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A B S T R A C T   

We study the May 12, 2019, Mw 6.0 (hereafter Laurel earthquake) and a June 26, 2019, Mw 6.2 (hereafter 
Manaca earthquake) earthquakes located in a complex strike-slip to subduction transition zone in the Costa Rica- 
Panama border using a dense local network of broadband and strong-motion instruments, concluding that the 
Laurel mainshock data (hypocenter, centroid, and focal mechanism), concurrently with its aftershock distribu-
tion, indicate an almost vertical north-south oriented, dextral strike-slip fault. This fault ruptured at depths 
between 10 and 30 km in the lower crust of Panama Microplate and the geometry implies a shallow influence of 
the Panama fracture zone. Meanwhile, for the Manaca earthquake, the aftershocks are concentrated on a 25 km 
long NW-SE trend, with a depth between 20 and 45 km. One of the nodal planes of the focal mechanism of the 
Manaca earthquake, as well as the centroid location coincides with the aftershock locations trend, supporting the 
hypothesis that a nearby steeply dipping sinistral strike-slip fault originated this event. Earthquake locations and 
focal mechanism analyses of collected data from global and local earthquake catalogs suggest that the strong 
coupling caused by the subduction of the Cocos Ridge and Nazca plate is largely accommodated by outer arc 
crustal block migration with a combination of NW-SE sinistral and N-S dextral strike-slip faults deforming the 
overriding Panama Microplate. Sinistral motion of crustal blocks, on the Costa Rica side, are consistent with 
observed motions along with the Azuero-Sona fault system and Coiba Faults on the Panamanian side.   

1. Introduction 

The south and western margins of Costa Rica and Panama, divided at 
the Burica Peninsula by the Panama Fracture Zone (PFZ), mark a diffuse 
and complex zone of thrust motion for the Cocos (CO) and Nazca (NZ) 
plates beneath the Panama Microplate (PMP), and a strike-slip motion 
along the Cocos-Nazca plate boundary (Fig. 1). The zone has been the 
focus of many recent studies (Morell et al., 2011; Manea et al., 2013; 
Kobayashi et al., 2014; Lücke and Arroyo, 2015). The region has been 
the site of large earthquakes, typically thrust type earthquakes, as a 
result of the subduction process. Examples are the Osa-Burica earth-
quakes of April 1983 Mw 7.4, December 1941 Ms. 7.5, and December 
1904, Ms. 7.6 (Adamek et al., 1987); along the fracture zone itself such 

as the July 1934 Ms. 7.6 (Camacho, 1991); or in the continental zone, 
such as the earthquake of July 1, 1979, Ms. 6.5 (ISC, 2021), which 
produced significant damage to the city of Puerto Armuelles. 

In this complex tectonic regime, two strong earthquakes occurred in 
2019 on May 12 (Mw 6.0) and June 26 (Mw 6.2), both with epicenter in 
the continent. The first event located close to Laurel community and the 
second close to Manaca Civil, Chiriquí, Panama community (Fig. 1). The 
Laurel and Manaca 2019 events were strongly felt by residents of 
communities near the Costa Rica-Panama border and reached intensity 
between V and VI in the Mercalli Modified Scale, without causing ca-
sualties or big structural damage. These strong earthquakes have not 
been studied in detail, although the Manaca event is mentioned in the 
literature: Van der Laat et al. (2021) associated the events with the PFZ 
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and Porras et al. (2021), to internal fault on the subducted Cocos plate. 
Our study, however, presented a different interpretation. 

Kinematic and seismic studies have long recognized transitions from 
subduction to strike-slip motions on active boundaries, and the Panama 
Triple Junction (PTJ) is one type of such transition. Triple junctions are 
frequently the site of significant strong earthquakes (Mann and Frohlich, 
1999; Wallace et al., 2012). Mouslopoulou et al. (2019, 2020) studied 
large earthquakes at subduction transition zones in New Zealand and 
Greece, finding evidence of coseismic slip on upper-plate faults and on 
the underlying oceanic subduction thrust. Sokos et al. (2020) found that 
a strong earthquake which occurred in 2018 at a subduction termination 
zone in Greece, near Zakynthos Island, involving thrust and strike-slip 
faults, related to interplate and upper plate fractures. Other examples 
of earthquakes triggering seismic slip in the upper plate and at the plate 
interface is the Araucania, Chile 2011, Mw 7.1 event (Hicks and Riet-
brock, 2015) and the crustal extensional Pichilemu seismic sequence 
triggered by the great Mw 8.8 Maule earthquake that affected the 
Chilean margin on 27 February 2010 (Farías et al., 2011). 

The southeastern region of Costa Rica, the site of large thrust-type 
earthquakes, is in a compressive stress field due to the subduction of 
the Cocos Ridge with a convergence direction ~N30◦E with respect to 
the Panama Microplate. Because this movement is not perpendicular to 
the Middle America Trench (MAT), a drag vector is created towards the 
NW along the continental foot of the Panama Microplate, most likely 
creating reverse and strike-slip faulting as a result of the compression 
generated by stress and the projection of drag from the Panama fracture 
under Punta Burica. Among the studies on the effect of major thrust- 
subduction earthquakes on the upper plate, we recall the work carried 
on by Farías et al. (2011) and Kosari et al. (2022), the former with 
monitoring data and the latter with laboratory modeling. Both 
concluded that high accumulation of strain in the interseismic stage and 
its high release during coseismic stage induce reverse and normal 
faulting. This product of crustal shortening above the locked portion of 
megathrust in the interseismic period, and crustal thinning and exten-
sion in the coseismic period are in general agreement with the classical 
model of Savage (1983) and Hyndman and Wang (1993). 

Our goal in this work is to contribute to the understanding of the 
complex tectonic process taking place in this area, making a detailed 
analysis of the Laurel and Manaca events. The analysis is based on the 
OVSICORI-UNA seismic catalog between 1984 and 2021, focal mecha-
nisms studies using polarities and waveform local data, complemented 
with global collected focal mechanisms and earthquake data. 

Although global seismic data is available for studying the tectonic 
activity in southeastern Costa Rica, it is the local seismic data that 
considerably improve the insight into the present tectonic process. 
Therefore, these two strong earthquakes of 2019 and local seismicity 
occurring at the Costa Rica-Panama border will help to develop a better 
understanding of the regional tectonic framework. 

2. Previous studies 

Despite several previous studies in this region, the seismotectonic 
setting is still debated. Kolarsky and Mann (1995) proposed that the 
Cocos Ridge margin indentation and convergence of the Ridge and 
Seamount domain induced a south-eastward displacement of the Gulf of 
Chiriquí along the Azuero-Sona sinistral strike-slip fault zone, on the 

Panamanian side. On the Costa Rican side, this model predicts an 
opposite effect, with the Osa-Burica block migrating towards the 
northwest. This migration was suggested to occur along the so-called 
Ballena-Celmira fault zone (BCFZ), described in Kolarsky and Mann 
(1995) as a dextral strike-slip fault. However, Corrigan et al. (1990) 
pointed out, based on fieldwork and LANDSAT imagery that the BCFZ is 
nearly a vertical fault lineament that can be traced throughout 120 km. 
It was further suggested that this fault zone may represent the extension 
of the sinistral strike-slip Azuero-Sona fault system, in southwestern 
Panama (Okaya and Ben-Avraham, 1987). Strike-slip faults had been 
proposed as a reaction to the oblique subduction of young (< 15 Ma) 
oceanic crust underneath the PMP (Kolarsky and Mann, 1995). Another 
study carried out using paleo-seismological studies, indicated that the 
BCFZ, also called a Longitudinal fault, is an active thrust fault with a 
sinistral movement (Cowan et al., 1998). Furthermore, Morell et al. 
(2011) proposed that the deformation on the Burica Peninsula is better 
described by a system of deeply rooted thrust faults, indicating that the 
southeastward migration of the leading edge of the Cocos Ridge is the 
primary driver for the deformation on the Burica Peninsula rather than 
strike-slip motion or lateral variations in basal traction along the sub-
ducting plate boundary. 

Protti et al. (1995) proposed that the subduction of a young oceanic 
lithosphere produces strong coupling in the CO-PMP interface. The 
subduction of this young oceanic lithosphere (≤15Ma) is solely 
responsible for a highly compressive stress regime in southeastern Costa 
Rica, with its maximum expression situated at the place where the 
projected axis of the Cocos Ridge intersects the trench. In this model, the 
direction of convergence of the Cocos plate in an N25◦E direction in-
duces northeastward thrusting of the Osa-Burica block along the BCFZ 
and other minor regional faults. Kobayashi et al. (2014) indicated 
coupling of approximately 50–75% in the southern segment of the MAT 
and the ridge collision causing uplift in the outer forearc, shortening 
across the Fila Costeña and tectonic escape of the Central America 
forearc, the PMP migrating to the NE due to the collision with the North 
Andes Block. 

Manea et al. (2013), proposed that the plate interaction in south-
western Panama satisfies the condition for the existence of a slab win-
dow in the area and Bekaert et al. (2021) analyzed rock samples 
recovered from central Panama and discovered that they present a 
chemical signature corresponding to that of the Galapagos plume–like 
mantle which had infiltrated through the slab windows that opened ~8 
Mya ago in southwestern Panama; which can be taken as further evi-
dence of slab window in the region. 

3. Regional tectonic setting 

Southern Central America is located on the western margin of the 
Caribbean plate (Fig. 1). Here, the Cocos plate subducts beneath the 
Caribbean plate (CAR) and Panama Microplate along the Middle 
America Trench at a rate between 70 and 80 mm/yr from Guatemala to 
southern Costa Rica, respectively (computed by Argust et al., 2011). 
Protti et al. (2012) indicated a convergence rate of the Isla del Coco on 
the Cocos Ridge of 78 ± 1 mm/yr with respect to the Caribbean plate. 
South of the border, between Costa Rica and Panama, is the Panama 
Fracture Zone system. This dextral transform fault is the plate boundary 
between the Cocos and Nazca plates. The location where the PFZ 

Fig. 1. Overview of seismotectonics of the region. Earthquake locations from November 21, 2018, to September 3, 2020, collected from IRIS Earthquake Browser 
(https://service.iris.edu/), are represented by circles colored according to their focal depth. Violet and blue epicenters denote shallow events (0–70 km) mostly 
occurring at the plate interface CO-CAR, CO-PMP, CO-NZ, NZ-PMP. Green and yellow circles represent intermediate-depth events (> 70 km). The black and blue stars 
denote the Laurel and Manaca 2019 earthquakes, respectively. Plate boundaries and convergent velocity vectors in mm/yr are from the USGS (US Geological Service 
(USGS), 2022a) and Argust et al. (2011). Blue lines are for trenches and inverse faults, red lines for transforms/strike-slips, and green for ridges. The inset rectangle, 
zoomed in the bottom panel, shows a close-up of the epicentral area of the studied earthquakes. Red squares represent the communities of Puerto Armuelles, Golfito, 
Laurel and Paso Canoas. ASFZ: Azuero Sona Fault Zone, BP: Burica Peninsula, CAR: Caribbean plate, CCFZ: Central Coiba Fault Zone, MAT: Middle America Trench, 
NPDB: North Panama Deformed Belt, OP: Osa Peninsula, PFZ: Panama Fracture Zone, SPDB: South Panama Deformed Belt. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

R. Quintero et al.                                                                                                                                                                                                                               

https://service.iris.edu/


Tectonophysics 851 (2023) 229759

4

encounters the MAT constitutes the triple junction. Southeast of central 
Costa Rica is the Panama Microplate. The northern boundary of the PMP 
with the Caribbean plate is a convergent margin, namely the North 
Panama Deformed Belt (NPDB), which extends from the Caribbean coast 
of Colombia to south Limon, Costa Rica (Silver et al., 1990). Here both 
plates converge at 10 to 15 mm/yr (Argust et al., 2011). 

Seismically speaking, southern Central America is a very active re-
gion with seismic sources of different genesis and depths. Shallow events 
(z < 30 km) occur: a) associated with the subduction of the CO plate 
under the CAR and PMP; b) along the PFZ; c) as intraplate faulting along 
these tectonic units; d) as interplate activity between the CAR and PMP, 
both along the NPDB and along the shear zone across central Costa Rica; 
e) as interplate activity between the NZ plate and the PMP along the 
South Panama Deformed Belt (SPDB); f) as interplate activity between 
the Northern Andes Block and the PMP; and g) associated with the 
volcanic arc. Intermediate depth earthquakes (down to 300 km) occur as 
internal deformation of the subducted Cocos plate (see Fig. 1). 

4. Materials and methods 

4.1. Data 

The main earthquake database was obtained from the OVSICORI- 
UNA seismic network. Additional data was provided by Red Sismológ-
ica Nacional (RSN), Laboratorio de Ingeniería Sísmica (LIS), Instituto de 
Geociencias de Panamá at Universidad de Panamá (IGP-UPA), Red Sís-
mica Volcán Barú, Panamá (Chirinet), IRIS/IDA, GEOSCOPE and the 
Caribbean USGS network. Fig. 2 is an example of stations used by 
OVSICORI-UNA seismographic network in the daily earthquake loca-
tion; at present, as also shown in Fig. 2, five Panamanian stations are 
used in the earthquake procedure as far as possible, namely PTP, BRU2, 
DVD, CHGR and BCIP. 

GPS-data used in this study were obtained from UNAVCO (http 
://pbo.unavco.org/instruments/gps) and OVSICORI-UNA GPS data 
base, for PTPP, RIOS and CDITO, respectively. 

4.2. Methodology 

The summary of the data processing is as follows. ANTELOPE soft-
ware is used for routine earthquake collection and analysis (Segura 
et al., 2014). Within this software, the Generalized Earthquake Location 
Library (GenLoc) of Pavlis et al. (2004) is employed to analyze seis-
micity from 2010 onwards. Earthquake locations before 2010 and the 
basic location of mainshocks were performed with the computer pro-
gram HYPOCENTER (Lienert and Haskov, 1995). Since the studied 
seismicity is situated at one edge of the network, and the distance be-
tween events and stations is large compared to earthquake separation, 
we also re-located the seismicity using the HypoDD program of Wald-
hauser and Ellsworth (2000) to improve the relative position of the 
events. 

The centroid moment tensor (CMT) of the mainshock and moderate 
aftershocks were calculated using ISOLA code (Sokos and Zahradník, 
2008 and 2013; Zahradník and Sokos, 2018). Focal mechanisms of 
earthquakes Ml ≥4.0 were also calculated from P-polarity data, using 
FOCMEC code (Snoke et al., 1984). When possible, we calculated the 
focal mechanism (FM) of earthquakes in the study zone using local data 
of the OVSICORI-UNA network starting in 1984 (see Table S1), and we 
consolidated these with FMs data collected from the Global Centroid 
Moment Tensor (Global Centroid Moment Tensor (GCMT), 2021) proj-
ect (Dziewonski et al., 1981; Ekström et al., 2012) and USGS moment 
tensor catalog (US Geological Service (USGS), 2022b) for tectonic 
interpretation. For the earthquake location and waveform inversion, the 
1D velocity model of Quintero and Kissling (2001) was used. This ve-
locity model was simultaneously used with the CRUST1.0 (Laske et al., 
2012) velocity model downloaded at latitude 8.3, longitude − 81.5 for 
regional CMT calculation of mainshocks. The CRUST1.0 velocity model 
(see Table S2) samples the source-station paths for the eastern Pan-
amanian stations. Waveforms of Panamanian stations (GMAL and AZU) 
were available for the mainshocks. For the CMT calculation, we used six 
relatively close stations (broadband and accelerometric data) between 6 
and 290 km epicentral distance, with good azimuthal coverage. Table S1 
shows collected and calculated focal mechanisms for southeastern Costa 
Rica and Frohlich and Apperson (1992) triangle diagrams are used for 
characterizing the focal-mechanism types. 
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Fig. 2. Map showing the location of the seismographic stations used in the location procedure of the Manaca earthquake, May 12, 2019, earthquake. Stations are 
indicated by triangles. 
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5. Results and interpretations 

5.1. Seismicity between January and July 2019 in SE Costa Rica 

The spatio-temporal seismicity evolution in the Costa Rica – Panama 
border region before and after the Laurel earthquake is quite complex 
(Fig. 3). As seen from Fig. 3A, the seismicity before the Mw 6.0 Laurel 
earthquake was low with a rate of 4 events per day and distributed 
mainly in the continental part of our study area (Fig. 3B). On April 29, 
there was a significant increase to 65 events per day, with few events 
located in the zone where latter the Laurel and Manaca events occurred, 
but with greater activity in the vicinity of the latter. Epicenters in Fig. 3B 
show a concentration of earthquakes in the northwest of the map and in 
the northern part of Burica Peninsula on both sides of the projected PFZ 
on land. The events located on the Burica Peninsula occurred mostly on 
April 29, with some earthquakes of magnitude ~4.5 occurring between 
February 22 and 26, 2019. This seismicity is mostly located between 
0 and 20 km depth with the focal mechanism of thrust type (see Ta-
ble S1) and associated with the subduction process in the CO-PMP 
interface and shortening in the forearc. Fig. 3C and D show the Laurel 
and Manaca earthquakes with the first two days of aftershocks, respec-
tively, with a well-defined area and pattern. The seismic sequence for 
the former lasted for almost a month and was concentrated in a small 
area close to the main event. When the Manaca Mw 6.2 earthquake 
nucleated ~20 km south of the Laurel event, most of the aftershock's 
seismicity in the region was located near the Manaca mainshock 
epicenter. This cluster of events forms a pattern with a NW-SE direction 
(Fig. 3D) and extension of ~25 km. By the end of July 2019, the amount 
of seismicity per day decreased compared to the seismicity peaks of May 
and June 2019 (Fig. 3A), and mainly maintaining the spatial seismicity 
distribution at the seismic source that originated the Manaca earthquake 
(Fig. 3E). 

To make a detailed analysis of the seismic activity related to the two 
strong events, we study the data between May 12 and August 1, 2019, 
and compare obtained single-event locations with relative event loca-
tions as presented in Fig. 4A to 4F. We also made a cross-section of the 
relative relocations of aftershocks for five day after the main events as 
presented in Fig. 5A and B. In general, we infer that the locations made 
with the routine earthquake location program GenLoc yielded a more 
dispersed distribution of hypocenters compared with the relocations 
made with HypoDD, the latter giving a more compact spatial distribu-
tion for both seismic sequences and slightly shifted up and west 
compared to the single-event location. The Manaca event and its seismic 
sequence had more aftershocks of moderate magnitude and remained 
active longer when compared to the Laurel seismic sequence. We again 
noted that the seismic activity in southwestern Panama, including the 
Laurel and Manaca mainshocks and associated seismic activity (see 
Fig. 4A), shows a concentration of events in the north and the north-
western continental part relative to the Burica Peninsula when 
compared with epicenters in the northeastern side of it, indicating a 
profound influence on the overlying continental plate of the active 
subduction of the Cocos plate and its ridge compared with the subduc-
tion of the Nazca plate below the Panama Microplate. 

The Laurel earthquake and its aftershocks (Fig. 4A-4F, 5A, 5C) were 
concentrated in the topmost 30 km at depths between 15 and 32 km, 
with the mainshock located at the bottom of the sequence, as seen in the 
depth distribution of ~45 relocated aftershocks (Fig. 5A and C). The 
aftershocks are concentrated along a narrow width area, aligned N-S 
(Fig. 4D), and located where previously a fault called Canoas had been 
mapped and designated as a dextral strike-slip fault by Cowan et al. 
(1997, 1998). Meanwhile, the Manaca mainshock (Fig. 4A, and D) was 
located ~20 km SE from the Laurel earthquake epicenter at a depth of 
40 km in a single-event location mode. With 463 relocated earthquakes 
in five days after the Manaca event (Fig. 5B), the depth distribution 
confirmed the sequence was concentrated at depths between 25 and 50 
km (Fig. 5D) and displayed an NW-SE lineament (Fig. 4A, D, F, 5B). The 

relocated mainshock was shifted ~12 km NW from its initial single 
location, with a depth of 35 km. 

As seen from the cross-sections and histograms in Figs. 4 and 5 for 
earthquakes located in a single and relative mode, the Manaca 2019 
seismic sequence has a deeper distribution than the Laurel seismicity, 
despite the former earthquake being closer to the Panama triple junction 
transition zone. Both seismic sequences are shallow, with maximum 
depths of 50 km, where Laurel's and majority (87%) of Manaca's seismic 
sequence were located in the first 40 km depth and within the PMP 
continental crust and only 13% of the seismicity is considered to be 
located below the PMP (see Fig. 5B, D). From the seismicity projected 
along the line WZ (Fig. 4C and F), we can clearly see that there are two 
different seismic sources related to the Laurel and Manaca events, the 
former trending NS and the latter trending NW, the Manaca seismic 
sequence with deeper hypocenters related to the Laurel seismic 
sequence (Fig. 4D). Fig. 4D, E and F show the relocated seismicity 
together with some calculated focal mechanisms for both seismic se-
quences. Although both thrust fault (TF) and strike-slip (SS) focal 
mechanisms occurred during this seismic sequence, the latter pre-
dominates (see triangle diagram of Fig. 5E). 

We inverted data from 10 local strong motion and broad band in-
struments at distances between 6 and 297 km from the Laurel epicenter 
to compute a centroid and focal mechanism (FM) (Fig. 6). The obtained 
result indicates a vertical strike-slip (SS) fault (strike/dip/rake = 186◦/ 
89◦/− 163◦), with centroid depth at 19 km, located 5 km south of the 
single event epicenter (Fig. S1); the moment tensor contains a significant 
(92%) percentage of double couple (Fig. S2); the high double couple is 
evidence of shear faulting on a planar fault (Vavryčuk, 2015). 

The local moment tensor solution for the Manaca 2019 event (Figs. 7, 
S3 and S4) places the centroid at ~30 km depth, located 10 km NW from 
the epicenter; with a higher non-DC component (~30%) than obtained 
using global data by USGS (US Geological Service (USGS), 2022b), 
indicating a seismic source complexity (if not being an artifact of 
modeling), possibly produced by shear faulting on a non-planar fault. 
This event could have originated at a SSW striking steeply dipping 
dextral strike-slip fault (strike/dip/rake = 210◦/82◦/− 171◦), or along 
its conjugate SSE plane, corresponding to an almost vertical sinistral 
strike-slip fault (strike/dip/rake = 118◦/81◦/− 9◦). 

The majority of calculated FMs for the Manaca sequence are of the TF 
and SS type, with a predominance of the latter. The main event occurred 
as strike-slip faulting with centroid shifted NW and up from the hypo-
center (see triangle diagram in Fig. 5E). To check the centroid stability of 
the Manaca event, it was compared with centroids of other events of this 
seismic sequence. The centroids of three aftershocks (occurring on June 
27, 13:36:16, Mw 4.2; June 28, 11:17:30, Mw 4.6 and August 28, 
23:17:22, Mw 4.8) were situated near their hypocenters as expected for 
moderate earthquakes. This is a good indication that the Manaca 
centroid shift ~10 km to the NW from the epicenter is real and not an 
artifact of the network configuration used in the inversion. 

5.2. Seismicity between 1984 and 2021 

Data collected from the OVSICORI-UNA earthquake catalog is shown 
in Fig. 8 (Ml ≥3.0). Here we find that high rates of earthquake activity 
are observed within our study region, with a wider concentration of 
continental earthquakes in the western part of the study area when 
compared with those occurring in the eastern part, well within the 
Panamanian territory. This observation may correspond with a higher 
station density along the border region between Costa Rica and Panama 
but may also reflect a more active faulting episode within the continent, 
especially in the surrounding of the Triple Junction near Burica Penin-
sula. The dominant feature is the cluster of earthquakes along the Pan-
amanian side of the Burica Peninsula, near the city of Puerto Armuelles. 
This cluster corresponds to a temporal feature associated with strong 
earthquakes as the Laurel and Manaca 2019. In general, the majority of 
observed seismicity is associated with sub-parallel fault segments 
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running S-SE along the inner coast of Golfo Dulce, between the com-
munities of Golfito in Costa Rica and Puerto Armuelles in Panama, and 
there are some epicenters that can be related to the BCFZ trace and 
crustal faults in the Chiriquí Gulf and Azuero Peninsula, Panama. 

Along the Pacific coastal areas, most of observed seismicity corre-
lates with the Panama Fracture Zone system and to the subduction 

process, both along the Nazca-Panama Microplate interface beneath 
Panama and Cocos–Panama Microplate interface beneath southeastern 
Costa Rica. 

Fig. 3. Spatial-temporal seismicity evolution between January 1 and August 1, 2019, in the Costa Rica-Panama border region. The epicenters are represented by 
black circles, some of greater magnitude by purple, green and blue circles, depending on their temporal occurrence and all scaled according to magnitude. Canoas 
fault and direction of relative movement according to Cowan et al. (1998) is indicated by black-arrow. The Costa Rica - Panama border is shown by a dashed line. 
Panel A shows the daily histogram for the entire interval January 1–August 1, 2019, and highlights the largest events, with their respective magnitudes. Panel B 
shows epicenters for the first seven months of 2019, panels C and D show epicenters for two days aftershocks of the Laurel and Manacas earthquakes, respectively and 
panel E, shows seismicity starting June 29, until August 1. Main communities are represented by black squares. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Detailed seismicity between May and August 2019. A), B) and C), display the epicentral map and cross-sections along the longitude and the WZ profile for 
single-event locations. D), E) and F) the same as A, B, C, but for relocated events. The WZ profile contains data within 15 km on either side of the line and it is limited 
and indicated by dashed lines parallel to WZ in A) and D). Blue circles represent earthquakes occurring between May 12 and June 14, while black circles characterize 
earthquakes occurring between June 15 and August 1, 2019. Some earthquakes with magnitudes Ml ≥ 5.0 are illustrated with red circles. Focal mechanisms with the 
corresponding magnitude are also included. Main faults are traced by thick black lines and slab depth contours for 10, 20, 30, 40, 60 and 80 km are illustrated in 
dashed red colour in A) and D). The events are drawn by circles with size according to the magnitude. Slab depth contours are slightly modified from Lücke and 
Arroyo (2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5.3. Focal mechanisms 1977–2022 

We used historical focal mechanisms to study tectonics in the Costa 
Rica – Panama border (Figs. 9 and 10). Fig. 9 shows the epicentral 
distribution of events for which focal mechanisms were available or 
calculated and displayed in Table S1. From Table S1, if several mecha-
nisms were available for an event, we choose only one to be represented 
in the triangle diagram: as the first option is the solution obtained with 
ISOLA, second is from the GCMT, and third is the solution obtained with 
FOCMEC. Fig. 9 shows all types of mechanisms (see triangle A, Fig. 9), 
but normal-faulting earthquakes are just few. We have divided the re-
gion into several zones, indicated by rectangles, according to our 
knowledge and daily work with the country's seismicity. This division 
reveals that the focal mechanisms of seismicity in the northwestern area 
of the studied zone are mostly of reverse type and related to the sub-
duction process CO-PMP as can be seen from the Frohlich and Apperson 
(1992) triangle (diagram B in Fig. 9). Seismicity in the south of the 
Burica Peninsula shows a combination of reverse and strike-slip mech-
anisms (triangle diagram C, Fig. 9). The seismicity shown in Fig. 9-D 
matches the seismicity recorded on April 29, 2019 (see also Fig. 3A, B). 

It is principally composed of thrust-type earthquakes having some of 
their nodal planes parallel or subparallel to the MAT and are associated 
with the subduction process and shortening in the forearc. 

The group of events in the E-box (Fig. 9) contains, among others, the 
strong Laurel and Manaca earthquakes of 2019. The seismicity in this 
box is mostly related to the N-S striking Canoas strike-slip fault, and the 
southern part shows a clustering of events along the eastern side of the 
Burica Peninsula that coincides with the NW-SE lineament of Fig. 3E. 
The earthquakes in the latter zone have a combination of reverse and 
strike-slip mechanisms (Triangle E, Fig. 9); indicating underthrusting 
and sinistral strike-slip motion along a NW-SE fault plane. The events 
with reverse focal mechanisms with sinistral components along a NW-SE 
plane could be associated with the thrusting of Burica Peninsula beneath 
the continent in a northeasterly direction and sliding of the Burica 
crustal block to the SE. Other events with reverse mechanisms are 
consistent with the subduction of the Cocos and Nazca below the Pan-
ama Microplate. 

According to Fig. 9, there are earthquakes in the inner forearc with a 
strike-slip type focal mechanism, and we are especially interested in the 
earthquakes of January 31, 2016, 11:38:36 Mw 5.1, August 16, 2021, 

Fig. 5. Relocated aftershocks of the Laurel and Manaca events. A) and C) are depth sections along the longitude, showing of relocated aftershocks within 5 days 
period after main events; the circles are scaled with magnitude. Panels B) and D) are earthquakes' depth histograms from the relative-event location of the Laurel and 
Manaca sequence, respectively. The dashed black lines indicated the 40 km slab depth contour separating Cocos and Panama Microplate, just below the Laurel and 
Manaca seismicity. Panel E: is the Frohlich and Apperson triangle diagram (Frohlich and Apperson, 1992) for events within the black box of Fig. 3A; circles and 
crosses correspond to Laurel and Manaca sequences, respectively. 
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10:06:00, Ml 4.6 and September 21, 2021, 19:56:16, Ml 4.0 (Box and 
Triangle F, Fig. 9), which we associate with the BCFZ trace and possible 
northwestern extension of the Azuero-Sona fault zone. Although there 
are other events in the OVSICORI-UNA catalog that can be associated 
with these faults, they are of low magnitude. This seismicity and focal 
mechanisms indicate a sinistral strike-slip type of behavior for the 
eastern extension of the BCFZ fault in Costa Rica and its continuation in 
on the Panamanian side. 

The focal mechanisms along the Panama Fracture Zone System 
(Fig. 10A and Triangle A) show a striking N-S plane corresponding to a 
dextral fault and running parallel to the Panama, Balboa, and Coiba 
Fractures Zones and agrees with the relative motion of Cocos and Nazca 
plates out to sea from the trench and below the continent (Fig. 10B and 
triangle C). Here two events indicate under thrusting of the fracture 

below the Panama Microplate. The zone associated with Box B is 
considered as the transition from subduction of the Cocos plate in the 
NW to a transform at the PFZ. Box C (Fig. 10C) shows a concentration of 
events beneath the landward continental slope. Majority of the strike- 
slip motion type events follow the Balboa Fracture Zone direction sug-
gesting a continuation of this type of motion underneath the Panama 
Microplate. 

In the main region of the study, we found 14 events in the GCMT and 
OVSICORI-UNA catalogs that match each other (Table S1). Our focal 
mechanism solutions are consistent with those published in the GCMT 
catalog, and the global centroid location is usually shifted north, mostly 
NE compared to the local earthquake determination, with distances 
ranging from ~1 km to 30 km. The Laurel earthquake is shifted ~1 km 
to the north and that of Manaca, 5 km to the NW, with a centroid at 23 

Fig. 6. Obtained waveform fits for the May 12, 2019, 19:24:49 Laurel earthquake. We used the Quintero and Kissling (2001) velocity model for stations CDITO, 
CCOL, BRU2, PNPB, PIRO, POTG, RIOS and OCHAL; the CRUST1.0 model (Laske et al., 2012) was used for the GMAL, and AZU stations. The global variance 
reduction is VR = 0.72. Centroid time is 2.2 s later relative to the origin time (19:24:49). Centroid position is at latitude 8.479◦, longitude − 82.863◦, and depth 19 
km. The observed displacement seismograms (in meters) are shown in black, and the synthetics are in red, respectively. Components CCOL_Z, PNPB_Z, PIRO_N, 
shown in gray, were removed from inversion due to instrumental disturbances problems issues. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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and 30 km depth, respectively. We also deduced that the preferred 
distribution of the P-T axis for most of the focal mechanisms (SS type) 
obtained from our data set is oriented in a NE direction for the pressure 
axes and in a NW direction for the tension axes (see Fig. 9). This 
observation agrees with the regional stress field dominated by the sub-
duction of young oceanic crust beneath southeast Costa Rica. 

6. Discussion 

The focal mechanisms, the relative position of centroids, and the 
distribution of the mainshock and aftershock hypocenters suggest the 
following interpretation for the Laurel sequence 2019: (i) These events 
are shallow, located in the first 30 km of depth and within the Panama 
microplate. (ii) The main event rupture followed a N-S oriented, dextral 
strike-slip fault (with the formally best-fitting strike/dip/rake angles of 
186◦/89◦/− 163◦) confirmed by relocating the seismic sequence using 
the relative location technique (Fig. 4). (iii) The Canoas fault, which had 
been mapped (Cowan et al., 1997, 1998), is at the top of the sequence. 
This fault appears to be the surface expression of the deeper seismicity in 
2019. 

The Manaca 2019 earthquake originated on a NW-SE striking sinis-
tral strike-slip fault as indicated by the nodal plane with strike/dip/rake 
= 118◦/81◦/− 9◦ or in the SSW striking steeply dipping dextral strike- 
slip fault plane as indicated by the strike/dip/rake = 210◦/82◦/ 
− 171◦. However, the seismological analysis carried out in this work 
shows a clear aftershock distribution alignment in an NW-SE direction 
with the centroid of the main event at 29 km depth and shifted NW from 

the hypocenter. Although the Manaca single earthquake location is 
deep; the distribution of the aftershocks towards the surface, the 
centroid location and the 40 km slab-top contour just below Manaca 
earthquake, make us consider this an upper crust Panama Microplate 
event. 

The focal mechanisms in the PFZ System agree with the relative 
motion of Cocos and Nazca plates out to sea from the trench and 
extending underneath the southern part of the Punta Burica peninsula 
and southeast of it, close to the trench, and coinciding with the extension 
of the Balboa Fracture Zone below the Panama Microplate. Moment 
tensor data from the US Geological Service (USGS), 2022b show that 
strike-slip earthquakes associated with the PFZ change the non-DC part 
of moment tensors as the events reach the trench. The non-DC per-
centage is higher before the trench than after it (Fig. S5), and this pattern 
does not apply to the BFZ and CFZ. This may indicate a more complex 
rupture style for earthquakes at this transition zone where the PFZ en-
counters the trenches and starts to be subducted below the PMP and 
could indicate its curvature. However, this topic would need a deeper 
and more specific uncertainty study of the non-DC components. 

We were able to associate some events with the BCFZ fault in 
southeastern Costa Rica segment, but the majority of intraplate PMP 
seismicity located by the OVSICORI-UNA network can be associated 
with sub-parallel NW-SE faults, running along the coast from east of 
Golfito to Armuelles. 

The southeastern part of the MAT is a transition zone, where we find 
events with reverse and strike-slip focal mechanism, with the former 
changing P-axis direction from SW-NE to SWW-NEE. This transition 

Fig. 7. Correlation between observed and synthetic waveforms plotted as a function of trial position for the Manaca earthquake. The epicenter position is indicated 
by a star (position number 41); the centroid, situated NW of the epicenter, is indicated by a large beachball (position number 33). Small beachballs are focal 
mechanisms at the remaining trial positions; their colour indicates the double-couple percentage (DC %). 
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from subduction in the west to the strike-slip regime in the southeastern 
part of the MAT is related to the subduction of the PFZ system ridges as 
pointed out by Moore and Sender (1995). 

GPS-derived horizontal velocity calculation in a Caribbean-fixed 
reference frame for the available RIOS, CDITO and PTPP stations 
(Fig. 11) located in the border between Costa Rica and Panama indicates 
a northeastward motion, results that agrees with obtained by Kobayashi 
et al. (2014) for GPS stations located in southeastern Costa Rica. We also 
observed an angle rotation from N24◦E for RIOS located in the Osa 
Peninsula to N44◦E for PTPP station located in the Burica Peninsula. The 
eastward motion indicated by the GPS horizontal velocity agrees with 
proposed in this work sinistral strike-slip fault system subparallel to the 
MAT and SPDB and shortening of the Osa-Burica blocks. This fault 
system is in agreement to obtained focal mechanisms and with the 
segmental fault study of BCFZ by Cowan et al., 1998. 

The generalized tectonic environment inferred from the focal 
mechanism solutions indicates the thrusting of the Cocos plate and Osa- 
Burica block beneath the PMP. However, a sinistral strike-slip motion in 
the continental microplate is once again indicated (Fig. 11). This will 
further suggest that present rates of deformation introduced by the 
subduction of a young oceanic lithosphere, as well as Cocos Ridge, are 
being accommodated by coastal faults (Fig. 11). The sinistral slip 
component is consistent with the northeasterly direction of subduction 
of the Cocos plate beneath the Panama Microplate, and the high degree 
of coupling and the dextral slip component for deeper earthquakes near 
the Burica Peninsula agree with the model of the relative motion of the 
Cocos and Nazca plates when both plates have been subducted below the 
PMP. 

7. Conclusion 

In the Fig. 12 we proposed a new tectonic model characterization of 
the southern Costa Rica – Panama border. 

The subduction of a very young and buoyant section of the Cocos 
plate, including the seamount domain as well as the Cocos Ridge itself 
with direction ~N30◦E, is the driving mechanism for the observed dis-
tribution of regional stresses and fault continental geometry and by 
underthrusting the Osa and Burica crustal blocks beneath the continent 
(Fig. 12). 

Large events in the Costa Rica – Panama border, associated with the 
subduction of the Cocos or Nazca plates below the Panama Microplate 
with focal mechanism such of reverse type with a slight, but significant, 
strike-slip component are responsible for the observed continental 
strike-slip events in the zone. 

Based on the obtained results we concluded that the faults respon-
sible for the Laurel and Manaca 2019 large earthquakes are crustal 
events in the Panama Microplate. The proposed Canoas fault that gave 
origin to the Laurel event is a near-vertical, dextral strike-slip fault, 
striking north-south, while the Manaca earthquake originated at a SE 
striking, sinistral strike-slip fault. 

Seismicity and events with focal mechanisms of sinistral strike-slip 
types are associated to the BCFZ in the segment close to the border be-
tween Costa Rica and Panama and to other crustal Panama Microplate 
events on the Chiriquí Gulf. 

Continental thrust faults on the Burica Peninsula must be associated 
with the contractional deformation or shortening during the inter-
seismic period of major thrust subducting Cocos events. 

Fig. 8. Map showing selected seismicity recorded by OVSICORI-UNA seismographic network along the Costa Rica – Panama border, between 1984 and 2021 (open 
circles) with magnitudes Ml ≥ 3.0. Fault traces with sense of motion for the BCFZ and other regional faults after Corrigan et al. (1990), Cowan et al. (1998), Denyer 
et al. (2003) and Buchs et al. (2011). Convergent velocity vectors in mm/yr after Argust et al. (2011). 
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Fig. 9. Map showing focal mechanisms indicated in Table S1 scaled with magnitude. The Frohlich and Apperson triangles display the focal mechanisms in the 
respective red-line denoted boxes. The close-up of events in Box E is shown in a separate bottom map. Puerto Armuelles and Laurel communities are represented by 
blue squares. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Focal mechanisms support the idea of a subduction to strike-slip 
transition zone south of the Burica Peninsula and the extension of the 
Panama Fracture Zone system below the continent near the SPDB trench 
(Figs. 10, 12). 

The low rate of seismicity in the northwestern continental part of the 
projected-on-land Panama Fault Zone fault, compared with epicenters 
on the eastern side, may provide an impression of a lower seismic hazard 
on the Panamanian side, but perhaps this is a zone of greater stress 
accumulation and possible events of longer recurrence periods. 

The societal aspect of the study lies in the acquired seismic knowl-
edge of the magnitude, location, dimension, and characterization of 
faults in the Costa Rica – Panama border and neighborhood. The seismic 
potential of upper-plate faults in this zone, not rupturing or partially 
rupturing in recent years, pose a high seismic hazard to the population 
and infrastructure. 
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Fig. 10. Map of focal mechanisms from the Global Centroid Moment Tensor Catalog (Dziewonski et al., 1981; Ekström et al., 2012), from 1977 to January 23, 2020. 
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the work reported in this paper. Data availability 

The data will be available by acceptance at Open access library; 
temporarily it is available at https://drive.google. 

Fig. 11. Map with some focal mechanism solutions and fault traces with sense of motion for the BCFZ, PFZ system, Canoas Fault, AZFS and other regional faults after 
Corrigan et al. (1990), Cowan et al. (1997, 1998), Denyer et al. (2003)and Buchs et al. (2011). Convergent velocity vectors in mm/yr after Argust et al. (2011). The 
focal mechanism of the event of October 20, 2022 Mw 6.8 is shown (US Geological Service (USGS), 2022b). With blue arrows are shown the GPS-derived horizontal 
velocity for RIOS, CDITO and PTPP stations in a Caribbean-fixed reference frame. ASFZ: Azuero Sona Fault Zone, BFZ: Balboa Fracture Zone, BCFZ: Ballena-Celmira 
fault zone, BP: Burica Peninsula, CCFZ: Central Coiba Fault Zone, CFZ: Coiba Fracture Zone, MAT: Middle America Trench, OP: Osa Peninsula, PFZ: Panama Fracture 
Zone, PTJ: Panama Triple Junction, SCFZ: South Coiba Fault Zone, SPDB: South Panama Deformed Belt, SPFZ: South Panama Fault Zone. Red squares represent the 
communities of Golfito and Armuelles. The inset figure shows a GPS-derived horizontal velocity calculation components and the BCFZ fault trace. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. The schematic proposal that char-
acterizes the tectonics of the southern border 
between Costa Rica and Panama showing the 
collision of the Cocos Ridge, subduction of 
the Cocos and Nazca plates, the transition 
zone (TZ) Trench-Fault-Trench and some 
tectonic faults with sense of motion on the 
Panama Microplate, the latter indicated by 
solid and dashed black lines. The Laurel and 
Manaca earthquakes are indicated by red 
starts. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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com/drive/folders/1xV06tgbEB2J6YHme5noadmSRaVF_4IWy? 
usp=sharing. The data consists of 5 main directories DAT, FIGURAS, 
ISOLA, REA, and WAV. The waveforms for the Laurel and Manaca 
earthquakes are under ISOLA directory (it is in ISOLA format) and also 
under WAV directory. Under REA and DAT are the earthquakes phase 
readings and station file in SeisAn format (Havskov et al., 2020). 
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