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Abstract Slow slip events (SSEs) release tectonic strain without causing sudden ground shaking. SSEs

have been observed at many subduction zones, some dynamically triggered by stress changes due to the passage
of seismic waves. However, there are limited observations of SSEs induced by post-seismic deformation. Here,
we report a significant increase in the recurrence rate of SSEs in the shallow portion of the Nicoya megathrust
following the 2012 M, 7.6 earthquake. These shallow SSEs occurred immediately updip of the large afterslip
zone and their recurrence rate returned to pre-earthquake level 1.5 years after the earthquake. In contrast, deeper
SSE recurrence rate remained unchanged. Coulomb Failure Stress modeling indicates the shallow SSE area

experienced substantial stress perturbation during afterslip, while the deeper megathrust did not. We interpret
this temporarily increased shallow SSE recurrence rate to be driven by static stress loading from large afterslip.

Plain Language Summary Slow slip events (SSEs) are a type of fault movement that happens
gradually, without causing earthquakes. Many of these events occur in subduction zones, where one tectonic
plate subducts under another. While some SSEs are triggered by earthquake waves, it's rare to see them caused
by slower fault slip process. In this study, we investigated the SSE phenomena at the Nicoya Peninsula in Costa
Rica, where a magnitude 7.6 earthquake happened in 2012. We observed that shallow SSEs (typically within
20 km to the surface) happened more frequently in the first 1.5 years after that earthquake. These events
occurred just next to the part of the fault that continued to slowly shift for months after the earthquake—a
process known as afterslip. Deeper SSEs (typically occur at greater than 20 km depth), however, did not show
this change. By modeling stress change on the fault, we found that the area with the increased SSE activity
experienced an increase of stress due to the afterslip. We suggest that this extra stress temporarily caused
shallow SSEs to occur more often, while deeper parts of the fault weren't affected in the same way.

1. Introduction

Slow slip events (SSEs) in subduction zones and other tectonic settings have been observed by various geodetic
data in the last two decades (e.g., Araki et al., 2017; Bartlow et al., 2011; Brudzinski et al., 2016; Chen et al., 2018;
Dragert et al., 2001; Jiang et al., 2012; Kato & Nakagawa, 2014; Michel et al., 2019; Obara et al., 2004; Ohta
et al., 2006; Okada & Nishimura, 2023; Wallace et al., 2016). Some studies suggest that SSEs can trigger or
evolve into large and great earthquakes (Obara & Kato, 2016; Segall & Bradley, 2012; Uchida et al., 2004, 2016);
others suggest that SSEs may also limit the size or frequency of future earthquakes by relieving some of the
accumulated stress and strain (e.g., Dixon et al., 2014). SSEs can occur independently or be triggered by stress
changes resulting from earthquakes (Peng & Gomberg, 2010; Rolandone et al., 2018; Tymofyeyeva et al., 2019;
Wallace et al., 2017). While some reported SSEs are triggered by dynamic stress changes, there are limited
examples of SSEs caused by static-stress perturbations (Frank et al., 2016; Katakami et al., 2020; Miyazaki
et al., 2006; Wallace et al., 2012, 2017). One such example occurred at a strike-slip fault after the 1987 M, 6.6
Superstition Hills earthquake in southern California, where Wei et al. (2013) attributed the time-dependent
changes in the intervals between creep events to loading rate changes and frictional heterogeneity. In this
study, we report an increase in the shallow SSE recurrence rate in northwestern Costa Rica, where large stress
perturbation occurred during afterslip from the 2012 M,, 7.6 megathrust earthquake.

SSEs in the Nicoya megathrust along the Middle America Trench have been documented since 2002 (Brown
et al., 2005), and well recorded by a continuous GPS (cGPS) network since 2007 (Outerbridge et al., 2010;
Figure 1a). On 5 September 2012, a M, 7.6 earthquake struck the region (Davis et al., 2015; Protti et al., 2014;
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Figure 1. GPS data in the study region. (a) GPS network in northwestern Costa Rica. The red dots mark the locations of all
available GPS stations in this study, with four-character station IDs labeled. The white contours mark the subduction plate
interface depths from Slab2 model (Hayes et al., 2018). The beach balls indicate M, > 6 earthquakes from 2000 to 2024 (Yue
et al. (2013) and USGS catalog). The orange line shows the trench. The thick black line is the 20 km slab depth contour
separating deep and shallow subducting portions. The light green and blue areas are the regions with shallow and deep inter-
seismic slow slip events (SSEs), respectively (Dixon et al., 2014). The light purple area is the >1 m co-seismic rupture area
due to the 2012 M, 7.6 earthquake (Kyriakopoulos & Newman, 2016). (b) GPS displacement time series of the entire
observational period for selected stations, arranged by slab depth from shallow to deep, with seasonal variations, co-seismic
and post-seismic deformation, and inter-SSE trends removed. Displacements were offset arbitrarily for clarity. (c) Selected
GPS displacement time series in the first 1.5 years following the 2012 M, 7.6 earthquake, the dots and red lines show the
observed and modeled time series of north component, respectively. The light green shaded areas mark the six detected
shallow SSEs.

Yue et al., 2013). Co-seismic deformation occurred on a portion of the plate interface where a high ratio of late
inter-seismic coupling (locking) was observed (Feng et al., 2012; Kyriakopoulos & Newman, 2016; Protti
etal., 2014; Sun et al., 2017). Data acquired in the first 2 years following the earthquake revealed large afterslip on
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part of the previously locked zone that did not rupture during the earthquake (Malservisi et al., 2015). Using land
GPS and seafloor pressure records obtained within 1.3 years after the earthquake, Sun et al. (2017) demonstrated
that the earthquake rupture did not reach the trench while the afterslip was trench-breaching. The ¢GPS data
collected during the late and early stages of the earthquake cycle provide opportunities to study possible in-
teractions between seismic and aseismic deformation. Previous studies suggest that the 2012 M,, 7.6 earthquake
did not change the recurrence rate of large SSEs (equivalent to M, > 6.8 earthquakes; which occurred in the deep
portion of the megathrust, i.e., beneath the Gulf of Nicoya; Figure 1a; Voss et al., 2017; Xie et al., 2020). With
more than 10 years of data now available after the 2012 M,, 7.6 earthquake, we re-examine this conclusion and
report evidence of temporarily increased SSE recurrence rate in the shallow portion of the megathrust during the
rapid afterslip stage.

2. Data Processing

Available data obtained by the cGPS network from July 2002 to January 2024 were analyzed following the
framework of Xie et al. (2020). We first processed the GPS data into daily averaged positions with GipsyX v.2.3
(Bertiger et al., 2020). The position time series were then transformed into North/East/Up displacements relative
to a priori site coordinates in the regional reference frame CARIB18 (Wang et al., 2019). We used the multi-
channel singular spectrum analysis to remove seasonal oscillation not associated with tectonic motion. Figure
S1 in Supporting Information S1 shows example displacement time series with seasonal variations and inter-SSEs
trends removed. To highlight SSEs, Figure 1b shows time series with (a) co-seismic displacements removed by
step functions, (b) post-seismic deformation removed by exponential decay functions with characteristic times of
11,94, 470, and 1,865 days, and (c) inter-SSE trends removed following Xie et al. (2020). Visual inspection of the
time series and previous work (e.g., Xie et al., 2020) suggest that the recurrence interval of deep SSEs (indicated
by reverse displacements observed at GPS stations over the deep plate interface) remains largely unchanged
before and after the 2012 M, 7.6 earthquake. However, several stations located above the shallowest plate
interface under the Nicoya Peninsula, particularly GRZA, exhibit more frequent SSE-like displacements within
1.5 years after the earthquake (marked by the light green lines in Figure 1b and green shades in Figure 1c). The full
set of data shown in Figure 1c is illustrated in Figure S2 in Supporting Information S1. GPS common mode error
(CME), if significant, is difficult to eliminate due to the relatively small number of cGPS stations and complex
tectonic signals in this region. However, CME should not alter the contrasting SSE behaviors between the shallow
and deep portions because it will affect all stations across the region. In Nicoya, the average recurrence interval of
major SSEs (mainly occurred in the deep portion) prior to the 2012 event is about 22 months, and the smaller and
shallower SSEs occurred more irregularly, with typical recurrence intervals of 0.5-1 year. Within 1.5 years after
the 2012 M, 7.6 earthquake the recurrence interval of shallow SSEs became ~2-3 months. After mid-2014, the
recurrence interval of shallow SSEs resumed to its pre-earthquake level (with typical interval longer than
6 months). Below we use time-dependent inversion to investigate the SSE and afterslip characteristics from the
GPS observed displacements.

3. Time-Dependent Slip Inversion

We applied a modified network inversion filter (NIF) to model the GPS displacements, summarized below
(Bartlow etal., 2011; Liuet al., 2010, 2015; McGuire & Segall, 2003; Segall & Matthews, 1997). First, we created
a triangular mesh to represent the plate interface from the trench to 60 km depth based on Slab 2.0 model
(Fukushima et al., 2005; Hayes et al., 2018). The average length of element sides is ~20 km. Second, we
calculated the Green's function that relates fault slip to surface displacements in a homogeneous elastic half-space
using the dislocation model of Jeyakumaran et al. (1992). Third, we solved for daily slip on individual fault
elements in a regularized inversion. The inversion scheme is based on an extended Kalman filter, with non-
negative slip constraint and temporal and spatial smoothing imposed. The preferred hyperparameters for tem-
poral and spatial smoothing are based on maximum likelihood estimation and determined by the compromise
between misfit and smoothness (Figure S3 in Supporting Information S1).

The time-dependent slip inversion reveals spatial and temporal variations of rapid afterslip, SSEs, and multiscale
relaxation processes. Figure 2 shows cumulative slip and snapshots of slip rates from the inversion. During the
modeled period multiple shallow SSEs occurred in the offshore region, whereas only one deep SSE occurred and
it was immediately under the Gulf of Nicoya in early 2014. Figure S4 in Supporting Information S1 shows the
observed and modeled GPS displacement time series of postseismic and SSEs for the first 3 years after the
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Figure 2. Time-dependent inversion of post-seismic slip and slow slip events (SSEs). (a) Accumulated post-seismic deformation and slow slip within 1,000 days after
the 2012 M, 7.6 earthquake. The dashed white and black polygons outline the shallow and deep portions where the moment release time series are shown in Figure 3.
(b) Modeled rates of the afterslip within 4 months after the 2012 M., 7.6 earthquake. (c) Modeled fault slip rates from January 2013 to April 2014 (the same period as
Figure 1c). The observed shallow SSEs are highlighted by circled numbers 1-6 (corresponding to the light green shaded periods shown in Figure 1c).

earthquake. Apart from significant slip caused by the M, 6.5 aftershock on 24 October 2012 (the map shown in
the first column and second row of Figure 2b), large afterslip occurred immediately next to the co-seismic rupture

zone in the first 2 weeks after the mainshock, and the slip rate decreased rapidly in the following weeks. Between
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Figure 3. Time series of moment release for the shallow and deep portions of the subduction zone, with the respective areas outlined in Figure 2a. Data lengths in panels
(a), (b), (e), and (f) correspond to the period within 1.5 years after the 2012 M, 7.6 earthquake. Panels (c), (d), (g), (h) show the cumulative moment release and
rate time series within 5 years after the 2012 M, 7.6 earthquake. (a—d) Cumulative moment release in the shallow (panels a, ¢) and deep portions (panels b, d) of the
subduction zone. The black arrows in (a) indicate the timing of shallow slow slip events (SSEs) identified in Figure 1c. (e-h) Moment release rates for the shallow (e, g)
and deep (f, h) portions. The black dots in (e) mark the timing of shallow SSEs. In the longer time series plots (c, d, g, h), the gray shaded region highlights the time
period corresponding to the period with increased shallow SSE frequency. (i) Accumulated post-seismic slip within 1.5 years following the 2012 M, 7.6 earthquake.
(j) Accumulated shallow slow slip within 1.5 years following the 2012 M, 7.6 earthquake. The dashed black polygons in panels (i) and (j) outline the peak slip
areas. The solid black lined shape indicates the >1 m co-seismic rupture area (Kyriakopoulos & Newman, 2016).

February 2013 and March 2014, six SSEs occurred in the shallow portion of the subduction plate interface,
immediately adjacent to the area where large afterslip occurred (Figure 2c).

4. Results and Discussion
4.1. Temporarily Increased SSE Frequency After Significant Afterslip

A number of shallow SSEs before the 2012 M, 7.6 earthquake were identified from land cGPS observations in the
study region (e.g., Dixon et al., 2014). While there is evidence from ocean bottom pressure measurements at a
CORK site that multiple SSEs occurred at the trench within the first month after the 2012 M,, 7.6 earthquake,
displacements associated with those events at the land cGPS stations are small (Sun et al., 2017). With longer
observations, our analysis suggests that frequent shallow SSEs with detectable surface displacements at some
land ¢GPS stations occurred in the first 1.5 years after the 2012 earthquake. Further analysis of the moment
release indicates that these shallow SSEs correspond to the period when the shallow portion has released sig-
nificant amount of energy (Figures 2 and 3).
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Figure 4. Co-seismic rupture and slip due to post-seismic and slow slip events (SSEs), and corresponding Coulomb stress changes. (a) The co-seismic slip of the 2012
M,, 7.6 earthquake (Kyriakopoulos & Newman, 2016). (b) Accumulated post-seismic slip between the 2012 M, 7.6 earthquake and the first shallow SSE observed by
land cGPS. (c) Accumulated post-seismic plus slow slip within 1,000 days after the 2012 M, 7.6 earthquake. (d) Coulomb stress change caused by the co-seismic
rupture of the 2012 M, 7.6 earthquake. (e) Coulomb stress change caused by the slip shown in panel (b). (f) Coulomb stress change caused by the slip shown in panel (c).
In panels (d—f), A labels the deep portion, B labels the portion with large afterslip, C labels the shallow portion immediately updip of the large afterslip zone.

The first column of Figure 3 illustrates the cumulative moment release (panels a, ¢) and the daily moment rate
(panels e, g) time series during selected periods for the shallow portion outlined by the dashed white polygon in
Figure 2a. Panels a and e show the results of shallow SSEs only, and panels ¢ and g show the results due to post-
seismic deformation plus SSEs. Note that panels a—h have different time spans, and the shorter periods shown in
panels a, b, e, f are indicated by the shaded gray areas in panels c, d, g, h. In comparison, panels a and e show the
occurrence of shallow SSEs, while panels ¢ and g demonstrate the energy release due to the long-lasting post-
seismic deformation. Comparative time series of the deep portion (outlined by the dashed black polygon in
Figure 2a) are illustrated in the second column of Figure 3. For the shallow portion, multiple transient increases in
the moment release rates correspond to the identified SSEs. For the deep portion, only one significant moment
release event was observed in the first 1.5 years after the 2012 M., 7.6 earthquake (it corresponds to columns 2—4
in the last row of Figure 2c). Within 5 years after the 2012 M, 7.6 earthquake, the cumulative moment release
time series exhibit a logarithmic decay plus multiple transient moment release events. Apart from long-lasting
viscoelastic relaxation, the moment release rate decreased to nearly the background level in 2 years after the
earthquake.

Figure 3i shows the cumulative afterslip within 1.5 years from the 2012 earthquake. Figure 3j shows the total slip
due to shallow SSEs (sum of the highlighted events 1-6 in Figure 2c), outlining the primary SSE area. Resolution
tests conducted in previous studies suggest that the land cGPS network can resolve fault slip for the nearshore
region, within 30 km of the coast, but has poor resolution near the trench (e.g., Jiang et al., 2017; Kyriakopoulos &
Newman, 2016; Xie et al., 2020). We conducted checkerboard resolution tests to examine the offshore resolution.
The results demonstrate that the land cGPS network can resolve slip near the up-dip edge of the main afterslip
zone at 25 km or lower resolution (Figures S5 and S6 in Supporting Information S1). With relatively high
confidence, the afterslip is most significant near the coastline, that is, near the updip edge of the main co-seismic
rupture (Figures 2—4). Shallow SSEs occur updip of the main afterslip zone, with the peak slip area lying between
the trench and the peak afterslip zone (Figure 3j). Whether the shallow SSE area extend to the trench cannot be
uniquely resolved with available land GPS data.
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4.2. The Role of Stress Loading Increase Driven by Afterslip

Crustal deformation is directly associated with stress and strain conditions. To better understand the observation
that more frequent shallow SSEs occurred in the vicinity of the large afterslip zone shortly after the 2012 M., 7.6
earthquake, we employed the widely used Coulomb Failure Stress change (ACFS) model to probe stress con-
ditions on the plate interface during and after the 2012 earthquake. The ACFS model looks at how the ratio of
normal to shear stress on a particular fault surface changes as a result of an earthquake, afterslip, or other major
stress perturbation. Positive ACFES is interpreted to promote failure, while negative ACFS inhibits failure (e.g.,
King et al., 1994; Lin & Stein, 2004; Stein et al., 1992; Voss et al., 2018). Figure 4d shows ACFS caused by the
co-seismic deformation. As expected, large positive changes in ACFS are observed surrounding the co-seismic
rupture zone. However, subsequent fault behavior depends on location and pre-earthquake SSE activity.

In area A (annotated in Figures 4d—4f), while the earthquake rupture caused a positive ACFS, afterslip here was
trivial. This likely reflects lack of significant pre-earthquake strain accumulation here because, large SSEs occur
approximately every 22 months, releasing nearly all accumulated strain (Dixon et al., 2014; Xie et al., 2020).
Hence, the recurrence interval of the deep SSE patch does not change.

Area B was previously identified to be a nearly fully locked patch (i.e., with large slip deficit) late in the
earthquake cycle but did not rupture during the 2012 M,, 7.6 earthquake (e.g., Feng et al., 2012; Protti
et al., 2014). The large increase in stress loading caused by the co-seismic rupture, as evident in the ACFS map
shown in Figure 4d, likely promoted afterslip here. Panels b and e in Figure 4 illustrate the cumulative afterslip
and stress change from the earthquake to the beginning of the first observed shallow SSE.

Previous studies suggest that an increase of ~3 bar in ACFS is sufficiently large to influence the genesis of
episodic slip events (e.g., Rubinstein et al., 2008; Wallace et al., 2017). The pre-strained area C reached this level
shortly after the M, 7.6 earthquake due to large afterslip (Figure 4e). By mid-2014, the strain was mostly released,
and the shallow SSE frequency returned to the pre-earthquake level.

Variations in pore pressure and frictional properties between shallow and deep megathrust segments may in-
fluence how sensitive SSEs are to stress perturbations. The shallow interface, typically exhibiting high pore
pressure from sediment compaction and dehydration (Saffer & Tobin, 2011), may be more prone to SSEs trig-
gered by stress changes, as supported by numerical models (Dong et al., 2022; Heimisson et al., 2019; Perez-Silva
et al., 2023). Modeling results suggest that poroelastic deformation contributed significantly to early postseismic
surface motion beneath the Nicoya Peninsula and trenchward (shallow region), but had minimal impact beneath
the Gulf of Nicoya, likely due to differences in permeability and fluid pressure gradients (McCormack
et al., 2020).

The shallow portion of many subduction zones is characterized by conditionally stable friction and can be highly
sensitive to small stress changes. For instance, with seismic data, Frank et al. (2016) found that stress changes of
just a few kPa can influence shallow seismicity in the Guerrero segment of the Mexican subduction zone. While
offshore geodetic observations are scarce, the proximity of the trench to land in Nicoya allows coastal GPS
stations to record shallow SSEs. With the development of seafloor geodetic instrumentation in subduction zones,
phenomena similar to the discussed example may be observed in other places.

5. Conclusions

Long-duration continuous GPS data collected across the 2012 M, 7.6 earthquake in Nicoya Peninsula suggest a
temporarily increased recurrence rate of shallow SSEs in the early stage of post-seismic deformation. Our time-
dependent modeling of fault slip and Coulomb stress changes indicates that the slow slip area is in the immediate
proximity of the area with significant Coulomb stress increase. The good correlation between the timing of more
frequent shallow SSEs and significant cumulative afterslip is strong evidence that stress loading driven by
afterslip promotes the occurrence of shallow SSEs in the Nicoya megathrust.

Data Availability Statement

Raw data collected at CIQE, CIQU, LIBE, NICY, NYCO, PUNT, RIDC, and SAGE stations can be found from
the Instituto Geografico Nacional website (https://gnss.rnp.go.cr/SBC/). Daily position time series of ETCG,
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