

Seismic Design Guidelines for Bridges of Costa Rica (CFIA, 2013).

A recent regional study was undertaken by Salgado-Galvez et al. (2022), who slightly modified the
seismic zonation of Alvarado et al. (2017) and produced a seismic hazard map for the Caribbean and
Central America based on a stochastic event approach. These authors considered probabilistic
estimations of earthquake losses at national scale, which are used as triggers for underpinning
parametric earthquake insurance. This latter regional study provides an interesting approach, although

mainly for practical purposes and for insurance companies.

The most recent probabilistic seismic hazard study for Costa Rica was undertaken by Hidalgo-Leiva
et al. (2023) using the seismic zonation proposed by Alvarado et al. (2017). In this study, the seismic
source model parameters were updated, each seismic source was characterized, and weighted ground-
motion models were used for each of the tectonic domains. These authors obtained PGA maps for a
RP of 475 yrs and 2475 yrs, and subdivided the country into four seismic hazard levels: 1) extremely
high for the Nicoya, Osa, and Burica peninsulas, situated directly above the subduction interplate zone
(PGA 0.55-1.20 g), 2) very high for most of the Guanacaste Province in the northwestern part of the
country (PGA 0.55-0.70 g), 3) high for most of the country (~41%, PGA 0.40-0.55 g) including
Central Costa Rica and San Jos¢, and 4) moderate for the Talamanca Cordillera and Northern Costa

Rica (PGA up to 0.40 g).

4 SEISMIC HAZARD CALCULATION
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A deterministic approach was used to characterize some of the possible more critical seismic hazard
scenarios in San José. The distribution of PGA linked to these scenarios was estimated according to
the following steps: 1) identification of possible ruptures and magnitude of the events which could
produce the highest ground motion in the city, 2) estimation of PGA distribution for rock conditions
by applying selected GMPEs, 3) compilation of geotechnical and geophysical data to produce a soil
condition map for the GAM, 4) estimation of PGA including the local effect, considering the soil

categories given by NEHRP (2020). The following two sections describe these four steps.

4.1. DEFINITION OF THE CRITICAL RUPTURE SCENARIOS

Three critical scenarios were selected as being those which possibly pose the greatest hazard to the
CCSJ according to magnitudes calculated using the scaling relationships from Stirling et al. (2002).
This scaling relationship offers a magnitude-length and magnitude-area relation, developed to
compare pre-instrumental and instrumental events using ordinary least squares regression. The
authors used data from 389 worldwide earthquakes with magnitudes between Mw 4.6 and 8.7
(Stirling et al., 2002), complementing the dataset compiled by Wells and Coppersmith (1994).
Moreover, it fulfills the criteria suggested by Stirling et al. (2013) for the selection of earthquake
magnitude scaling relationships in seismic hazard assessments, based on peer-reviewed publication,

tectonic relevance, global usage, and recent data (preferably less than 30 years old).

The scenarios correspond to ruptures in the Belo Horizonte-Patalillo, Rio Azul and Cipreses faults,
the locations of which can be seen in Figure 3. Based on these scenarios, we used a deterministic
approach to characterize the soil acceleration associated with these three ruptures. The rupture lengths
were estimated from fault traces reported by Montero et al. (2005) for the Belo Horizonte-Patalillo
and Rio Azul faults and by Rodriguez et al. (2019) for the Cipreses Fault. A revised version of the
mapped fault traces for the Belo Horizonte-Patalillo and Rio Azul faults was developed by Montero et
al. (2016). The proposed rupture area for the Belo Horizonte-Patalillo Fault presents a dip angle of
30° to the southwest along a fault plane extending 7 km along the dip. Although the Belo Horizonte-
Patalillo Fault is seismically active (Montero et al., 2005), the seismicity shows significant dispersion.

We believe the Belo Horizonte-Patalillo fault plane thrusts under the western side of the Cerros de

11
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Escazli and is limited to the west by its regional divide (see divide and epicenter in Fig. 3). The

estimated dip angle is typical of thrust faults. The rupture area for the Rio Azul Fault is calculated for

a vertical fault plane extending from the surface to a depth of 15 km. The Rio Azul shows a linear

trace crossing different topographic features. Typical depths of the shallow crustal earthquakes in the

Central Valley are between 0 and 15 km. The rupture area for the Cipreses Fault is estimated

according to the model proposed by Rodriguez et al. (2019) for a fault plane dipping 25° to the east

and down-dip 9.2 km from the surface trace. The dextral strike-slip Lara Fault limits the eastern

border of the Cipreses rupture area. The rupture lengths, rupture areas, and dip angles of the three

seismic scenarios are included in Table 1. The estimated magnitudes of the critical scenarios were

Mw 6.2 for Belo Horizonte, Mw 6.6 for Rio Azul, and Mw 6.3 for the Cipreses fault.

Although our main interest is focused on the CCSJ for the purposes of risk assessment, the hazard

scenarios associated with the three critical ruptures have been produced for the entire GAM, taking

advantage of the existence of microzonation data for that area, particularly given that there are also

populations which, despite having lower exposure levels than San José could also be seriously

affected.
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Figure 3. Seismic sources considered for seismic risk assessment in the Central Canton of San José
(CCSJ). The fault rupture planes for the scenarios are represented by shaded colors. The traces of the
Quaternary faults are represented in magenta and are taken from the Costa Rica Tectonic Atlas
(Denyer et al., 2003). The faults associated with the historical earthquakes presented in section 3.1 are
highlighted and labeled. The seismicity corresponds to shallow earthquakes (< 30 km) from the
National Seismological Network earthquake catalog (RSN, 2021).

4.1.1. Belo Horizonte-Patalillo fault

The Belo Horizonte- fault is the most hazardous active fault on the western and southwestern sides of
the metropolitan area of San José (Fig. 3) and has the potential to generate earthquakes of up to Mw
6.2. Based on observed previous earthquakes and by forecasting the possible ground accelerations
related to this scenario regarding the magnitude and distance from San José (< 5 km), this fault is

considered to be one of the most hazardous to San José.

The scenario associated with the Belo Horizonte fault corresponds to a reverse/thrust fault with a
sinistral component. Tectonically, this fault is a transpressive relay between the Aguacaliente-Rio
Azul faults to the east and the Salitral fault to the west (Montero et al., 2005). The estimated surface
rupture length would be 12.6 km (Fig. 3; Table 1), and the rupture area has a mean dip of 30°. The
horizontal projection of the fault is shown in green in Figure 3. Regarding the dip angle of this fault,
Montero et al. (2005) present a seismic belt with most of the events located on the southwestern side
of the Belo Horizonte fault, with some showing reverse and strike-slip focal mechanisms. Hence, as
regards our fault rupture scenario in the case of the Belo Horizonte fault, we estimate a dip angle of

30° to S45°W, which is perpendicular to the average strike of the fault trace of N45°W.

4.1.2. Cipreses fault

The Cipreses fault is the most hazardous active structure on the eastern side of the metropolitan area
of San José (Fig. 3). It is the closest fault to this side of the city and according to its estimated rupture
length and rupture area, has the potential to generate earthquakes of up to Mw 6.3. Rodriguez et al.
(2019) discuss the uncertainty of the Cipreses fault seismic potential. They postulate an increase of
10% to the total length of the fault when the magnitude is estimated from empirical relationships.

They concluded that the seismic potential of the Cipreses fault varies from 5.9 to 6.5. The fault trace
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was simplified for the purposes of this study and two fault branches were identified in the case of the
Cipreses fault, known as Cipreses and Guayabos. For the rupture scenario postulated in this study, our
surface rupture follows the contour of the Guayabos fault, the latter being the external trace of the
Cipreses fault, which indicates that the most prominent morphotectonic signature is in the central and

eastern sectors.

In the postulated scenario, the surface rupture length is 13.4 km (Fig. 3). The fault rupture area has a
northeasterly trend, perpendicular to the fault trace in its northern and southern sectors. The
northeastern limit of the rupture zone passes slightly west of the Lara dextral fault (Montero, 2001).
The horizontal projection of the rupture area is shown in red in Figure 3. The length and area
increases suggested by Rodriguez et al. (2019) are not taken into consideration. Regarding the dip
angle, Rodriguez et al. (2019) identified a reverse focal mechanism for an earthquake of Mw 4.1,
probably occurring along the nodal plane with a dip angle of 35° to N30°E. Their proposed tectonic
fault model shows a propagation fault with sub-horizontal detachment zones and ramps. Our proposed
simplified model considers a dip angle of 25° to N60°W and a maximum rupture depth of about 5 km

from the surface.

4.1.3. Rio Azul fault

The Rio Azul fault is the most hazardous active structure located to the southern side of the
metropolitan area of San José (Fig. 3). It is the closest fault to that side of the city and has the

potential to generate earthquakes of up to Mw 6.6.

The Rio Azul fault is an ENE sinistral strike-slip fault. To simplify the rupture model, a vertical fault
plane is considered (Montero et al., 2005, 2016). The rupture model scenario proposed for this fault
considers a rupture of the ground surface along the trace shown in Figure 3. The surface rupture

length would be 15.4 km, and the fault rupture width would be 10 km.

4.2. GROUND MOTION SIMULATION FOR THE THREE SCENARIOS
4.2.1. GMPE:s selection and rock condition calculations

The ground motion characterization for a given seismic scenario requires the inclusion of the three

effects involved: the source, the path, and the site. In a deterministic study, the source effect is given
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by the magnitude of the considered seismic event and other available data such as the kinematics and
geometry of the fault and rupture. The path effect considers the wave attenuation from the source to a
given site and is usually included in the analysis through the GMPEs. The site effect addresses the
wave amplification due to the local geology and topography, usually given by a coefficient intended
to represent the effect of the soil conditions on the seismic waves. With regard to this latter effect, in
our approach we first estimated the ground motion for rock conditions (considering vs30 = 800 m/s,
as defined in the Costa Rican building code (CFIA 2003), where S1 is classified as a rock or dense
soil profile with properties similar to rock and a shear-wave velocity (Vs) of 760 m/s or higher), in
terms of maximum acceleration (PGA) and then we included the local effect. Finally, the response

spectra were also estimated at certain points in the city of San José.

The GAM is composed of Miocene marine and continental sedimentary rocks, often influenced by
volcanism. From the Miocene to the present, numerous volcanic deposits have also been emplaced,
including lava flows, pyroclastic flows, and ash fall deposits, accompanied by Pliocene intrusive
events and the generation of metamorphism in sedimentary rocks. Additionally, there are significant
Quaternary alluvial-colluvial deposits in the transitional zone between the mountains to the south and
southwest and the gently rolling relief to the north-northwest, center, and northeast. It is worthy of
note that the central part of the Metropolitan Area lies entirely on lahars and thick ash deposits

(Denyer and Alvarado, 2007; Schmidt et al., 2005).

The selection of a suitable GMPE is key to obtaining realistic results for each seismic scenario. The
ideal situation would be to have local model availability, these being inferred from regression analysis
of strong motion data recorded in the study zone. In our case, some models have been developed for
the region (Climent et al., 1994; Schmidt et al., 1997), but these are only defined for prediction of
PGA and a few spectral acceleration values. These models are not suitable for predicting the entire
response spectra; therefore, they may not be suitable for calibrating the design spectra of the seismic

code.

We used the GMPEs recommended by Hidalgo-Leiva et al (2023) for upper-plate. From international
literature available in OpenQuake (GEM, 2020), these authors compiled ~150 GMPEs applicable to
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387  the tectonic context of Costa Rica and applied the exclusion criteria of Cotton et al (2006) to eliminate
388  some of them. Using the Costa Rica data base of earthquake strong motion records and the remaining
389  GMPEs, Hidalgo-Leiva et al. (2023) analyzed the data fit using three methods: residual calculation,
390 likelihood model, and logarithmic likelihood model, to obtain a classification into four categories: A,
391 B, C, and D for the models by spectral ordinate and for each tectonic regime, following the criteria

392 proposed by Scherbaum et al. (2004).

393  In the present study we performed seismic hazard calculations for PGA and several spectral ordinates.
394  Based on these calculations, the models selected were those of Cauzzi et al. (2015); Kanno et al.
395  (2006), and Boore et al. (2014), abbreviated as CA14, KA06 and BO14, respectively. The
396  applicability ranges and characteristics of these data sets regarding ranges in magnitude, distance and
397  spectral periods are given in Table 2. The resulting accelerations in rock using each of these models
398  for each proposed rupture scenario are shown in Figure 4, where the mean PGA values for each

399  GMPE are represented.
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Figure 4. Expected ground motion estimated for the three defined scenarios using the three selected
GMPEs for the GAM of Costa Rica: Belo Horizonte fault (a, b and ¢); Rio Azul faults (d, e, f) and
Cipreses fault (g, h, i). For each scenario, the first map is estimated with CA14 (a, d and g), the
second with KAO06 (b, e and h) and the third with BO14 (c, f, 1).

4.2.2. Site effect and local amplification factors

We propose a seismic soil zonation for the GAM with two different levels of resolution (Fig. 5). The
higher resolution corresponds to the CCSJ and its surroundings (Z1), while the lower resolution
applies to the rest of the GAM (Z2). This map is based on the collection and analysis of

comprehensive geological, geotechnical, geophysical, and geomorphological information.

The geological information includes the geological map by Denyer and Arias (1991). The
geotechnical information is derived from the map of unconsolidated material thickness in the
Metropolitan Area of San José, developed by Climent and Bolafios (1999) and published in Schmidt
et al. (2005), as well as the proposed geotechnical zoning map for the Metropolitan Area (Bogantes,

1999) also in Schmidt et al. (2005).

The geophysical data, obtained mostly from Schmidt et al. (2005), includes Vs models for 7 sites
within the Metropolitan Area from Spectral Analysis of Surface Waves (SASW) tests; Vs models up
to 30 m depth obtained from seismic refraction tests for 8 sites within the Metropolitan Area; the
fundamental soil period map (Guzman, 1999); the isoperiod map for the Metropolitan Area of San
José (Schmidt et al., 2005); and fundamental soil period values obtained using the Nakamura
technique with ambient noise at 185 sites within the CCSJ (Schmidt and Esquivel-Salas, 2023).
Additionally, shear wave velocity values at 30 m depth (Vs30) at 42 sites within the GAM (Schmidt
et al., 2005; Schmidt 2014; IIG Consultants, 2017; IIG Consultants, 2020) are included, as detailed in
Table 3. Furthermore, we took into consideration the research undertaken by Schmidt et al. (2005) on
the seismic microzonation of San José to complement our research. Finally, the geomorphological
information is based on the topography of the area obtained from a 10 m resolution Digital Elevation

Model (DEM).

The more detailed zone corresponds to the metropolitan area of San José city and surroundings (Z1,
Fig. 5), taking the map of unconsolidated material thickness (Climent and Bolafios, 1999) as a
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reference. A thickness-soil type relationship was identified (Fig. 5) and this was adjusted with data
from 22 sites with observed Vs30 measurements', which helped to refine the detail and corroborate
the association between the thickness ranges and the NEHRP (2020) soil-type categories. This
classification was also verified through the fundamental soil period values, measured using the
Nakamura technique, for 185 points within the city of San José (Schmidt-Diaz & Esquivel-Salas,
2023). It was observed that points with higher velocities coincided with areas of lower thickness,
while points with lower velocities aligned with thicker areas. This pattern was also observed for
intermediate velocities and thicknesses. Based on this result, a classification of soil classes for the
CCSJ and its surroundings (Z1) is proposed, using the thickness contours from the Climent and

Bolaiios (1999) map as boundaries for each soil class. The criteria adopted are shown in Fig. 5.

84°20! -84°0° 2/ Legend
2 Selected sites
Belo Horizonte fault
5 = Cipreses fault
\\_ Rio Azul fault
Alajucla :: ;TSJ

10°0

San José
Thickness V30

9°50"

Soil Classes Description

range (m)  (m/s)
B Rock 0 1315-910
[ BC Soft rock 0 640-910

C  Very dense sand or hard clay 0-5 440-639

[ | CD Dense sand or very stiff clay 5-10 300-439 LIS

|:| D Medium dense sand or stiff clay 10-15 210-299

- DE Loose sand or medium stiff clay 15-25 150 - 209 0 L 10 20 km
- E Very loose sand or soft clay >25 <150 1 I CERR I I

Figure 5. Soil condition map (site effects) of the GAM, and local faults considered as critical seismic
scenarios in the seismic hazard of the CCSJ. The area enclosed by the pink dashed line represents
zone Z1, and the points are the sites selected for the response spectra examples. The table contains the
adopted soil classification, with the thickness-type of soil based on criteria of Climent and Bolafios
(1999) and the Vs30 ranges for each class according to NEHRP (2020).

! Supplementary material includes a graph showing the relationship between the Vs30 values of the evaluated
sites and the soft soil thicknesses based on the Climent and Bolafios (1999) map, along with the 95% confidence
interval.
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No detailed information was available for the rest of the GAM (Z2) regarding the thickness of
unconsolidated soils and recent sediments; hence the global mosaic Vs30 of the USGS was used
(Heath et al., 2020). In this regard, it is important to clarify that not all integrated regional models rely
solely on slope information. Some regional models may incorporate a variety of additional factors,
such as geological data, geomorphological classification, etc. (e.g., Matsuoka et al., 2006). This
mosaic is based on custom integrated topographic slope maps (Heath et al. 2020), and in the case of
the GAM, the Vs30 values range between 208 and 900 m/s, and are classified as type B, CB, C, CD,
D and DE soils, according to the NEHRP (2020). In specific areas of Z2, the soil classification
obtained was correlated with Vs30 measurements at the remaining 20 points with known Vs30 values
(Table 3). Seven of these sites were located at different points across the GAM, seven in Cartago
(east of the GAM) and the remaining six on the Inter-American highway, between San Ramon-San
José (west of the GAM). Finally, the soil categories map integrating the highest resolution zone (Z1)
and the rest of the GAM (Z2) was determined through a detailed review of the transition zones,
prioritizing the information from Z1. Hence, when the soil classification between Z1 and Z2 did not
coincide, the information from Z1 was used and the contours in these areas were smoothed according

to the geomorphological characteristics.

Once the soil condition map had been defined according to the NEHRP 2020 soil classes,
amplification factors were assigned to each of them (Table 4). Spectral amplification factors
determined by Mixco (2021a y 2021b) for El Salvador were used, assuming geological and tectonic
conditions which are similar to the predominant volcanic soils found in Costa Rica. Through a
comprehensive evaluation of dynamic soil characterization of representative soils in El Salvador,
Mixco (2021a y 2021b) determined amplification factors for 22 levels of spectral acceleration, 14
structural periods, and 6 soil classes (BC, C, CD, D, DE, and E) using empirical and analytical

methods.

More specifically, Mixco (2021a y 2021b) used accelerometer records for El Salvador and three

different techniques to obtain empirical amplification factors: spectral ratios with respect to a
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reference site (SSR), spectral ratios of seismic records (HVSR), and optimal selection of attenuation
models followed by deconvolution. The analytical-theoretical amplification functions for each soil
class were obtained using a linear-equivalent approach of 1D simulations, generating multiple
stochastic profiles through Monte Carlo simulations. This involved varying dynamic properties (Vs,
G/Gmax curves, hysteretic damping curves) and thicknesses, utilizing geological and geotechnical
information from 16 exploration wells, with direct knowledge of their Vs structure and stratigraphy,

subjected to different earthquakes with varying intensity levels.

The final amplification factors resulted from averaging those obtained through empirical techniques
with those from simulations. We consider that these amplification factors, carefully estimated for soils
from El Salvador, are those that can most accurately reflect the amplification of the considered soil

categories, which are also those that exist in Costa Rica.

4.2.3. Final maps and response spectra calculation

For the calculation of the final maps and response spectra, a logic tree was constructed with a node
representing the attenuation, incorporating the weights proposed by Hidalgo Leiva et al. (2023) for the
three selected models. These weights were proposed as results of an analysis based on the goodness-
of-fit to the local data. The models developed by Cauzzi et al. (2015) and Kanno et al (2006) were
weighted with the same factor of 0.4, while Boore et al (2014) was weighted with 0.2 as the fit was
worse than that of the other models. The PGA maps resulting from the application of the logic tree

presenting the rock conditions for the three scenarios are represented in Figures 6a, 6¢, and 6e.

From the analysis of the maps, including the local effect, it was determined that the most hazardous
scenario was that of Rio Azul, which would generate PGA ~ 0.65 g in some areas to the south of the
CCSJ and up to 0.75 g in other areas of the GAM. The Cipreses scenario presents accelerations of less
than 0.5 g within the CCSJ, but in some areas of the GAM and to the NE of San José city, the PGA
would reach values of 0.8 g. The Belo Horizonte scenario would have a greater impact to the
southeast of the metropolitan area, reaching PGA values of 0.5 g in the CCSJ and presenting the

greatest accelerations to the SW of the GAM, at around 0.6 g.
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The rock acceleration values for the three defined scenarios were superimposed over the soil
classification map (Fig. 5), and by applying the spectral amplification factors (Table 4) the PGA maps
were obtained, including the local effect in the CCSJ and the GAM (Fig. 6b, 6d, and 6f). The short
period (0.2 s) and long period (1 s) spectral acceleration resulting from the DSHA analysis for the
three scenarios have also been simulated with the same logic tree scheme as that used for the PGA
calculation. In this case, the maps of SA (0.2 s) and SA (1 s) are represented for the three scenarios

incorporating the local effect (Fig. 7).
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Figure 6. Expected ground motion maps for PGA mean values using the weight scheme of the
considered logic tree for each critical scenario: (a) Belo Horizonte in rock ; (b) Belo Horizonte
including local site effects; (c) Rio Azul in rock; (d) Rio Azul including local site effects; (e)
Cipreses in rock; (f) Cipreses including local site effects .
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The response spectra were also estimated for four sites within the metropolitan area of San José. The
sites were chosen considering the variability of soil classes and distances to each of the faults, so that
each site corresponds to a soil class and different distances to the rupture scenarios. These were
compared with those for similar soils in the seismic Code of Costa Rica (CSCR14), and the results for
the three scenarios are shown in Figure 8. The spectra represented correspond to the mean values p of
SA(T) obtained by applying the GMPEs in each scenario, combined according to the logic tree
scheme considered in the PSHA and to the values obtained considering the standard deviation of each

model (L £ o).
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520  Figure 7. Expected ground motion including local site effects using the weight scheme of the logic
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Figure 8. Comparison of site-specific acceleration response spectra at different site classes for the
three simulated scenarios (the red line, green line, and blue line, correspond to the results in Cipreses,
Belo Horizonte, and Rio Azul, respectively) with their corresponding site class CSCR14 spectrum.
The spectra represented correspond to the mean values p of SA(T) obtained by applying the GMPEs
in each scenario, and to the values obtained considering the standard deviation of each model (n +
o) .The soil classes correspond to the same as those indicated in Figure 5. The area enclosed by the
pink dashed lines represents zone Z1 (CCSJ), and the points are the sites selected for the response
spectra examples. The equivalence between the classes A, B, C and D defined by the NERHP (2020)
and S1, S2, S3 and S4 is: S1~B; S2~C, S3~C, and S4~D (CFIA, 2014).
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To facilitate comparison, it should be noted that the Costa Rica code defines four types of soil,
termed S1, S2, S3 and S4, which are equivalent to the classes defined by the NERHP (2020): S1~B;

S2~C S3 ~C and S4~D.

Among the spectra corresponding to the three rupture scenarios, the one for Rio Azul is dominant
over the other two, except for the point located to the NE of the study area where the Cipreses
scenario dominates as it presents soil type E and is the closest to the Cipreses fault. The spectrum of
the Belo Horizonte fault scenario is the lowest of all the cases considered, thus pointing to the lowest
hazard. When comparing the spectra of the three scenarios with those of the Costa Rican building
code, it can be observed that the latter is surpassed by the Cipreses and Rio Azul spectra (mean values,
W) at the two points located farthest east, on S2 and S3 soils, for periods less than 0.3 seconds. The
spectrum of the code is also exceeded by the mean spectrum of Rio Azul at the point located on S1

soil for periods of less than 0.2 s.

Although more cases related to different combinations of soil type and distance to the simulated
rupture scenarios can be analyzed, the results obtained lead us to question the degree of conservatism
of the code. For short periods on the soils S1 (or B), S2 (or C) and S3 (or D), it can be observed that
the spectrum of the code is exceeded by the mean spectrum (p) for most of the simulated scenarious.
Furthermore, the spectra obtained here, considering the standard deviation of the GMPEs (u + o),

exceed the code spectra across the entire range of periods for these three soil types.

However, the spectrum of the code is clearly dominant over the others for the entire range of periods
at the point located on soil S4 (or E), both on the average spectra (i) and (p + o). This suggests that
the code spectrum may be excessively conservative for this type of soil, potentially overestimating the

seismic hazard in these conditions.
5 MT-INSAR DEFORMATION AND STRESS TENDENCY ANALYSES

5.1. DEFORMATION OF THE CENTRAL CANTON OF SAN JOSE (CCSJ)

To complement the study, the surface deformation patterns were characterized and evaluated through

multi temporal InSAR analysis (MT-InSAR). Considering the nature of the terrain and the mixture of

25



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

urbanized and vegetated land cover, the SBAS (small-baseline) approach was selected. The degree of
uncertainty of SBAS processing is in the order of ~1 mm/year for velocity (Lanari et al., 2004),
similar to that of Persistent Scatterers Interferometry techniques (PSI) (Crosetto et al., 2016). MT-
InSAR processing was carried out in LICSBAS: Looking inside the Continents from Space-Small
Baseline Subset (Morishita et al., 2020), an open-source InSAR time series analysis package that
integrates with LICSAR (Lazecky et al, 2020; Morishita et al., 2020; Gonzalez et al. 2016; Lawrence
et al. 2013), developed by the Centre for Observation and Modelling of Earthquakes, Volcanoes and
Tectonics (COMET) at University of Leeds. LiCSAR pre-processing allows users to save time and
disk space while obtaining the results of InNSAR time series analysis in the frame of JASMIN, the
UK’s collaborative data analysis environment (Lawrence et al., 2013). In the LiCSBAS processing
scheme, interferograms with many unwrapping errors are automatically identified by loop closure and
removed. Reliable time series and velocities are derived with the aid of masking using several noise
indices. The straightforward implementation of atmospheric corrections to reduce noise is achieved
with the Generic Atmospheric Correction Online Service for InSAR (GACOS). LiICSBAS can
detect both large-scale (>100 km) and localized (~km) deformations with an accuracy of ~2
mm/yr (Morishita et al., 2020).

The extent of the study area was set to include the three local faults selected for the scenarios
surrounding the target area, the CCSJ (Fig. 8). For the analysis of deformation of the CCSJ, we
worked with the frames provided by COMET (2021) using the available data from Sentinel-1 A/B.
The frames 092A 08036 141719 and 084D 08033 121612 include 947 (422+ 525) interferograms
obtained between March 17, 2017, and January 2, 2022. Interferograms were calculated from 116
Sentinel-1 ascending images on track 92, and 137 images from the descending track 84, respectively
(Morishita et al. 2020).

The reference point for the MT-InSAR analysis was selected by LICSBAS considering high
coherence (>0.95) and stability along the time series and was located at the following coordinates:

9.965° (Lat) and -84.108° (Long) (WGS84). The deformation velocity data were filtered with the
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587  coherence mask generated by LiCSBAS, producing a vectorial point layer with deformation time

588  series and velocity for each point.
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589

590  Figure 9. Deformation velocities (mm/year) in satellite line-of-sight (LOS) direction for the Central
591 Canton of San José (2017-2022) estimated using the LiCSBAS technique in ascending (a) and
592  descending (b) orbits. The fault rupture scenarios are represented in shaded colors.

593  The results show deformations in the CCSJ ranging from -2 to 2 mm/year in Line-of-sight direction
594  (LOS) computed both for ascending and descending geometries (Table 5, Fig. 9). Results were
595  validated with data from the GNSS station located in the study area (AACR GPS; Lat: 9.939, Long: -
596  84.118) (Subset in the same figure as LOS velocity maps), matching the recorded velocities with a
597  vertical displacement rate of -0.97 +/- 1.70 mm/year for the period 2012-2020 (Blewitt et al., 2018).

598  The deformation on the three faults, the ruptures of which are identified as the critical scenarios, is
599  small compared to that observed in the two main left-lateral faults of the Central Valley: Aguacaliente
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and Navarro (Fig. 3). According to Portela et al (2020), a cumulative deformation of over 1 cm/year
has been estimated between the North and the South of the Aguacaliente-Navarro Fault System. The
lesser deformation found in the Bello Horizonte, Cipreses and Rio Azul faults could indicate that in
these cases a smaller amount of energy is being released aseismically or that it is gradually

accumulating, thus increasing the probability of a strong earthquake.

5.2. REACTIVATION POTENTIAL OF THE CIPRESES, RiO AZUL AND BELO
HORIZONTE FAULTS UNDER THE SAN JOSE TENSOR.

An additional analysis was performed to assess the slip and dilatation tendencies of the three faults in
the study area. Tectonic stress is recognized as the most important factor controlling seismic activity.
The parameters of this stress, represented in a stress tensor, are derived from sources such as the
formal inversion of representative populations of focal mechanisms and/or fault-slip data. Fault
reactivation depends on shear and normal stress, pore pressure, and frictional properties. When in situ
records are unavailable, these parameters can be derived from the stress tensor and applied in

conjunction with established geomechanical laws to forecast the theoretical behavior of fault planes.

Conejo and Linkimer (2021) calculated a highly representative population of 11 focal mechanisms
with hypocenters between 2.6 and 9.8 km depth, located immediately to the north and northwest of

the tectonic structures studied (Fig. 10).

The histogram also illustrates the distribution of the difference between the theoretical rake angle and
the measured one, with an accepted value of 30° within a Gaussian distribution. The triangle classifies
the kinematics of the focal mechanisms, predominantly strike-slip. The absolute magnitudes, which
are necessary for calculating slip and dilation tendencies, are included as they were derived from the
stress ratio ¥ = o3/c1, provided by the Win-Tensor program as part of the inversion process. This
ratio is applied, along with the vertical load (ov) according to Angelier (1989), to determine the
absolute magnitudes at a given depth for the acting stress regime. This shows a strong correlation with

in situ geomechanical tests conducted in neighboring regions (Monge Sandi, 2003).
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The selected population is highly representative of the focal solutions prevailing in the studied region
and throughout central Costa Rica, where strike-slip mechanisms dominate over other recent regimes,
including the outcropping thrusts illustrated in Figures 3 and 10. The database for focal mechanisms
covering the period from 1924 to 2021 (Lopez and Carvajal, 2024) confirms this observation, and

calculations with other events yield a similar stress tensor for the entire region.

By inverting their nodal planes using the Win-Tensor free software (Delvaux and Sperner, 2003), a
highly reliable tectonic stress tensor was determined, which effectively explains and accommodates
the kinematics of all the faults. This tensor received a quality rating of A, the highest level according
to the World Stress Map quality scheme. The results, presented in Figure 10, are consistent with those

of Lopez (2012) on a regional scale using larger datasets.

This tensor, which we refer to as the San José tensor, was applied to the traces of the structures
identified at that depth to model their behavior regarding the normalized slip tendency of a surface,
defined by the ratio of shear stress to normal stress on that surface (Ts= on/ts (max)) (Morris et al.,
1996). Additionally, we calculated the dilatation tendency, which represents the stress acting normal
to a given surface, defined as Td = (c1-on)/(c1-63), (Ferril et al., 1999). Both measures are unitless
and range from 0 to 1. These tendencies were implemented using the FracPaQ and FracTend
MATLAB code programs for 2D and 3D analysis (Healy et al., 2017, 2022), which are widely used in

the applied tectonic stress research community.

We present the results of both 2D and 3D fault reactivation potential analyses (Figs. 11 and 12). The
2D analysis revealed significant changes along the strike of the faults, especially where reorientation
occurs. For the Cipreses fault, the combination of high Ts and medium to high Td in localized
segments suggests potential activation in its northern and eastern sections. The proximity to the active
Iraza volcano could promote hydrothermal fluid migration along these fractures, reducing friction on

the fault planes and encouraging displacement.

The eastern sector of the Rio Azul fault exhibits significant parallelism with the Cipreses fault,

separated by only 1.5 km, and shows high Ts values with medium Td (Fig. 11). Additionally, its

29



652

653

654

655

656

657

658

659

660

661

662

kinematic affinity, orientation, and relative proximity to the Aguacaliente fault (not shown) suggest a

possible hydraulic connection between these structures. The postulated neotectonic activity (Alonso-

Henar et al., 2013) further supports this interaction. In comparison with Cipreses, the Rio Azul fault

has longer continuous sectors with Ts values above 0.8, while smaller bends display medium Ts

values (0.4-0.6), giving this fault a slightly higher reactivation potential. On the other hand, the Belo

Horizonte fault shows Ts values below 0.65, except for one segment where it reaches 0.85, near its

intersection with the Rio Azul fault. This suggests that activity in the Rio Azul fault could trigger

seismic events in the Belo Horizonte fault. However, the low Td values indicate a relatively lower

reactivation potential for Belo Horizonte overall.
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Figure 10. Location of the 11 focal mechanisms of the transcurrent regime reported by Conejo and
Linkimer (2021) and the San José stress tensor of quality A, determined from the respective inversion
at a depth of 5 km. Only the relative magnitudes are generated by the stress inversion method and are
depicted in the 3D Mohr diagram where its friction line lies just below the fault poles ensuring its
mechanical activation. 61, 62, and o3 are the magnitudes of the maximum, intermediate, and minimum
principal stress axes of the resolved stress tensor, while R = 62-63 / 61-63, varying between 0 and 1,
defines its shape and stability. Values around 0.5 are stable. Acronyms of the fault classification
triangle: NF= Normal, TF= Thrust Fault, TS=Transpressive fault, SS= Strike-Slip Fault, NS=
Transtensive Fault, UF= Unknown Fault (WSM criteria). The units of 61, 62, and 63 are MPa.

Consequently, from the 2D analysis, the Rio Azul fault appears to have the highest reactivation
potential in terms of Ts, followed by Cipreses, especially in its northern branch where Td values

between 0.6 and 1.0 coincide spatially with high Ts (Fig. 11).
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Figure 11. Map view illustrating the behavior scenarios of the Ts and Td fault traces at a
depth of 5 km. The rose diagrams display the orientation and magnitude of each segment
based on their Ts and Td values. 0 represents the azimuth of 1. Notice the contrasting
changes along the strike, generally showing medium to high Td and Ts within 10°-45° of the
0 orientation, except the Belo Horizonte fault, which align well with the ongoing strike-slip
tectonics.
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Figure 12. On the left, the figure shows two stereograms representing the slip tendency Ts (up) and
dilatation tendency (down). In the upper stereogram, the color scale below the diagram ranges from
blue (low slip tendency) to green (high slip tendency). In the lower stereogram, the color mapping
goes from blue (low dilation tendency) to magenta (high dilation tendency). The poles of the three
studied system faults, Cipreses, Belo Horizonte, and Rio Azul, are represented (black points), in both
stereograms. On the right, the figure shows the 3D Mohr diagram, which plots shear stress on the y-
axis against effective normal stress on the x-axis, both for slip tendency (up) and dilatation tendency
(down). The red line indicates a failure envelope or friction criterion, beyond which slip might occur.
The diagram includes the three normal stress components: 61, o2, 63. The faults are positioned
according to their effective normal and shear stress values. The color gradient shows values of the slip
and dilatation tendency in a similar way to the stereograms (left figures.)
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The 3D analysis provides further insight into the behavior of Ts and Td, focusing on the mechanical
reactivation of the faults. Figure 12 shows stereograms of slip and dilatation tendencies along with
Mohr diagrams, which illustrate whether the faults are positioned in favorable conditions based on
normal and shear stress values. The Cipreses and Belo Horizonte faults show the highest Ts (1.0) and
Td (0.75) values, positioning them in favorable orientations for reactivation. In contrast, the Rio Azul
fault displays Ts and Td values below 0.3, placing it in the least favorable orientation according to the

3D Mohr diagram.

In summary, the 2D analysis suggests that the Rio Azul and Cipreses faults have the highest
reactivation potential, while the 3D analysis indicates that the Cipreses and Belo Horizonte faults are
better oriented for reactivation. Despite these differences, integrating the 2D and 3D results shows

that all three faults exhibit a notable potential for reactivation.

It is important to note that the 3D model assumes a constant dip and strike for each fault plane, while
the 2D model accounts for both gentle and sharp bends along the faults. This gives the 2D analysis a

more realistic and detailed representation of the faults' tectonic behavior.

6 SUMMARY, DISCUSSION AND FINAL REMARKS

The city of San José is surrounded by several complex fault systems and has been affected by
numerous destructive earthquakes throughout its history. Bearing in mind the high seismogenic
potential of these fault along with the elevated degree of vulnerability, the high seismic risk to which
the capital of the country is exposed can be affirmed. This fact underlies the present study, the main
objective of which was to analyze and characterize the critical scenarios that could be generated in
San José, identifying some of the most important local faults and their maximum magnitudes, as well

as simulating the corresponding expected ground motions using a deterministic approach.

To estimate the local effects on the expected ground motion, we proposed a soil categories map that
aligns with other related studies (Denyer and Arias, 1991; Climent and Bolafios, 1999; Bogantes,
1999; Guzman, 1999; Schmidt et al., 2005; Schmidt, 2014; IIG Consultants, 2017; IIG Consultants,

2020; Schmidt and Esquivel-Salas, 2023).
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The soil conditions map proposed in this study indicates that the soils in the GAM correspond to six
types: B, CB, C, CD, D, and DE, according to the NEHRP (2020) classification. The Vs30 values in
these areas range between 208 and 900 m/s, and the thickness of unconsolidated material varies from

5 m to more than 25 m (Fig. 5).

The critical scenarios identified correspond to ruptures in the Bello Horizonte, Cipreses, and Rio Azul
faults, where possible earthquakes of Mw 6.2, 6.3 and 6.6, respectively, could occur. The expected
ground motion linked to these scenarios was firstly estimated for rock conditions and secondly, local
effects in the expected ground motion were included. In the GAM, near the trace of the faults, the
maximum PGA values obtained in our study were 0.6 g for the scenario of Rio Azul and 0.5 g for the
other two scenarios (for rock conditions) although within the CCSJ the PGA would not exceed a value

of 0.5 g under any of the scenarios (Figs. 6a, 6¢, and 6¢).

Our study is deterministic and therefore we do not estimate probabilities for the accelerations found,
however we observe that these accelerations are of the same order as those estimated in previous
probabilistic studies for a return period of 500 years (Rojas et al, 1998; Fernandez and Rojas, 2000;
Benito et al., 2012). The accelerations simulated in this research for the three deterministic scenarios
in the country's capital, ranging from 0.4 and 0.5 g on rock sites, correspond to those previously

estimated in probabilistic studies with a 10% probability of exceeding this in 50 years.

Furthermore, in the RESIS 1II project, a control earthquake in San José was determined for a return
period of 500 years, through disaggregation of the hazard from the results of a probabilistic study.
Taking the PGA and SA(1s) as target motion, a control earthquake given by (Mw 6.5-6.7; Rrup 0-15
km) may be assumed for the short and long period motion. In any case, the tectonic regime that
contributes most to hazard in CCSJ is local faulting and not subduction. In summary, the three
simulated scenarios in our study are compatible with that control earthquake and represent a
significant contribution to the hazard for a return period of 500 years. However, in RESIS II, the
specific fault capable of generating the control earthquake were not identified. An added value of the
work presented here is that we have defined specific scenarios of rupture in faults with known focal
mechanisms, which allows more accurate simulations not only of the PGA, but also of the response
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spectrum. Thus, the fact that the magnitude-distance pair (Mw, R) estimated in RESIS II for PR 500
years is compatible with the assumed ruptures in the faults proximate to the CCSJ allows us to form

an idea of the probability associated with the scenarios proposed here.

By including the local effect in the estimation of movement, PGA values of ~ 0.8 g are reached in
some GAM areas for the Cipreses and Rio Azul scenarios, with the Belo Horizonte scenario being
less critical, where PGA values not exceeding 0.6 g. In the CCSJ, the first two scenarios would
generate maximum accelerations up to 0.65 g, while the third scenario would reach maximum
accelerations of 0.5 g (Figs. 6b, 6d, and 6f). The spectral accelerations SA(T) have also been
simulated for periods T of 0.2 and 1 s (Fig. 7), for the three rupture scenarios contemplated. For these
parameters’ maximum values in the CCSJ of between 0.75 and 1g for SA (0.2s) and between 0.2 and

0.4 g for SA (1 s) have been obtained.

These are strictly hazard results and do not quantify the risk that the proposed scenarios could pose in
the CCSJ, since this would require a detailed characterization of vulnerability and exposure, which
could be the focus of a subsequent study taking the hazard scenarios presented here as input. However,
an estimate of the macroseismic intensity derived from the acceleration values obtained can give us an
idea of the risk presented by the simulated hazard scenarios. Linkimer (2008) deduced a relationship
between macroseismoc intensity (Imm) and peak ground acceleration (PGA) from Costa Rican data,
but it was only applicable for PGA < 0.3 g and Imm <VIL. To estimate the intensity with the
acceleration ranges that we are dealing with, two valid correlations are those proposed by Murphy and
O Brien (1977) and Trifunac and Brady (1975). According to both correlations, the intensity Iymm that
would result for the less critical scenario, of Bello Horizonte would be VIII-IX in the CCSJ, while for

Cipreses and Rio Azul with PGA that reach 0.65 g, the intensities could be higher than IX.

The response spectra estimated for the three scenarios at four chosen points of the GAM in different
types of soil were compared with those proposed by the Costa Rica Building Code (CFIA, 2013,
2014). Considering the uncertainties inherent to GMPEs, we have calculated the specific response
spectra from the mean values (p) given by the different GMPEs without considering their standard
deviation (epsilon 0) and also from the mean values plus/minus the deviation (1L + o) .
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Thus, the 50th, 84 th and 16 th percentiles have been represented against spectra derived from
seismic codes at four points with different soils conditions (Fig. 8), evidencing that: 1) The spectrum
of the Rio Azul scenario is dominant over the others, except for that obtained at the point closest to
Cipreses, where this scenario is dominant. The spectrum of Belo Horizonte is the lowest of all the
points analyzed, 2) The spectra of the code are exceeded by those of one or several scenarios at the
points located in S1, S2 and S3 soils. The mean spectra estimated here (u) are higher than those of the
code for short structural periods. When we consider one standard deviation in the GMPEs, the
resulting spectra (U + o) of the simulated scenarios exceed the code for all the periods. However, the
spectrum of the code is very conservative at the point with soil S4 compared to those of the three

scenarios over the entire range of periods.

Furthermore, the analysis of the deformation from radar images taken from the Sentinel 1 satellite
over the last five years, identified deformation rates of between -3 mm/year (sinking) and 2 mm/year
(uplifting) in the case of the GAM, and between 0 and 2 mm/year for the CCSJ (Fig. 9). This
deformation is considerably less than that reported in recent estimations (1 cm/year) for two of the
main left-lateral fault systems of the Central Valley, the Aguacaliente and Navarro faults (Portela et
al., 2020). This seems to indicate either that the energy released aseismically in the faults of our
rupture scenarios is markedly lower than other nearby major fault systems, or that there is a gradual
accumulation of stress in the faults of our scenarios.

The reactivation potential of the three faults examined in this study was evaluated by calculating a
tectonic stress tensor, which was applied to the fault traces at a depth of 5 km—consistent with the
average depth of the hypocenters determined from the focal mechanisms used in the inversions (Figs.
10, 11, and 12). Analyses in both 2D and 3D were conducted to model the behavior of the faults,
focusing on their normalized slip tendency (Ts) and dilation tendency (Td). The 2D analysis suggests
that the Rio Azul and Cipreses faults have the highest reactivation potential, while the 3D analysis
indicates that the Cipreses and Belo Horizonte faults are better oriented for reactivation. Despite these
differences, integrating the 2D and 3D results shows that all three faults exhibit a notable potential for

reactivation.
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The seismic history of the region, the deformation rates found, and the slip-dilation stress tendencies
identified (Figs. 9, 10, 11, and 12) allow us to infer pre-stressing of the faults, revealing that the
ruptures modeled, and the simulated ground motions identified in this study, may occur in the not-too-
distant future. Moreover, four destructive earthquakes occurred in or near the Costa Rica Central
Valley between 1841 and 1924, with a range of magnitudes between Mw 6.0 and 7.0 (Fig. 2),
generating MMI of between VIII and X, and seriously affecting San José, where intensities reached
VII MML. In the last 100 years, only two earthquakes of magnitudes Mw 5.5 and 5.7 have occurred in
the Central Valley of Costa Rica, causing only minor damages in the CCSJ. Given this historical data,
an apparent seismic gap is perceived over the last century in this zone, suggesting that the area is
stressed and that an earthquake similar to those described above can be expected. Therefore, due to
the combination of conditions of exposure and vulnerability which currently exist in San José, these

scenarios could be critical in terms of seismic risk, leading to significant human and material losses.

The results described above indicate that the proposed scenarios are both realistic and can be expected
if the faults identified are reactivated in the coming years. The probability of the simulated ground
motions in this research could be around 10% in 50 years, which coincides with the probability
adopted in the seismic code of Costa Rica for conventional housing design (CFIA, 2013). These
results can be used to check the spectrum of the construction standard in the country's capital, as well
as for the subsequent calculation of seismic risk, which would allow emergency plans and mitigation
measures to be developed accordingly. In addition, this analytical approach could be applied in
similar regions to identify possible faults which may be close to completing their seismic cycle, as

well as in zones with high seismic risk near to densely populated cities.
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bibliography. Regarding the local effect and amplification factors: the information corresponding to
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and Arias (1991); Climent and Bolafios (1999); Schmidt et al. (2005); Bogantes (1999); Guzman
(1999); Schmidt and Esquivel-Salas (2023). The Vs30 data used is presented in Table 3 of the article
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(2020). The amplification factors used are detailed in Table 4 of the article, with the corresponding

reference: Mixco (2021a and 2021b).

The code employed for the InNSAR time series analysis in this manuscript is based on the open-source
LiCSBAS package, which is integrated with the LiCSAR automated Sentinel-1 InSAR processor.

Detailed information about the LiICSBAS package can be found in the following reference:

» Morishita, Y.; Lazecky, M.; Wright, T.J.; Weiss, J.R.; Elliott, J.R.; Hooper, A. LiCSBAS: An
Open-Source InSAR Time Series Analysis Package Integrated with the LiCSAR Automated

Sentinel-1 InSAR Processor. Remote Sens. 2020, 12, 424.
Researchers and practitioners can access the LiCSBAS package and its documentation at the

corresponding GitHub repository: LICSBAS GitHub.

The free software wused to perform the stress inversion can be downloaded

from https://damiendelvaux.be/Tensor/WinTensor/win-tensor_download.html while the MATLAB

codes applied to model the slip and dilation tendencies are  available

at https://www.mathworks.com/matlabcentral/fileexchange/67972-fractend

and https://github.com/DaveHealy-github/FracPaQ
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Tables

Table 1.

Kinematic and geometric characteristics of the three critical fault scenarios near San José.

Fault Long. Strike  Dip Rake Fault Type Mw Length Width Rrup*
©) ) ©) (km) (km) (km)
Belo Horizonte  -84.138  9.861 135 30 45 Sinistral-Reverse 6.2 12.6 7.0 5
Rio Azul -84.018  9.889 85 90 45 Sinistral 6.6 15.4 15.0 5.2
Cipreses -83.963  9.964 330 25 45 Reverse-Sinistral 6.3 14.0 9.2 43
* closest distance to the rupture surface
Table 2. Applicability ranges of the GMPEs used in the ground motion estimation.
GMPE Abbreviation Dataset Magnitude Response spectra Distance
Model range (Mw) range (s) Rrup range
(km)
Cauzzi et
al. (2015) CAl4 Global acceleration records 45-79 0-10 <150
Kanno et
Records from Japan, USA, and
al. (2006) KA06 6.0-8.0 0-5 <200
Turkey
Boore et California, Taiwan, Japan, China,
BO14 3.0-7.9 0.01-10 <400
al. (2014) Italy, Greece, Turkey, and Alaska.
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Table 3. Points with Vs30 data compiled for this study.

Latitude Longitude | Vs30 NEHRP Zone Reference
(m/s) | classification

-84.061 9.943 251 D

-84.070 9.935 276 D

-84.087 9.932 276 D

-84.123 9.945 224 D

-84.169 9.994 233 D Z1 | Schmidt et al.,

-84.106 9.922 286 D (2005)

-84.035 9.926 164 DE

-84.103 9.936 153 DE

-84.049 9.888 226 D

-84.064 9.899 312 CD

-84.107 9.945 564 C

-84.111 9.949 283 D

-84.115 9.955 417 CD Z1

-84.128 9.964 322 CD 1IG

-84.134 9.967 510 C Consultores

-84.140 9.970 350 CD (2020)

-84.190 10.000 297 D

-84.206 10.000 443 C

-84.235 9.995 341 CD 72

-84.268 9.996 436 CD

-84.295 10.006 315 CD

-84.097 9.915 380 CD

-84.203 9.950 696 C

-84.099 9.935 302 D Z1

-84.053 9.935 347 CD

-84.044 9.937 340 CD

-84.044 9.945 283 D

-84.193 10.137 152 DE Schmidt

-83.927 9.864 267 D (2014)

-83.869 9.827 269 D

-83.907 9.854 377 CD

-84.036 9.995 279 D

-84.036 9.995 279 D

-84.117 10.000 432 CD 22

-84.243 9.924 263 D

-84.036 9.869 263 D

-84.266 10.008 284 D

-83.924 9.863 244 D

-84.193 10.137 152 DE

-83.936 9.884 258 D 1IG

-83.943 9.876 267 D 72 Consultores

-83.944 9.868 282 D (2017)
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Table 4. Amplification factors for each soil class and different PGA values (Mixco, 2021).

Soil
type

BC
C
CcD
D

DE

PGA (g)
0.01 0.05 0.10 0.15 020 0.25 030 035 040 045 050 055 0.60 065 0.70 080 090 1.00 1.50 2.00 2.50 3.00
1.14 124 127 127 127 127 127 126 126 125 125 125 124 124 123 123 122 122 121 121 1.09 1.09
1.30 133 132 130 128 127 125 124 123 122 121 120 119 118 1.17 116 1.15 1.13 1.12 1.12 1.04 1.04
1.51 153 148 145 142 139 137 135 133 131 130 129 127 126 125 123 122 120 1.19 1.19 098 0.98
193 171 1.59 152 147 143 140 137 135 133 131 130 128 127 126 123 122 120 1.16 1.14 098 0.98
272 199 1.70 155 145 137 132 127 123 120 1.17 1.15 1.12 1.10 1.09 1.06 1.03 1.00 098 098 098 0.98
213 1.55 125 1.08 09 086 079 0.72 066 0.61 057 053 049 046 042 037 032 028 024 024 024 0.24
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Sa(g); T=0.1s

Soil type 0.01 0.05 0.10 0.15 0.20 0.25 030 035 040 0.45 050 0.55 0.60 0.65 070 0.80 090 1.00 1.50 2.00 2.50 3.00

BC .17 118 1.19 120 120 1.19 1.19 1.19 1.18 1.18 1.17 1.17 1.17 1.16 1.16 1.15 1.15 1.14 1.12 1.10 1.19 1.18

C .25 129 133 135 135 134 134 133 133 132 131 1.31 130 1.30 129 128 127 126 121 1.19 1.06 1.05

CcDh 1.34 137 141 142 141 140 138 137 135 134 132 1.31 130 1.29 128 126 124 122 1.17 1.15 0.98 0.98

D 1.53 152 1.55 152 149 146 142 140 137 134 132 130 128 1.26 1.25 122 1.19 1.16 1.11 1.08 0.79 0.77

DE .75 175 1.74 167 1.60 154 148 142 137 133 128 125 121 1.18 1.15 1.09 1.04 1.00 093 091 091 0091

E 1.48 143 1.23 1.11 1.02 095 0.89 084 080 0.76 0.73 0.69 066 0.64 061 056 052 048 034 023 0.14 0.11
Soil type Sa(g); T=0.2 s

0.01 0.05 0.10 0.15 0.20 0.25 030 035 0.40 045 050 055 0.60 0.65 070 0.80 090 1.00 1.50 2.00 2.50 3.00

BC 1.09 114 116 1.17 117 117 117 118 118 1.17 1.17 1.17 1.17 117 117 1.17 117 1.17 1.16 1.16 1.11 1.11

C 134 135 132 130 129 128 127 126 126 125 124 124 123 123 123 122 121 121 117 1.16 1.13 1.13

CD 1.52 153 1.55 154 1.52 151 149 148 146 145 143 142 141 140 139 137 135 133 125 123 1.16 1.16

D 1.66 180 1.80 1.75 1.69 1.64 158 154 149 145 141 138 134 1.31 128 123 1.19 1.16 1.09 1.09 1.07 1.07

DE 245 242 227 212 200 190 1.81 173 1.67 1.61 155 150 146 1.42 138 131 125 1.19 1.02 1.02 1.02 1.02

E 226 219 184 164 149 139 130 122 1.16 1.10 1.05 1.00 096 092 088 0.82 0.76 0.71 051 038 0.27 0.27
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Sa(g); T=1.0s

Soil type
0.0 0.10 0.15 0.20 0.25 030 035 040 0.45 050 055 0.60 0.65 070 0.8 090 1.00 1.50 2.00 2.50 3.00
BC r.1r 113 113 113 .13 113 113 113 113 113 113 113 113 1.13 113 1.14 1.14 1.14 1.13 1.13 1.02 1.02
C .23 119 1.16 1.14 1.13 1.12 1.11 1.11 1.10 1.10 1.09 1.09 1.08 1.08 1.08 1.07 1.07 1.06 1.04 103 1.12 1.12
CcD 1.58 1.56 1.56 1.55 1.55 1.55 1.55 1.55 1.55 155 155 154 154 154 154 154 154 154 154 154 145 145
D 215 217 2.14 211 2.09 2.06 204 203 201 200 198 197 19 194 193 191 189 1.88 181 1.75 1.88 1.88
DE 219 238 244 247 249 250 251 251 251 251 251 251 251 251 251 251 251 251 251 251 251 251
E 345 285 244 216 195 1.77 163 163 163 1.63 163 1.63 163 1.63 1.63 163 1.63 163 1.63 163 1.63 1.63
Table 5. Metrics for the deformation information over the area of the faults (mm/yr).
Fault Min Max P05 P95 Mean
Belo Horizonte -3.4 2.4 -1.2 1.7 0.3
Cipreses -3.5 2.5 -1.1 1.3 0.2
Rio Azul -3.1 2.8 -2.0 1.3 -0.1
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