
1.  Introduction
Slow slip events (SSEs) are recognized as a common feature of many subduction zones around the world. While 
the characteristics of these slow slip events can vary wildly, they generally occur in conditionally stable domains 
on the margins of seismogenic zones (e.g., Lay et al., 2012), generate slip on the order of centimeters over a 
period of days to weeks to years (Bürgmann, 2018; Mallick et  al.,  2021; Peng & Gomberg, 2010), and may 
occur as repeating events through time (e.g., Obara, 2002; Rogers & Dragert, 2003; Xie et al., 2020). Further-
more, although SSEs occur in a diverse range of tectonic regions, they have not been observed or not resolvable 
everywhere (e.g., Feng et al., 2015), and the global spatial distribution of SSEs is likely influenced by a number 
of factors including subducted seafloor topography (Wang & Bilek, 2014), the presence of sediments and water 
within the subduction interface (e.g., Audet & Kim, 2016; Bell et al., 2010; Kodaira et al., 2004; Saffer, 2017), 
among others (e.g., McLellan & Audet, 2020). A key problem in observing the full range of behavior of slow 
slip events is a relative lack of observations. Despite the occurrence of SSEs in many regions (e.g., Bartlow 
et  al.,  2014; Mitsui,  2015; Segall et  al.,  2006; Szeliga et  al.,  2008; Wallace & Beavan,  2010), a majority of 
observations are of deeper events that occur on the down-dip margins of seismogenic zones where SSEs can be 
relatively easily observed using conventional terrestrial methods. By contrast, shallow SSEs that occur updip of 
the seismogenic zone are less commonly observed due to a sparsity of offshore observations or largely attenuated 
terrestrial observations when SSEs occur too far offshore to detect them with land-based GNSS data (Saffer & 
Wallace, 2015).

Better understanding shallow SSEs is important because they likely play a role in modulating the magnitude 
and spatial distribution of large, damaging earthquake ruptures that are more likely to generate tsunamis (Dixon 
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et al., 2014; Kato et al., 2019). This paper focuses on the Osa peninsula in Costa Rica, which along with the 
Nicoya and Burica peninsulas, extend into the Pacific Ocean nearly to the Middle American Trench and allow 
for near-trench (often <40 km) terrestrial observations (Figure 1), lending insight into shallow subduction zone 
processes.

The tectonics of Costa Rica are driven by the northeastward subduction of the Cocos plate and the associ-
ated seismicity and volcanism. Near the Osa Peninsula in southern Costa Rica, the Cocos plate subducts to the 
northeast beneath the Panama microplate at ∼80 mm/yr relative to a stable Caribbean reference frame (DeMets 
et al., 2010), oriented nearly perpendicular to the Middle American Trench (Figure 1), making it one of the more 
rapidly converging subduction zones in the world (Schellart et al., 2011). The subduction of the relatively buoy-
ant and thick crust of the Cocos ridge dominates the onshore tectonics, with prior geodetic studies interpreting 
regional kinematic variations as escape tectonics on either side of the incident Cocos ridge, yielding some-
thing akin to forearc sliver motion as well as elevated mechanical coupling at the trench (Kobayashi et al., 2014; 
LaFemina et al., 2009).

In northern Costa Rica, shallow SSEs have been identified offshore and beneath the Nicoya peninsula (Baba 
et al., 2021; Brown et al., 2005; Davis et al., 2011, 2015; Jiang et al., 2012, 2017; Outerbridge et al., 2010; Protti 
et al., 2004, 2005), near the epicenters of four large (magnitude 7+) earthquakes in 1853, 1900, 1950, and 2012 
(Protti et  al.,  2014). At the Osa peninsula, at least three large (magnitude 7+) earthquakes have occurred in 
1904, 1941, and 1983 (Adamek et al., 1987; Tajima & Kikuchi, 1995), with current observations supporting an 
approximately 40 year recurrence interval. Prior to this study, no SSEs had been documented in this region. The 
presence of shallow SSEs would therefore shed light on both potential natural hazards in the region and frictional 
properties of the Middle American Trench.

Figure 1.  Overview of the Osa peninsula and surrounding region. Large earthquakes are plotted as numbered stars with 
locations from Adamek et al. (1987). “1” is the 20 December 1904 event, “2” is the 5 December 1941 event, and “3” is the 3 
April 1983 event. Slab contours are shifted from the Slab2.0 model (Hayes et al., 2018) to better align with regional shallow 
seismicity. Triangles represent regional GNSS stations, with colored stations corresponding to the colored time series plots in 
Figure 2.
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Figure 2.  Horizontal and vertical components of time series of stations that observed the two SSEs in 2018 and two SSEs in 2022. Black dashed vertical lines 
indicate the start and end of the SSEs from visual inspection while the black solid vertical line indicates the Mw 6.1 event. The horizontal components are rotated into 
trench-normal displacements (panels (a) and (b)) and trench-parallel displacement (panels (c) and (d)). Panels (a), (c), and (e) show time series from 2018. Panels (b), 
(d), and (f) show time series from 2022.
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2.  Methods
2.1.  GNSS Data and Processing

To anticipate and better quantify the potential and risks of an impending Osa megathrust earthquake, in recent 
years the Observatorio Vulcanológico y Sismológico de Costa Rica (OVSICORI-UNA) has been densifying the 
regional seismic network and establishing a continuously operating Global Navigation Satellite System (GNSS) 
network in and around the Osa Peninsula. In addition the Insituto Geografico Nacional (IGN) (https://gnss.rnp.
go.cr/SBC/) and the Insituto Costarricense de Electricidad (ICE) also operate several continuous GNSS stations 
in the area. The proximity of these networks to both the offshore trench (Figure 1), and the shallow plate interface 
(<40 km) (Kyriakopoulos et al., 2015) provide a unique opportunity to use terrestrial methods to study shallow 
subduction processes including locking and strain accumulation and release, with implications for the entire 
megathrust. In this study, we use the new GNSS network to identify and describe the first observed shallow SSEs 
occurring at the Osa Peninsula in southern Costa Rica.

The network of continuously operating GNSS stations was first established in 2010 on and around the Osa Penin-
sula, with the primary expansion occurring between 2016 and 2018, and additional stations installed in 2022. 
The majority of these stations are operated by OVSICORI-UNA, two stations (NEIL and SAGE) are operated 
by the IGN, and others (RC01, PTJI, PN01, PZEN, and BUAI) are operated and maintained by the ICE. We 
processed the GNSS data using the GAMIT/GLOBK software suite (Herring, King, et al., 2015; Herring, Floyd, 
et al., 2015), using final orbital products from the International GNSS Service and the Vienna mapping function 
of Boehm et al. (2006) to correct for tropospheric delays following the processing approach described in Herring 
et al. (2016). The station position estimates were then adjusted using a Kalman filter and on average 10 stable 
sites in North America, South America, and the Caribbean to tie the network into the 2014 International Terres-
trial Reference Frame (ITRF2014) (Altamimi et al., 2016). Final time series position estimates were then rotated 
into the stable Caribbean reference frame defined by Altamimi et al. (2012).

2.2.  SSE Identification and Offset Estimation

We identified SSEs using time series of daily position estimates spanning from 2010 until late 2022 from 28 
regional GNSS stations. The processed time series were prepared for examination using a multi-step process. 
First, we removed outliers, defined as daily measurements with formal errors that are greater than two standard 
deviations away from the mean position error. Next, we removed non-tidal atmospheric loading using the esti-
mates from the models calculated by Dill and Dobslaw (2013) (Figure S1 in Supporting Information S1). The 
time series were then cross-referenced with the regional earthquake catalog to check for any offsets related to 
nearby seismicity and visually inspected for any other transient signals that need to be accounted for. When appar-
ent, instantaneous offsets from earthquakes were removed from the timeseries. We do not account for longer-term 
post-seismic deformation, primarily because the only event with a measurable offset was an Mw 6.1 event on 17 
August 2018, and there is no identifiable afterslip decay signal following this event. Finally, we simultaneously 
estimated inter-SSE deformation as a linear trend, seasonal signals as annual and semi-annual sinusoids, and slow 
slip offsets as step functions after removal of data points within the period of the transient signal (see Text S1 in 
Supporting Information S1 for further details).

2.3.  SSE Modeling

We used the estimated offsets for each SSE to invert for the slip distribution assuming Okada elastic dislocations 
using GTDef (e.g., Feng et al., 2012; Murekezi et al., 2020). We used the Slab2.0 interface geometry (Hayes 
et al., 2018), which we modified slightly to better align with regional seismicity (Figure S2 in Supporting Infor-
mation S1). Regions beyond the boundary of Slab2.0 were extrapolated from the established surface. On the 
downdip edge and sides of the model domain, we constrained slip to be zero (Figure S3 in Supporting Informa-
tion S1). At the trench we imposed a free surface to allow for slip to the edge of the model domain (Figure S3 
in Supporting Information S1), primarily to enable the inversion to better fit observed vertical displacements, 
though synthetic tests indicate that slip at the trench is best resolved at the far southeast tip of the Osa penin-
sula (Figure S4 in Supporting Information S1). Additionally, we only inverted for slip using observations from 
stations that either observed offsets or are located very close to those that observed offsets. Data from relatively 
far away sites with no clear offset were excluded primarily to prevent deeper slip patches from showing up in the 
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inversion from excess noise. We also constrained the inversion to allow slip to occur with a rake of 60–120°. We 
then calculated the resolution spread of each model using the method of Kyriakopoulos and Newman (2016) to 
determine where we could reliably estimate slip distribution. Both horizontal and vertical displacements were 
used in our inversions, except in one model (late 2022) where some vertical offsets are poorly constrained due to 
large seasonal signals and thus only horizontal offsets were used. We chose our preferred models and associated 
smoothing factors based on L-curves of model misfit versus model roughness (Figure S5 in Supporting Informa-
tion S1) (e.g., Chen et al., 2009; Du et al., 1992; Feng et al., 2012). We then conducted checkerboard resolution 
tests to visually determine a region where our results are robust (Figure S6 in Supporting Information S1). Lastly, 
we also constructed several synthetic tests given various input slip distributions to fully characterize where in the 
model domain is slip resolvable, as well as the implications of different localized slip patches of varying spatial 
size (Figure S4 in Supporting Information S1).

3.  Results
Time series from more than five GNSS stations exhibit temporally correlated transient signals indicative of four 
distinct SSEs (Figure 2). An additional transient is apparent at one station in 2013 (Figure S5 in Supporting Infor-
mation S1), indicating that an earlier SSE is likely to have occurred.

3.1.  A Potential SSE in 2013

A potential SSE in 2013 was only recorded at one station, RIOS (Figure S7 in Supporting Information S1). 
The fact that there was only one observation is the result of the GNSS network being relatively sparse in the 
region at the time. The observed offset, ∼20 mm at RIOS oriented toward the trench (Figure S7 in Supporting 
Information S1), indicates primarily thrust motions and is similar in magnitude to the offset observed at RIOS in 
both early 2018 and mid 2022. This indicates that the magnitude of the 2013 SSE and slip distribution are likely 
similar to the later events, though more detailed modeling of slip distribution is not possible with the available 
observations.

3.2.  An Early 2018 SSE

The first event recorded by multiple stations occurred in early 2018 and lasted for roughly one month, with 
velocity changes recorded at four different GNSS stations. The SSE was observed nearly simultaneously along 
a trench-perpendicular transect (PIRO, PJIM, and PNPB) with primarily trench-normal displacements that 
decrease landward (∼60 mm at PIRO, ∼25 mm at PJIM, and ∼2.5 mm at PNPB; Figures 2a and 2c). The SSE 
was also recorded at RIOS (∼20 mm offset), although the transient began later in time than the other three stations 
indicating a northwestward propagation of slip.  Based on the estimated slip distribution this event occurred 
∼20 km updip of a contemporaneous seismic swarm containing ∼80 recorded events during the span of the SSE 
(Figure 3a) and has an estimated maximum slip of ∼30 cm, equivalent to a Mw ∼6.7 earthquake.

3.3.  A Late 2018 SSE and a Mw 6.1 Earthquake

The second event in 2018 is smaller in magnitude than the first and occurred over a span of about one month. 
Five stations (PNBC: ∼20 mm, PIRO: ∼25 mm, PJIM: ∼15 mm, PTJI: ∼15 mm, and PNPB: ∼5 mm) show an 
easily identifiable transient in the trench-normal component (Figure 2a), and a muted trench-parallel compo-
nent (Figure  2c). The displacement appears to have occurred nearly simultaneously with the transient signal 
observed at PTJI and PJIM occurring a few days prior to the others. Having a maximum estimated slip of ∼15 cm 
(Figure 3b), this event is equivalent to a Mw ∼6.5 earthquake. However, as this SSE occurred approximately 
1 week after a Mw 6.1 earthquake, the magnitude and spatial distribution of slip may be biased due to the presence 
of afterslip in some of the offset calculations, particularly in those closer to the epicenter of the Mw 6.1 earth-
quake and its aftershock sequence (Figure 3b). The Mw 6.1 earthquake likely occurred within the subducting slab 
as the hypocenter (∼22 km deep) is below the interface of our modified Slab2.0 geometry (Figure 3b) and the 
nodal plane closest to the interface is too steeply dipping (∼40° nodal plane vs. ∼20° interface). The aftershock 
sequence consists of a Mw 5.2 event two days after the mainshock as well as 28 events with Mw ≥ 3 in the month 
following the mainshock.
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3.4.  An Early 2022 SSE

Four years later in 2022, we observe another two SSEs. The first occurred in early 2022 and lasted for about 
one month. This SSE is most apparent in the trench-normal observations at PIRO, PTJI, and PNPB (∼40, ∼10, 
and ∼10 mm, respectively) with the offset magnitude decreasing away from the trench (Figure 2b). A small 
trench-parallel (to the northwest) component is also apparent at PIRO (Figure 2d). Modeled slip inversions indi-
cate a maximum estimated slip of ∼15 cm (Figure 3c), broadly equivalent to a Mw ∼6.5 event.

3.5.  A mid 2022 SSE

The final SSE we observed occurred about 1 month later in April to May of 2022. This event was first observed 
at PLAN and RIOS, two stations located in the northwest portion of the Osa Peninsula, with transients at stations 
to the southeast (PIRO and PTJI) occurring later in time, indicating southeastward slip propagation (Figure 2b). 
While all observed transient signals in the geodetic time series have the largest magnitude in the trench-normal 
component (PLAN: ∼35 mm, RIOS: ∼30 mm, PIRO: ∼25 mm, PTJI: ∼15 mm), there is some apparent slip in 
the trench-parallel component directed to the northwest (Figure 2d). Modeled slip inversions yield estimates of 

Figure 3.  Modeled slip inversions for SSEs in 2018 and 2022. Seismic activity that occurred within the time span of the slow slip event is plotted. Only slip patches in 
regions that we determine as reasonably well resolved in all SSE's are plotted (black outline in Figure S6 in Supporting Information S1). Black dotted lines are contours 
of slab depth for the input slab geometry. Observed displacements are plotted in cyan while modeled displacements are plotted in magenta. Panel (a) is the early 2018 
SSE, panel (b) is the late 2018 SSE and includes the focal mechanism for the Mw 6.1 event that occurred ∼1 week prior to the SSE, panel (c) is the early 2022 SSE, and 
panel (d) is the mid 2022 SSE.

 19448007, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104771 by C

ochrane C
osta R

ica, W
iley O

nline L
ibrary on [11/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

PERRY ET AL.

10.1029/2023GL104771

7 of 12

maximum slip of ∼15 cm in a relatively large region just offshore the Osa Peninsula, equivalent to a Mw ∼6.7 
event. This event differs from previous events in that the observations indicate a larger area of shallow slip along 
the trench that includes the region that ruptured in all 3 previous events and a region to its northwest, which is 
reflected in the larger estimated magnitude.

3.6.  Synthetic Models and Model Resolution

We generated synthetic models (Figure S4 in Supporting Information S1) to determine the robustness of our 
spatial slip distribution estimates. The results indicate that while there are some notable gaps in the network 
coverage, the region we determine as having peak slip in all models is within the limits of detection. In all 
synthetic models with slip at the trench just offshore the southeastern tip of the Osa Peninsula, input slip distribu-
tions near the southeastern tip of the peninsula are reasonably resolved (Figures S4a–S4b, S4h–s4i in Supporting 
Information S1), further supported by our checkerboard tests (Figure S6 in Supporting Information S1). Those 
with input slip distributions that continue along the trench to the northwest or smaller localized patches to the 
northwest (Figures S4e–S4i in Supporting Information S1) show poor recovery of the full input slip distribution. 
Additionally, we can reasonably resolve the depth of input patches on the interface when it is near the south-
eastern tip of the Osa peninsula (Figures S4a–S4D in Supporting Information S1). Deeper patches of slip in 
our inversions (Figures 3a and 3b) are also resolvable in our synthetic models (Figures S4k–S4l in Supporting 
Information S1), though the small calculated offsets of stations surrounding these slip patches indicates that these 
may be due to observational noise or other signals (i.e., a small amount of afterslip following the Mw 6.1 event) 
that are difficult to isolate. Lastly, our synthetic models in all cases underestimate the slip magnitude (Figure S4 
in Supporting Information S1), indicating that our previously mentioned estimated slip magnitudes are likely also 
underestimated. However, this is largely expected from elastic models due to a combination of spatial smoothing 
and filtering through the modeled elastic crust. To summarize, while our estimation of the approximate location 
of slip in the region immediately off the southeast coast of Osa peninsula is robust, the amplitude of peak slip and 
spatial extent of slip are more poorly resolved, likely underestimated and overestimated respectively.

4.  Discussion
4.1.  Underlying Mechanisms

While it is difficult to determine the specifics of the mechanisms responsible for shallow SSEs in this region, 
commonalities with other regions lend clues. In many places, such as New Zealand and Japan, SSEs are often 
attributed to subduction of seamounts that have allowed for the subduction of water rich sediments, as well as 
the introduction of geometric, lithological, and rheological heterogeneities (Barnes et al., 2020; Bell et al., 2010; 
Todd et  al.,  2018; Wang & Bilek,  2014; Yokota et  al.,  2016). Similarly, SSEs have been observed near the 
subduction of ridges, namely at Isla de La Plata in Ecuador, near the subduction of the Carnegie ridge (Segovia 
et al., 2018; Vallée et al., 2013). In southern Costa Rica, while the subduction of the bathymetric high of the 
Cocos ridge may promote the occurrence of SSEs on its own, the spatial correlation of a large trough, the Cocos 
ridge central graben (Gardner et al., 2013; Walther, 2003), and the region of maximum slip in all SSEs (Figure 3) 
indicates excess sediment (compared with the surrounding ridge) is being subducted in this region and that 
compaction of water rich sediment may allow for low effective normal stresses on the interface, promoting aseis-
mic slip (Kodaira et al., 2004; Peng & Gomberg, 2010; Saffer, 2017).

Another interesting observation is that the SSEs observed in 2018 and 2022 occurred in pairs that follow in close 
succession and rupture the same or overlapping regions of the plate interface (Figures 2 and 3). In 2018, the two 
events are separated by ∼5 months, while in 2022 the events are only separated by ∼2 months (Figure 3). While 
details on the slip distribution and propagation are limited by our model resolution and available data, it is possi-
ble that the region of maximum slip did not fully rupture in the first event in either 2018 or 2022, but instead 
achieved a partial stress drop with the interface primed for further slow slip. Alternatively, the first SSE could 
have effectively ruptured only one of multiple SSE generating “slow asperities” in the region, effectively loading 
a nearby asperities that are then more likely to slip in the period following the initial SSE.

While it is tempting to invoke changes in stress conditions from the Mw 6.1 earthquake that occurred about one 
week prior to the apparent onset of the late 2018 event, our stress modeling using Coulomb (Toda et al., 2011) 
indicates very small stress changes in the region of slow slip (<5 kpa) (Figure S8 in Supporting Information S1). 
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This is significantly less than static stress changes that have triggered SSEs in New Zealand (∼0.1–1.0 MPa) 
(Wallace et al., 2018). However, the lower limit for triggering SSEs is likely small and depends on a number 
of factors including when in the SSE cycle a stress increase occurs (e.g., Shibazaki et al., 2019), rheological 
and frictional constraints, existing stress distributions, and pore pressure variations. Additionally, based on the 
plate interface geometry, the Mw 6.1 event is likely an intraplate event within the subducted portion of the Cocos 
plate. However, we cannot discount triggering from dynamic stress changes (Itaba & Ando,  2011; Wallace 
et al., 2017), or temporarily elevated pore pressures caused by the earthquake (Khoshmanesh & Shirzaei, 2018; 
Zhai et al., 2019). In contrast to the slow slip events of 2018, neither of the two events in 2022 are temporally 
correlated with any sizable seismic event (Figures 3c and 3d), indicating that the observed SSE clustering in time 
is more likely due to frictional and rheological properties and the pre-existing stress distribution on the shallow 
megathrust than from seismically induced stress variations.

4.2.  Common Characteristics

In all observed SSEs, our modeled slip distributions occur in nearly the same or overlapping locations (Figures 4b 
and 4c). Only the mid-2022 event breaks this pattern, though only with a slip distribution that occurred over a 
larger spatial extent. The largest offsets are observed at stations located closest to the trench, indicating shallow 
slip in the portion of the megathrust updip of the seismogenic zone, with most slip accommodated shallower 
than 10 km in depth. While deeper aseismic slip patches are apparent in our slip inversion for the early 2018 SSE 
(Figure 3a) and is theoretically resolvable (Figures S4k–S4l in Supporting Information S1), they are constrained 
either by one site or small calculated offsets (<5 mm). These could also arise from an actual slip distribution 
that continues further along strike into a region with limited resolution or noise in our observations, respectively. 
While presence of slip between the trench and the Osa peninsula is constrained by both horizontal and vertical 
offsets, uplift is observed at the site closest to the trench (PIRO) in all SSEs, and the largest horizontal offsets are 
observed at the sites closest to the trench (PIRO and PLAN) (Figure 3), indicating that slip must have occurred in 
the uppermost portion of the megathrust. However, the lack of additional stations on the southern coast of the Osa 
peninsula in our synthetic slip inversions indicates that our modeled slip magnitudes are likely underestimated 
(Figure S4 in Supporting Information S1), and slip distributions may continue further along strike.

While we do not invert for temporal variations in slip, it is apparent that the early 2018 event ruptured from the 
southeast to the northwest, with a transient being apparent later in time at RIOS (Figure 2a). By contrast, the 
final event in 2022 has an apparent rupture propagation from the northwest to the southeast. Rough estimates of 
rupture velocity found using the distance between stations and the onset of the SSE transient indicate a propa-
gation velocity of ∼2 km/day for both the early 2018 event and the late 2022 event, which is slow but within the 
range of 1–100 km/day for most SSEs (Bürgmann, 2018). Additionally, in 2018, both events were also closely 
associated with elevated levels of seismicity located downdip from the region of maximum slip (Figures  3a 
and 3b), indicating that the region downdip of the SSE is partially coupled. Furthermore, seismicity during the 
mid 2022 SSE also occurs largely on the downdip margin of the estimated slip patches, supporting the larger 
spatial extent of our estimated slip distribution (Figure 3d).

5.  Conclusion
We observe three individual slow slip episodes, an episode being defined as any number of slow slip events 
that are clustered in time and rupture roughly the same patch of the megathrust, here the 2013 event, 2018 
events, and 2022 events. These episodes apparently occur every ∼4–5 years, though future observations will 
be required to more accurately define a recurrence interval. If we are to assume a recurrence interval of 
4 years and a Cocos plate velocity of ∼80 mm/yr normal to the trench (DeMets et al., 2010), the amount of 
slip released in the 2018 and 2022 slow slip episodes is nearly sufficient to close the slip deficit in the region 
of peak slip at the trench (Figure 4). While this indicates that very little convergence is being accommodated 
by deformation of the upper and lower plate near the trench, this also implies that a future large earthquake 
is less likely to rupture the updip region of maximum slow slip, limiting its potential size (Vaca et al., 2018). 
Additionally, while the apparent release of strain by shallow SSEs may limit the tsunami-genic potential of 
the megathrust in this region, tsunami  risk in Costa Rica is thought to be relatively low (Chacón-Barrantes 
& Protti, 2011; Protti et al., 2001, 2011). As SSEs typically rupture conditionally stable regions surrounding 
seismogenic asperities (Bürgmann, 2018; Xie et al., 2020), the slip distributions of these events may yield 
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some predictive power in determining where a future earthquake rupture is more or less likely to happen. 
Furthermore, recent rate and state modeling indicates that SSEs can load seismogenic asperities (Meng & 
Duan, 2023), and have triggered large ruptures (Dixon et al., 2014; Kato et al., 2019; Uchida et al., 2016), 
though this is not a requirement (e.g., Voss et  al.,  2018). As the Osa Peninsula has hosted at least three 
M ∼ 7–7.5 earthquakes (1904, 1942, 1983) at nearly a 40 year recurrence interval (Adamek et al., 1987), slow 
slip events like the ones observed may play a role in loading asperities and/or triggering these and future large 
earthquake ruptures.

Figure 4.  Estimated slip at the trench shows that maximum slip generally occurred in the same overlapping area for each 
event. Panel (a) shows the GNSS stations used in each inversion for each SSE and their distance to the trench, and indicates 
that the greatest slip was estimated where we have stations closest to the trench. Panel (b) shows slip at the trench for each 
modeled SSE. Panel (c) shows the cumulative slip for 2018 and 2022 in comparison with the amount of slip that would be 
required over a 4 year recurrence interval if the interface was slipping at the plate rate.
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Data Availability Statement
All RINEX data used in this study can be found at https://zenodo.org/record/7779495, and time series can 
be found at https://zenodo.org/record/8250289. Earthquake catalogs can be found at http://doi.org/10.5281/
zenodo.7948846. GNSS data processing was completed using the GAMIT/GLOBK software suite (Herring, 
King, et al., 2015; Herring, Floyd, et al., 2015). All modeling was conducted using Georgia Tech Ground Defor-
mation Software (GTDef) (Chen et al., 2009; Feng et al., 2012). GTDef code can be downloaded from https://
avnewman.github.io/GTDef/. The GTDef input files and the preferred slip models for the four SSEs can be 
accessed at https://doi.org/10.21979/N9/H9AFJJ. Plots for Figures 1 and 3, and Figures S3, S4, S6 and S9 in 
Supporting Information S1 were made using GMT (Wessel et al., 2019). Plots for Figures 2 and 4, and Figures S1, 
S2, S5, and S7 in Supporting Information S1 were made using python and the matplotlib library (Hunter, 2007; 
Van Rossum & Drake, 2009). Lastly plots for Figure S8 in Supporting Information S1 were made using coulomb 
(Toda et al., 2011).

References
Adamek, S., Tajima, F., & Wiens, D. A. (1987). Seismic rupture associated with subduction of the Cocos Ridge. Tectonics, 6(6), 757–774. https://

doi.org/10.1029/tc006i006p00757
Altamimi, Z., Métivier, L., & Collilieux, X. (2012). ITRF2008 plate motion model: ITRF2008 plate motion model. Journal of Geophysical 

Research, 117(B7), B07402. https://doi.org/10.1029/2011JB008930
Altamimi, Z., Rebischung, P., Métivier, L., & Collilieux, X. (2016). ITRF2014: A new release of the international terrestrial reference frame 

modeling nonlinear station motions. Journal of Geophysical Research: Solid Earth, 121(8), 6109–6131. https://doi.org/10.1002/2016JB013098
Audet, P., & Kim, Y. (2016). Teleseismic constraints on the geological environment of deep episodic slow earthquakes in subduction zone 

forearcs: A review. Tectonophysics, 670, 1–15. https://doi.org/10.1016/j.tecto.2016.01.005
Baba, S., Obara, K., Takemura, S., Takeo, A., & Abers, G. A. (2021). Shallow slow earthquake episodes near the trench axis off Costa Rica. 

Journal of Geophysical Research: Solid Earth, 126(9), 1–16. https://doi.org/10.1029/2021JB021706
Barnes, P. M., Wallace, L. M., Saffer, D. M., Bell, R. E., Underwood, M. B., Fagereng, A., et al. (2020). Slow slip source characterized by litho-

logical and geometric heterogeneity. Science Advances, 6(13), eaay3314. https://doi.org/10.1126/sciadv.aay3314
Bartlow, N. M., Wallace, L. M., Beavan, R. J., Bannister, S., & Segall, P. (2014). Time-dependent modeling of slow slip events and associated 

seismicity and tremor at the Hikurangi subduction zone, New Zealand. Journal of Geophysical Research: Solid Earth, 119(1), 734–753. 
https://doi.org/10.1002/2013JB010609

Bell, R., Sutherland, R., Barker, D. H. N., Henrys, S., Bannister, S., Wallace, L., & Beavan, J. (2010). Seismic reflection character of the 
Hikurangi subduction interface, New Zealand, in the region of repeated Gisborne slow slip events. Geophysical Journal International, 180(1), 
34–48. https://doi.org/10.1111/j.1365-246X.2009.04401.x

Boehm, J., Werl, B., & Schuh, H. (2006). Troposphere mapping functions for GPS and very long baseline interferometry from European Centre 
for medium-range weather forecasts operational analysis data: Troposphere mapping functions from ECMWF. Journal of Geophysical 
Research, 111(B2), B02406. https://doi.org/10.1029/2005JB003629

Brown, K. M., Tryon, M. D., DeShon, H. R., Dorman, L. R. M., & Schwartz, S. Y. (2005). Correlated transient fluid pulsing and seismic tremor 
in the Costa Rica subduction zone. Earth and Planetary Science Letters, 238(1–2), 189–203. https://doi.org/10.1016/j.epsl.2005.06.055

Bürgmann, R. (2018). The geophysics, geology and mechanics of slow fault slip. Earth and Planetary Science Letters, 495, 112–134. https://doi.
org/10.1016/j.epsl.2018.04.062

Chacón-Barrantes, S. E., & Protti, M. (2011). Modeling a Tsunami from the Nicoya, Costa Rica, seismic gap and its potential impact in Puntare-
nas. Journal of South American Earth Sciences, 31(4), 372–382. https://doi.org/10.1016/j.jsames.2011.03.013

Chen, T., Newman, A. V., Feng, L., & Fritz, H. M. (2009). Slip distribution from the 1 April 2007 Solomon Islands earthquake: A unique image 
of near-trench rupture. Geophysical Research Letters, 36(16), L16307. https://doi.org/10.1029/2009GL039496

Davis, E., Heesemann, M., & Wang, K. (2011). Evidence for episodic aseismic slip across the subduction seismogenic zone off Costa Rica: 
CORK borehole pressure observations at the subduction prism toe. Earth and Planetary Science Letters, 306(3–4), 299–305. https://doi.
org/10.1016/j.epsl.2011.04.017

Davis, E. E., Villinger, H., & Sun, T. (2015). Slow and delayed deformation and uplift of the outermost subduction prism following ETS and 
seismogenic slip events beneath Nicoya Peninsula, Costa Rica. Earth and Planetary Science Letters, 410, 117–127. https://doi.org/10.1016/j.
epsl.2014.11.015

DeMets, C., Gordon, R. G., & Argus, D. F. (2010). Geologically current plate motions. Geophysical Journal International, 181(1), 1–80. https://
doi.org/10.1111/j.1365-246X.2009.04491.x

Dill, R., & Dobslaw, H. (2013). Numerical simulations of global-scale high-resolution hydrological crustal deformations. Journal of Geophysical 
Research: Solid Earth, 118(9), 5008–5017. https://doi.org/10.1002/jgrb.50353

Dixon, T. H., Jiang, Y., Malservisi, R., McCaffrey, R., Voss, N., Protti, M., & Gonzalez, V. (2014). Earthquake and tsunami forecasts: Relation of 
slow slip events to subsequent earthquake rupture. Proceedings of the National Academy of Sciences of the United States of America, 111(48), 
17039–17044. https://doi.org/10.1073/pnas.1412299111

Du, Y., Aydin, A., & Segall, P. (1992). Comparison of various inversion techniques as applied to the determination of a geophysical deformation 
model for the 1983 Borah Peak earthquake. Bulletin of the Seismological Society of America, 82(4), 1840–1866. https://doi.org/10.1785/
BSSA0820041840

Feng, L., Hill, E. M., Elósegui, P., Qiu, Q., Hermawan, I., Banerjee, P., & Sieh, K. (2015). Hunt for slow slip events along the Sumatran 
subduction zone in a decade of continuous GPS data. Journal of Geophysical Research: Solid Earth, 120(12), 8623–8632. https://doi.
org/10.1002/2015JB012503

Feng, L., Newman, A. V., Protti, M., González, V., Jiang, Y., & Dixon, T. H. (2012). Active deformation near the Nicoya Peninsula, northwestern 
Costa Rica, between 1996 and 2010: Interseismic megathrust coupling: Nicoya interseismic megathrust coupling. Journal of Geophysical 
Research, 117(B6), B06407. https://doi.org/10.1029/2012JB009230

Acknowledgments
The authors would like to acknowledge 
Álvaro A. Álvarez Calderón from the 
Insituto Geografico Nacional (IGN) 
(https://gnss.rnp.go.cr/SBC/) and José 
Ana Gonzalez Carvajal from the Insituto 
Costarricense de Electricidad (ICE) for 
their work in collecting and providing 
GNSS data from stations they operate. We 
also would like to thank Laura Wallace 
and an anonymous reviewer for helpful 
and insightful comments that helped 
improved the manuscript. Instrumen-
tation and data from OVSICORI-UNA 
used in this research was supported by 
Costa Rican Emergency Law 8933 and 
by Universidad Nacional de Costa Rica 
through the project 0097–2020 “Sistema 
de monitoreo geodésico (SiMoGeod) de 
los volcanes y de la tectónica de Costa 
Rica.” We acknowledge the huge work 
made by OVSICORI-UNA technical 
group to install and maintain the GNSS 
network. This research was supported 
by the National Research Foundation 
Singapore under its Singapore NRF Inves-
tigator scheme (NRF-NRFI05-2019-0009 
to E.M.H.), and by the Earth Observatory 
of Singapore via its funding from the 
National Research Foundation Singapore 
and the Singapore Ministry of Education 
under the Research Centres of Excellence 
initiative. This work comprises EOS 
contribution number 534.

 19448007, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104771 by C

ochrane C
osta R

ica, W
iley O

nline L
ibrary on [11/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://zenodo.org/record/7779495
https://zenodo.org/record/8250289
http://doi.org/10.5281/zenodo.7948846
http://doi.org/10.5281/zenodo.7948846
https://avnewman.github.io/GTDef/
https://avnewman.github.io/GTDef/
https://doi.org/10.21979/N9/H9AFJJ
https://doi.org/10.1029/tc006i006p00757
https://doi.org/10.1029/tc006i006p00757
https://doi.org/10.1029/2011JB008930
https://doi.org/10.1002/2016JB013098
https://doi.org/10.1016/j.tecto.2016.01.005
https://doi.org/10.1029/2021JB021706
https://doi.org/10.1126/sciadv.aay3314
https://doi.org/10.1002/2013JB010609
https://doi.org/10.1111/j.1365-246X.2009.04401.x
https://doi.org/10.1029/2005JB003629
https://doi.org/10.1016/j.epsl.2005.06.055
https://doi.org/10.1016/j.epsl.2018.04.062
https://doi.org/10.1016/j.epsl.2018.04.062
https://doi.org/10.1016/j.jsames.2011.03.013
https://doi.org/10.1029/2009GL039496
https://doi.org/10.1016/j.epsl.2011.04.017
https://doi.org/10.1016/j.epsl.2011.04.017
https://doi.org/10.1016/j.epsl.2014.11.015
https://doi.org/10.1016/j.epsl.2014.11.015
https://doi.org/10.1111/j.1365-246X.2009.04491.x
https://doi.org/10.1111/j.1365-246X.2009.04491.x
https://doi.org/10.1002/jgrb.50353
https://doi.org/10.1073/pnas.1412299111
https://doi.org/10.1785/BSSA0820041840
https://doi.org/10.1785/BSSA0820041840
https://doi.org/10.1002/2015JB012503
https://doi.org/10.1002/2015JB012503
https://doi.org/10.1029/2012JB009230
https://gnss.rnp.go.cr/SBC/


Geophysical Research Letters

PERRY ET AL.

10.1029/2023GL104771

11 of 12

Gardner, T. W., Fisher, D. M., Morell, K. D., & Cupper, M. L. (2013). Upper-plate deformation in response to flat slab subduction inboard of the 
aseismic Cocos Ridge, Osa Peninsula, Costa Rica. Lithosphere, 5(3), 247–264. https://doi.org/10.1130/L251.1

Hayes, G. P., Moore, G. L., Portner, D. E., Hearne, M., Flamme, H., Furtney, M., & Smoczyk, G. M. (2018). Slab2, a comprehensive subduction 
zone geometry model. Science, 362(6410), 58–61. https://doi.org/10.1126/science.aat4723

Herring, T. A., Floyd, M. A., King, R. W., Mcclusky, S. C., & Sciences, P. (2015). GLOBK reference manual, (June), 1–91.
Herring, T. A., King, R. W., Floyd, M. A., Mcclusky, S. C., & Sciences, P. (2015). GAMIT reference manual, (June), 1–168.
Herring, T. A., Melbourne, T. I., Murray, M. H., Floyd, M. A., Szeliga, W. M., King, R. W., et al. (2016). Plate boundary observatory and related 

networks: GPS data analysis methods and geodetic products. Reviews of Geophysics, 54(4), 759–808. https://doi.org/10.1002/2016RG000529
Hunter, J. D. (2007). Matplotlib: A 2D graphics environment. Computing in Science & Engineering, 9(3), 90–95. https://doi.org/10.1109/

MCSE.2007.55
Itaba, S., & Ando, R. (2011). A slow slip event triggered by teleseismic surface waves. Geophysical Research Letters, 38(21), L21306. https://

doi.org/10.1029/2011GL049593
Jiang, Y., Liu, Z., Davis, E. E., Schwartz, S. Y., Dixon, T. H., Voss, N., et al. (2017). Strain release at the trench during shallow slow slip: The 

example of Nicoya Peninsula, Costa Rica. Geophysical Research Letters, 44(10), 4846–4854. https://doi.org/10.1002/2017GL072803
Jiang, Y., Wdowinski, S., Dixon, T. H., Hackl, M., Protti, M., & Gonzalez, V. (2012). Slow slip events in Costa Rica detected by continuous GPS 

observations, 2002-2011. Geochemistry, Geophysics, Geosystems, 13(1), 1–18. https://doi.org/10.1029/2012GC004058
Kato, A., Obara, K., Igarasshi, T., Tsuruoka, H., Nakagawa, S., & Hirata, N. (2019). Propagation of slow slip leading up to the 2011 Mw 9.0 

Tohoku-Oki earthquake. Science, 335(6069), 705–708. https://doi.org/10.1126/science.1215141
Khoshmanesh, M., & Shirzaei, M. (2018). Episodic creep events on the San Andreas Fault caused by pore pressure variations. Nature Geoscience, 

11(8), 610–614. https://doi.org/10.1038/s41561-018-0160-2
Kobayashi, D., LaFemina, P., Geirsson, H., Chichaco, E., Abrego, A. A., Mora, H., & Camacho, E. (2014). Kinematics of the western Caribbean: 

Collision of the Cocos ridge and upper plate deformation (pp. 1671–1683). https://doi.org/10.1002/2014GC005234
Kodaira, S., Iidaka, T., Kato, A., Park, J.-O., Iwasaki, T., & Kaneda, Y. (2004). High pore fluid pressure may cause silent slip in the Nankai trough. 

Science, 304(5675), 1295–1298. https://doi.org/10.1126/science.1096535
Kyriakopoulos, C., & Newman, A. V. (2016). Structural asperity focusing locking and earthquake slip along the Nicoya megathrust, Costa Rica. 

Journal of Geophysical Research: Solid Earth, 121(7), 3782–3803. https://doi.org/10.1002/2016JB012886
Kyriakopoulos, C., Newman, A. V., Thomas, A. M., Moore-Driskell, M., & Farmer, G. T. (2015). A new seismically constrained subduction 

interface model for Central America: Interface model for Central America. Journal of Geophysical Research: Solid Earth, 120(8), 5535–5548. 
https://doi.org/10.1002/2014JB011859

LaFemina, P., Dixon, T. H., Govers, R., Norabuena, E., Turner, H., Saballos, A., et al. (2009). Fore-arc motion and Cocos ridge collision in Central 
America. Geochemistry, Geophysics, Geosystems, 10(5), Q05S14. https://doi.org/10.1029/2008GC002181

Lay, T., Kanamori, H., Ammon, C. J., Koper, K. D., Hutko, A. R., Ye, L., et al. (2012). Depth-varying rupture properties of subduction zone 
megathrust faults. Journal of Geophysical Research, 117(B4), B04311. https://doi.org/10.1029/2011JB009133

Mallick, R., Meltzner, A. J., Tsang, L. L. H., Lindsey, E. O., Feng, L., & Hill, E. M. (2021). Long-lived shallow slow-slip events on the Sunda 
megathrust. Nature Geoscience, 14(5), 327–333. https://doi.org/10.1038/s41561-021-00727-y

McLellan, M., & Audet, P. (2020). Uncovering the physical controls of deep subduction zone slow slip using supervised classification of subduct-
ing plate features. Geophysical Journal International, ggaa285. https://doi.org/10.1093/gji/ggaa285

Meng, Q., & Duan, B. (2023). Dynamic modeling of interactions between Shallow slow-slip events and subduction earthquakes. Seismological 
Research Letters, 94(1), 206–216. https://doi.org/10.1785/0220220138

Mitsui, Y. (2015). Interval modulation of recurrent slow slip events by two types of earthquake loading 4. Seismology. Earth Planets and Space, 
67(1), 1–8. https://doi.org/10.1186/s40623-015-0230-2

Murekezi, D., Newman, A., Feng, L., & Chen, T. (2020). avnewman/GTDef: GTDef V4 (Version v4.0.0). Zenodo. https://doi.org/10.5281/
zenodo.4323169

Obara, K. (2002). Nonvolcanic deep tremor associated with subduction in southwest Japan. Science, 296(5573), 1679–1681. https://doi.
org/10.1126/science.1070378

Outerbridge, K. C., Dixon, T. H., Schwartz, S. Y., Walter, J. I., Protti, M., Gonzalez, V., et al. (2010). A tremor and slip event on the Cocos-Caribbean 
subduction zone as measured by a global positioning system (GPS) and seismic network on the Nicoya Peninsula, Costa Rica. Journal of 
Geophysical Research, 115(10), 1–17. https://doi.org/10.1029/2009JB006845

Peng, Z., & Gomberg, J. (2010). An integrated perspective of the continuum between earthquakes and slow-slip phenomena. Nature Geoscience, 
3(9), 599–607. https://doi.org/10.1038/ngeo940

Protti, M., Chacón, S., & González, V. (2011). Active subduction on Both Coasts of Costa Rica does not represent an important tsunami Hazard; 
presentado ante la XXV Asamblea General de la Unión Internacional de Geofísica y Geodesia. Retrieved from http://www.iugg2011.com/pdf/
IUGG2011_FinalEntireProgram.6June.pdf

Protti, M., González, V., Iwakuni, M., Melbourne, T., Kato, T., Iinuma, T., et al. (2005). Silent seismic activity recorded in Costa Rica by a 
continuous GPS network. Int. Ass. of Seism. & Phys. Earth Int. General Assembly 2005. volume of abstracts.

Protti, M., González, V., Kato, T., Iinuma, T., Miyasaki, S., Obana, K., et al. (2004). A creep event on the shallow interface of the Nicoya Penin-
sula, Costa Rica seismogenic zone. Eos Trans. AGU, 85(47). Fall Meet. Suppl., Abstract S41D-07.

Protti, M., González, V., Newman, A. V., Dixon, T. H., Schwartz, S. Y., Marshall, J. S., et al. (2014). Nicoya earthquake rupture anticipated by 
geodetic measurement of the locked plate interface. Nature Geoscience, 7(2), 117–121. https://doi.org/10.1038/ngeo2038

Protti, M., Güendel, F., & Malavassi, E. (2001). Evaluación del Potencial Sísmico de la Península de Nicoya (p. 144). Editorial Fundación UNA, 
1ra. edición.

Rogers, G., & Dragert, H. (2003). Episodic tremor and slip on the Cascadia subduction zone: The chatter of silent slip. Science, 300(5627), 
1942–1943. https://doi.org/10.1126/science.1084783

Saffer, D. M. (2017). Mapping fluids to subduction megathrust locking and slip behavior: Fluids and Subduction Megathrust Locking. Geophys-
ical Research Letters, 44(18), 9337–9340. https://doi.org/10.1002/2017GL075381

Saffer, D. M., & Wallace, L. M. (2015). The frictional, hydrologic, metamorphic and thermal habitat of shallow slow earthquakes. Nature Geosci-
ence, 8(8), 594–600. https://doi.org/10.1038/ngeo2490

Schellart, W. P., Stegman, D. R., Farrington, R. J., & Moresi, L. (2011). Influence of lateral slab edge distance on plate velocity, trench velocity, 
and subduction partitioning. Journal of Geophysical Research, 116(B10), B10408. https://doi.org/10.1029/2011JB008535

Segall, P., Desmarais, E. K., Shelly, D., Miklius, A., & Cervelli, P. (2006). Earthquakes triggered by silent slip events on Kīlauea volcano, Hawaii. 
Nature, 442(7098), 71–74. https://doi.org/10.1038/nature04938

 19448007, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104771 by C

ochrane C
osta R

ica, W
iley O

nline L
ibrary on [11/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1130/L251.1
https://doi.org/10.1126/science.aat4723
https://doi.org/10.1002/2016RG000529
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1029/2011GL049593
https://doi.org/10.1029/2011GL049593
https://doi.org/10.1002/2017GL072803
https://doi.org/10.1029/2012GC004058
https://doi.org/10.1126/science.1215141
https://doi.org/10.1038/s41561-018-0160-2
https://doi.org/10.1002/2014GC005234
https://doi.org/10.1126/science.1096535
https://doi.org/10.1002/2016JB012886
https://doi.org/10.1002/2014JB011859
https://doi.org/10.1029/2008GC002181
https://doi.org/10.1029/2011JB009133
https://doi.org/10.1038/s41561-021-00727-y
https://doi.org/10.1093/gji/ggaa285
https://doi.org/10.1785/0220220138
https://doi.org/10.1186/s40623-015-0230-2
https://doi.org/10.5281/zenodo.4323169
https://doi.org/10.5281/zenodo.4323169
https://doi.org/10.1126/science.1070378
https://doi.org/10.1126/science.1070378
https://doi.org/10.1029/2009JB006845
https://doi.org/10.1038/ngeo940
http://www.iugg2011.com/pdf/IUGG2011_FinalEntireProgram.6June.pdf
http://www.iugg2011.com/pdf/IUGG2011_FinalEntireProgram.6June.pdf
https://doi.org/10.1038/ngeo2038
https://doi.org/10.1126/science.1084783
https://doi.org/10.1002/2017GL075381
https://doi.org/10.1038/ngeo2490
https://doi.org/10.1029/2011JB008535
https://doi.org/10.1038/nature04938


Geophysical Research Letters

PERRY ET AL.

10.1029/2023GL104771

12 of 12

Segovia, M., Font, Y., Régnier, M., Charvis, P., Galve, A., Nocquet, J.-M., et  al. (2018). Seismicity distribution near a subducting 
seamount in the Central Ecuadorian subduction zone, space-time relation to a slow-slip event. Tectonics, 37(7), 2106–2123. https://doi.
org/10.1029/2017TC004771

Shibazaki, B., Wallace, L. M., Kaneko, Y., Hamling, I., Ito, Y., & Matsuzawa, T. (2019). Three-dimensional modeling of spontaneous and trig-
gered slow-slip events at the Hikurangi subduction zone, New Zealand. Journal of Geophysical Research: Solid Earth, 124(12), 13250–13268. 
https://doi.org/10.1029/2019JB018190

Szeliga, W., Melbourne, T., Santillan, M., & Miller, M. (2008). GPS constraints on 34 slow slip events within the Cascadia subduction zone, 
1997-2005. Journal of Geophysical Research, 113(4), 1997–2005. https://doi.org/10.1029/2007JB004948

Tajima, F., & Kikuchi, M. (1995). Tectonic implications of the seismic ruptures associated with the 1983 and 1991 Costa Rica earthquakes. 
Special Papers - Geological Society of America, 295(July), 327–340. https://doi.org/10.1130/SPE295-p327

Toda, S., Stein, R. S., Sevilgen, V., & Lin, J. (2011). Coulomb 3.3 graphic-rich deformation and stress-change software for earthquake, tectonic, 
and volcano research and teaching—User guide. US Geological Survey Open-File Report, 1060(2011), 63.

Todd, E. K., Schwartz, S. Y., Mochizuki, K., Wallace, L. M., Sheehan, A. F., Webb, S. C., et  al. (2018). Earthquakes and tremor linked to 
seamount subduction during shallow slow slip at the Hikurangi Margin, New Zealand. Journal of Geophysical Research: Solid Earth. https://
doi.org/10.1029/2018JB016136

Uchida, N., Iinuma, T., Nadeau, R. M., Bürgmann, R., & Hino, R. (2016). Periodic slow slip triggers megathrust zone earthquakes in northeastern 
Japan. Science, 351(6272), 488–492. https://doi.org/10.1126/science.aad3108

Vaca, S., Vallée, M., Nocquet, J.-M., Battaglia, J., & Régnier, M. (2018). Recurrent slow slip events as a barrier to the northward rupture prop-
agation of the 2016 Pedernales earthquake (Central Ecuador). Tectonophysics, 724–725, 80–92. https://doi.org/10.1016/j.tecto.2017.12.012

Vallée, M., Nocquet, J.-M., Battaglia, J., Font, Y., Segovia, M., Régnier, M., et al. (2013). Intense interface seismicity triggered by a shallow slow 
slip event in the Central Ecuador subduction zone. Journal of Geophysical Research: Solid Earth, 118(6), 2965–2981. https://doi.org/10.1002/
jgrb.50216

Van Rossum, G., & Drake, F. L. (2009). Python 3 reference manual. CreateSpace.
Voss, N., Dixon, T. H., Liu, Z., Malservisi, R., Protti, M., & Schwartz, S. (2018). Do slow slip events trigger large and great megathrust earth-

quakes? Science Advances, 4(10), eaat8472. https://doi.org/10.1126/sciadv.aat8472
Wallace, L. M., & Beavan, J. (2010). Diverse slow slip behavior at the Hikurangi subduction margin, New Zealand. Journal of Geophysical 

Research, 115(12), 1–20. https://doi.org/10.1029/2010JB007717
Wallace, L. M., Hreinsdóttir, S., Ellis, S., Hamling, I., D’Anastasio, E., & Denys, P. (2018). Triggered slow slip and afterslip on the South-

ern Hikurangi subduction zone following the Kaikōura earthquake. Geophysical Research Letters, 45(10), 4710–4718. https://doi.
org/10.1002/2018GL077385

Wallace, L. M., Kaneko, Y., Hreinsdóttir, S., Hamling, I., Peng, Z., Bartlow, N., et al. (2017). Large-scale dynamic triggering of shallow slow slip 
enhanced by overlying sedimentary wedge. Nature Geoscience, 10(10), 765–770. https://doi.org/10.1038/ngeo3021

Walther, C. H. E. (2003). The crustal structure of the Cocos ridge off Costa Rica: Crustal structure of the Cocos Ridge. Journal of Geophysical 
Research, 108(B3), 2136. https://doi.org/10.1029/2001JB000888

Wang, K., & Bilek, S. L. (2014). Invited review paper: Fault creep caused by subduction of rough seafloor relief. Tectonophysics, 610, 1–24. 
https://doi.org/10.1016/j.tecto.2013.11.024

Wessel, P., Luis, J. F., Uieda, L., Scharroo, R., Wobbe, F., Smith, W. H. F., & Tian, D. (2019). The generic mapping tools version 6. Geochemistry, 
Geophysics, Geosystems, 20(11), 5556–5564. https://doi.org/10.1029/2019GC008515

Xie, S., Dixon, T. H., Malservisi, R., Jiang, Y., Protti, M., & Muller, C. (2020). Slow slip and inter-transient locking on the Nicoya megathrust 
in the late and early stages of an earthquake cycle. Journal of Geophysical Research: Solid Earth, 125(11), e2020JB020503. https://doi.
org/10.1029/2020JB020503

Yokota, Y., Ishikawa, T., Watanabe, S., Tashiro, T., & Asada, A. (2016). Seafloor geodetic constraints on interplate coupling of the Nankai trough 
megathrust zone. Nature, 534(7607), 374–377. https://doi.org/10.1038/nature17632

Zhai, G., Shirzaei, M., Manga, M., & Chen, X. (2019). Pore-pressure diffusion, enhanced by poroelastic stresses, controls induced seismicity in 
Oklahoma. Proceedings of the National Academy of Sciences of the United States of America, 116(33), 16228–16233. https://doi.org/10.1073/
pnas.1819225116

 19448007, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104771 by C

ochrane C
osta R

ica, W
iley O

nline L
ibrary on [11/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1029/2017TC004771
https://doi.org/10.1029/2017TC004771
https://doi.org/10.1029/2019JB018190
https://doi.org/10.1029/2007JB004948
https://doi.org/10.1130/SPE295-p327
https://doi.org/10.1029/2018JB016136
https://doi.org/10.1029/2018JB016136
https://doi.org/10.1126/science.aad3108
https://doi.org/10.1016/j.tecto.2017.12.012
https://doi.org/10.1002/jgrb.50216
https://doi.org/10.1002/jgrb.50216
https://doi.org/10.1126/sciadv.aat8472
https://doi.org/10.1029/2010JB007717
https://doi.org/10.1002/2018GL077385
https://doi.org/10.1002/2018GL077385
https://doi.org/10.1038/ngeo3021
https://doi.org/10.1029/2001JB000888
https://doi.org/10.1016/j.tecto.2013.11.024
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1029/2020JB020503
https://doi.org/10.1029/2020JB020503
https://doi.org/10.1038/nature17632
https://doi.org/10.1073/pnas.1819225116
https://doi.org/10.1073/pnas.1819225116

	Shallow Slow Slip Events Identified Offshore the Osa Peninsula in Southern Costa Rica From GNSS Time Series
	Abstract
	Plain Language Summary
	1. Introduction
	2. Methods
	2.1. GNSS Data and Processing
	2.2. SSE Identification and Offset Estimation
	2.3. SSE Modeling

	3. Results
	3.1. A Potential SSE in 2013
	3.2. An Early 2018 SSE
	3.3. A Late 2018 SSE and a Mw 6.1 Earthquake
	3.4. An Early 2022 SSE
	3.5. A mid 2022 SSE
	3.6. Synthetic Models and Model Resolution

	4. Discussion
	4.1. Underlying Mechanisms
	4.2. Common Characteristics

	5. Conclusion
	Data Availability Statement
	References


