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Abstract The Nicoya Peninsula in northwest Costa Rica overlies a section of the subduction megathrust
along the Middle America Trench. On 5 September 2012, a moment magnitude 7.6 megathrust earthquake
occurred beneath a dense network of continuous GPS and seismic stations. Many of the GPS stations
recorded the event at high rate, 1 Hz or better. We analyze the temporal and spatial evolution of surface
deformation after the earthquake. Our results show that the main rupture was followed by significant after-
slip within the first 3 h following the main event. The behavior of the surface displacement can be repre-
sented by relaxation processes with three characteristic times: 7, 70, and more than 400 days. We assume
that the long relaxation time corresponds to viscoelastic relaxation and the intermediate relaxation time
corresponds to afterslip on the main fault. The short relaxation time may represent a combination of rapid
afterslip, poroelastic adjustment in the upper crust, or other processes. During the first few months that fol-
lowed the earthquake, afterslip likely released a significant amount of slip deficit still present following the
coseismic rupture, in particular updip of the rupture. Afterslip seems to be bounded updip by regions
affected by slow slip events prior to the earthquake, suggesting that the two processes are influenced by
different frictional properties.

1. Introduction

Surface displacements in the days, months, and years following large earthquakes can be sensitive probes
of frictional conditions on the fault interface and rheology of the nearby crust and upper mantle. For sub-
duction zone megathrusts, often producing Earth’s largest earthquakes and most tsunami, these studies
can be challenging, as critical areas undergoing seismic rupture and postseismic motion usually lie far off-
shore, where on-land instrumentation lacks sensitivity. Here we report new geodetic data for 2 years follow-
ing the Mw 7.6 5 September 2012 Nicoya, Costa Rica earthquake. At this location (Figure 1), the Nicoya
Peninsula extends within 60 km of the trench, and seismic rupture occurred immediately under the penin-
sula, allowing geodetic measurements that are sensitive to a range of postseismic motions. Geodetic data
reveal significant postseismic motion within a few hours of the main seismic rupture and during a Mw 6.5
aftershock. We also observe a possible separate slow slip event in February 2014 (�1.4 years after the 2012
earthquake). Analysis of the data shows the presence of three distinct time constants for the overall expo-
nential decay of postseismic motion that we believe is related to three distinct processes. The combination
of afterslip, aftershocks, and preearthquake slow slip constitute a significant fraction of the overall strain
budget, indicating that most of the accumulated moment due to plate motion is released by processes
other than megathrust earthquakes, including aseismic processes.

1.1. Geologic and Seismic Background
The Nicoya Peninsula forms the western edge of the Caribbean plate, where the Cocos plate subducts
beneath the Caribbean plate along the Middle American trench at about 8 cm/yr [DeMets, 2001, DeMets et al.,
2010] (Figure 1). The region has a well-defined earthquake cycle, with large (M> 7) earthquakes in 1853, 1900,
1950 (M 7.7), and most recently 5 September 2012 (Mw 7.6). Smaller (M � 7) events in 1978 and 1990
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have also occurred nearby [Protti et al., 1995]. Large tsunamis have not been reported for any of these
events [Chac�on-Barrantes and Protti, 2011] but the 1992 Mw 7.6 Nicaragua earthquake, 150 km to the north-
west, generated a large tsunami, reflecting shallow rupture [Satake, 1994; Kikuchi and Kanamori, 1995]. Slow
slip events are common in the region [Outerbridge et al., 2010; Jiang et al., 2012; Walter et al., 2013]. These
enigmatic events have now been identified in many subduction zones [Schwartz and Rokosky, 2007; Beroza
and Ide, 2011], and represent largely aseismic slip on the plate boundary lasting weeks, months, or years
[Brodsky and Mori, 2007]. In terms of their rupture speed and duration, they are similar to afterslip, and we
explore some consequences of that similarity here. An analysis of preearthquake slow slip in Costa Rica is
presented in Dixon et al. [2014].

Surface displacements associated with the 5 September 2012 M 7.6 Nicoya earthquake are reported in Protti
et al. [2014]. These authors showed that seismic rupture occurred mainly on a patch of the plate interface
below the peninsula that was locked for more than two decades prior to the 2012 event [Dixon, 1993; Feng
et al., 2012]. Analysis of seismological data for the earthquake is presented in Yue et al. [2013]. These authors
showed that rupture initiated just offshore then proceeded downdip and to the northeast. Their analysis
included strong motion data, teleseismic waves, and high rate GPS data from a subset of our network that
recorded displacement at 1 or 5 Hz. Here we use the same GPS instrumentation to investigate motions in
the first few hours after the event. The earthquake did not produce a significant tsunami and did not have
significant offshore rupture, even though measurements prior to the earthquake suggested significant off-
shore strain accumulation [Feng et al., 2012]. Shallow slow slip events in the offshore region released some
but not all of the accumulated strain in the decade leading up to the earthquake [Dixon et al., 2014], thus it
is of interest to investigate the possible role of afterslip in releasing any residual offshore strain.

2. Data Analysis

Between 2002 and 2006, a network of 18 continuously recording GPS systems (CGPS) was installed on the
Nicoya Peninsula to monitor strain accumulation, slow slip events and eventually observe a megathrust
earthquake. The instruments recorded data at rates between one sample per 15 s and 5 Hz. The data files
were periodically downloaded by the Observatorio Vulcanologico y Sismologico de Costa Rica (OVSICORI)

Figure 1. (left) Location of the study area showing the position of the GPS stations used in this study. Cocos-Caribbean plate relative velocity from MORVEL [DeMets et al., 2010]. (right)
Position of the network with respect to the subducting slab (slab contour from DeShon et al. [2006]). Yellow triangles indicate GPSs that recorded at high rate during the September
2012 earthquake. The seismogenic zone (green line in the cross section) is located underneath the geodetic network (red dots in cross section).
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and stored at the UNAVCO archive (www.unavco.org). Eight of the instruments (Figure 1 and Table 1)
recorded at high rate (1–5 Hz) during the 5 September 2012 earthquake.

We analyzed all available data from the CGPS network from the time of installation to September 2014. For
each station, static daily average positions were calculated. In addition, for the day of the mainshock (5 Sep-
tember), we derived a higher rate time series to investigate the temporal evolution of surface deformation
at high resolution following the earthquake [Larson and Miyazaki, 2008].

All data were processed with GIPSY-OASIS 6.2 software, with orbits and satellite clock estimates provided by
the Jet Propulsion Laboratory (JPL). Daily static positions were derived using the precise point positioning
(PPP) method [Zumberge et al., 1997]. Phase ambiguity resolution was performed using the single receiver
algorithm [Bertiger et al., 2010]. Ocean-loading effects were corrected using FES2004 [Lyard et al. 2006]
(http://holt.oso.chalmers.se/loading/). VMF1 mapping functions were used for tropospheric delay [Boehm
et al., 2006]. The daily solutions were then aligned with IGb08 [Rebischung et al., 2012] through the daily
seven-parameters transformation (x-files) provided by JPL. The time series were then corrected for offsets
related to known equipment changes, other jumps from a visual inspection of the time series, and for the
surface deformation induced by the slow slip events (SSEs) identified by Jiang et al. [2012]. The time series
were detrended by removing the long-term linear trend, representing the interseismic velocity, and annual
and semiannual signals, estimated by fitting the time series before 4 September.

For the 6 h following the earthquake of 5 September, we also evaluated the site positions at high time resolu-
tion using the high rate data and standard kinematic processing procedures of GIPSY-OASIS. We limit our study
to the displacement observed after the passage of the seismic waves (typically 1–2 min duration) using techni-
ques described in Larson and Miyazaki [2008] who utilized random walk filtering for analysis of high rate data.

Troposphere effects can be a major problem in GPS high rate data. To limit this problem, tropospheric
delays were estimated by solving for two static positions, 6 h before the event and from 2 min after the
earthquake. The site position following the mainshock was then estimated by fixing the computed tropo-
spheric delay and applying a Kalman filter to estimate the antenna position, assuming a random walk with
standard deviation set to 1 3 1028 km/�s [Larson and Miyazaki, 2008]. The resulting position estimate was
then utilized as a nominal position for further estimation of the tropospheric delay in a static mode, iterat-
ing until no significant changes were observed (in general two iterations were sufficient). To limit computa-
tional time, 5 s average positions were estimated for the first 90 min after the earthquake and 300 s
averages thereafter. Following Larson et al. [2007], we corrected the time series to minimize geometrical
and multipath influences, using the average position of the previous five sidereal days.

Table 1. Time of Observation, Number of Observed Days, and Availability of High Rate Data During the Earthquake for Each Station

Station Lat Lon
First

Observation

Number
of Obs.
(days)

% Complet.
Since

5 September
2012

Rec. High
Rate on

5 September UNAVCO Doi

BIJA 9.74 285.58 2009.6372 995 37.50 10.7283/T5C53J0Q
BON2 9.76 285.20 2004.7858 2761 98.63 10.7283/T5W66HXJ
CABA 10.24 285.34 2009.5058 1638 86.81 � 10.7283/T5GX48QQ
ELVI 10.39 285.45 2007.3265 2011 56.73 10.7283/T59C6VKN
EPZA 10.14 285.57 2009.4976 1703 83.79 w 10.7283/T5JW8C1S
GRZA 9.92 285.63 2006.3326 2105 75.27 10.7283/T5HX19V3
HATI 10.29 285.71 2006.4504 2155 11.13 w 10.7283/T5X34VM5
HUA2 10.02 285.35 2002.7269 3553 83.38 10.7283/T5RF5S67
IND1 9.86 285.50 2002.5626 3857 94.64 10.7283/T58C9TDT
LAFE 9.81 284.96 2009.5113 1723 96.02 10.7283/T57D2S80
LEPA 9.95 285.03 2006.3107 2511 87.36 10.7283/T5NP22M8
LMNL 10.27 285.05 2007.3347 2660 97.94 w 10.7283/T51V5C3J
PNE2 10.20 285.82 2009.5277 1205 94.64 10.7283/T5D50K43
PUJE 10.11 285.83 2002.7570 3182 21.57 w 10.7283/T54M92PG
PUMO 10.06 284.97 2007.3128 2509 95.74 w 10.7283/T55M63V9
QSEC 9.84 285.36 2006.3217 2342 34.75 w 10.7283/T5SF2TBM
SAJU 10.07 285.71 2008.2382 2249 87.23 w 10.7283/T5F47M9C
VERA 10.85 284.87 2009.6454 1773 98.08 w 10.7283/T5MP51FF
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2.1. The 5 September 2012
Coseismic and ‘‘Early-Afterslip’’
Displacement
Coseismic displacement at GPS sites is
often reported as the difference at a
given station between the average
position before an earthquake and the
average position at the first available
measurement. Even for continuous
GPS, the first reported measurement is
often the next day. Larson and Miya-
zaki [2008] showed that for large
earthquakes such ‘‘coseismic’’ dis-
placements could be contaminated by
fault motion in the few minutes after
the end of the seismic event (which
we term ‘‘early-afterslip’’). Comparison
of the fault slip associated with the 5
September Nicoya earthquake derived
by geodetic data only [Protti et al.,
2014] and by a joint inversion of the
seismic signal from high rate GPS and
seismic data [Yue et al., 2013] indicate
that while the estimated main slip
areas are very similar, the geodetic-
only solution has significantly more
slip offshore (Figure 5, insert). Indeed,
analysis of the high rate GPS data after
the mainshock shows that the GPS
stations continue to move for several
hours in a direction very similar to the
initial slip direction (Figures 2 and 3).

Since this deformation is observed on
a regional scale, it is unlikely to be
related to local or shallow poroelastic
deformation, or at least not exclusively.

On the other hand, the very fast response (few hours) suggests that it is unlikely to be related to viscous relax-
ation. No large thrust aftershocks (M> 5) were recorded by the local nor global seismic networks within the
first 3 h. Therefore, we suggest that the pattern of surface displacement (Figure 3) observed during the first
3 h is dominated by aseismic afterslip on the main fault plane. With this assumption, we can invert for slip on
the fault that would produce the observed surface displacement.

The fault surface is derived by interpolating and regridding the slab interface provided by DeShon et al.
[2006] on a regular grid. We regrid the slab interface using patches with dimensions of 15 km along strike
and 20 km downdip, based on an analysis of model resolution. Since the DeShon et al. [2006] slab interface
is defined only for the region underneath the Nicoya Peninsula, we extend the northwestern and southeast-
ern sides assuming the same geometry.

For each GPS station-fault patch pair, two Green’s functions were computed, for unit slip along strike and
downdip using the formulation of Okada [1992]. The two components of slip for each patch were then cal-
culated using the Stark and Parker [1995] bounded variables least squares method (BVLS) with Tikhonov
regularization, using the algorithm described by Aster et al. [2005]. Negative slip was not allowed in the
downdip direction, while no constraint was imposed on along strike slip. The regularization constant was
chosen taking the value that maximizes smoothing while minimizing the residual (e.g., Figure 4), such that
the residuals are not significantly smaller than the uncertainties of the surface observations.

Figure 2. North-South component of high rate time series for QSEC (position com-
puted every 5 s for the first hour after the earthquake and every 300 s afterward)
with respect to the average position before the earthquake. The green dot repre-
sents the ‘‘coseismic’’ displacement based on the average position the day after the
earthquake. The blue dot shows the position 12 h after the earthquake. The two
horizontal lines represent the positions computed 3 min and 1 h after the earth-
quake using 2 min averages. All other stations show similar behavior.
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The coseismic slip pattern on the plate interface was computed from the complete set of surface displace-
ments observed between the day before and the day after the mainshock using the inversion techniques
described above, and is very similar to those presented by Protti et al. [2014] and Dixon et al. [2014]. The
fact that we recover similar slip patterns with very different inversion methods and a different description
of the slab interface suggests that the computed slip estimates in these studies are robust.

Unfortunately, not all stations recorded at high rate and/or for the full day on 5 September 2012. In particu-
lar, the lack of data from IND1 and GRZA, two coastal stations near the center of the peninsula, reduces our
offshore resolution.

Figure 5 shows the fault slip computed using the observed displacement between the day before and day
after, using just the subset of stations that recorded at high rate. While the pattern of the slip on the fault
underneath the peninsula is very similar to the one computed using the full dataset, we obtain significantly
less offshore slip. The mainshock coseismic slip estimated with the subset of stations that recorded at high

rate is somewhat smaller than other results,
independent of the smoothing constraints
applied, with an effective geodetic magni-
tude of 7.5 (compared to 7.6 from seismic
data or the full geodetic data set).

When we invert for slip using the surface
displacement between the position of each
station 300 s and 3 h after the earthquake,
we observe a significant amount of slip off-
shore (Figure 6), suggesting updip and
southwest migration of slip. This early-
afterslip is migrating toward regions previ-
ously identified as areas of offshore Slow
Slip Events (SSE) [Outerbridge et al., 2010;
Jiang et al., 2012; Dixon et al., 2014; Walter
et al., 2013]. Although the high-rate network
resolution in some areas of SSE is not high,
our results suggest that the region of early-
afterslip is limited by the SSE regions (red
line in Figure 6).

Figure 3. Surface coseismic displacement calculated as (left) the difference between the position before the earthquake and the position 300 s after the earthquake and (right) the differ-
ence between the position 300 s after the earthquake and the position the next day. Open triangles correspond to stations that did not record at high rate in the hours after the main-
shock. Note the change in scale.

Figure 4. Total misfit of the solution for the inversion of fault slip versus
the regularization parameter used to invert the data set in Figure 3 (larger
numbers correspond to higher smoothing). The arrow indicates the value
used for the inversion shown in Figure 5.
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2.2. The 24 October 2012 Aftershock
On 24 October 2012, the largest aftershock struck the area, an Mw 6.5 event located near the center of the
southwest coast of the peninsula. The event is clearly visible in all the time series and a coseismic displace-
ment can be computed from the geodetic data. We compute the coseismic displacement as the difference
of average positions between the day before and the day after the event (data noise does not allow finer
time resolution).

Figure 7 shows the observed surface displacement and the calculated coseismic slip on the fault plane
using the same methods described above for the mainshock. The estimated geodetic magnitude is 6.6,
larger than the seismic magnitude (6.5), suggesting that early-afterslip occurs also with this event as well
and is captured by the geodetic data. The slip on the fault seems to fall in the gap between the two slip
patches described in the seismic analysis of Yue et al. [2013]. Furthermore, the fault slip seems to overlap
with at least half of the area of strong coupling that did not rupture during the 5 September event

Figure 5. Coseismic fault slip and surface displacement (black 5 observed, red 5 modeled) using different subsets of stations and time intervals for the evaluation of surface displace-
ment. (left) Coseismic surface displacement computed by differencing the daily positions the day before and the day after the earthquake. Results from the full data set are presented in
the inset. Results from the subset of stations that recorded at high rate during and after the earthquake are presented in the main figure. Lack of data from IND1 and GRAZ reduces sen-
sitivity in the offshore region. (right) Fault slip and surface deformation observed in the first 300 s. Blue contours show slip from Yue et al. [2013], contoured every 0.5 m. Black arrows in
the fault slip maps indicate direction of slip.
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identified by Protti et al. [2014] (white line in their Figure 4b and green lines in Figure 7 of this paper),
though that area experienced significant aftershock seismicity (Figure 1 of Protti et al. [2014] and Figure 13
of this paper). Unfortunately, this aftershock seems to be located in the region where the inversion for
early-afterslip has low resolution.

Figure 6. Afterslip during the first 3 h after the mainshock. Note the different scale of arrow and colorbar with respect to the two previous figures. For reference, the slip inferred from
Yue et al. [2013] is shown as blue contours. Cumulative slip of 1 m from SSEs from Dixon et al. [2014] indicated by the red line. The afterslip is mainly offshore, updip and southwest of
the main rupture but limited by the region of SSEs. Given reduced sensitivity in the offshore region, the offshore slip should be interpreted as a lower limit. The main rupture where the
resolution is good shows very little displacement.

Figure 7. (left) Fault slip and (right) coseismic displacement (black is data, red is model, note overlap at most stations) for the 24 October 2012 aftershock. In left figure, blue contours
show coseismic slip from Yue et al. [2013], magenta line corresponds to area of 50% locking identified by Feng et al. [2012], and green ellipse is the locked patch identified by Protti et al.
[2014] that did not rupture in the earthquake. In right figure, green arrows at three stations (e.g., QSEC) show data inferred from the interpolation of long-term postseismic deformation
(see text) and are not used in the inversion.
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2.3. Postseismic Deformation
Following the mainshock of 5 September, all the stations within the network show very strong postseismic
signals. As expected, this signal decreases very quickly during the first few days and gradually slows with
time. The exponential decay of the postseismic signal is significantly altered by two main events: the after-
shock of 24 October described above and a slow perturbation present in all the stations of the network
around February 2014 (1.4 years after the event, Figures 8 and 9). This late perturbation has a very similar
behavior to previously observed Slow Slip Events [Outerbridge et al., 2010; Jiang et al., 2012]. Although more
work is needed to characterize the SSE of February 2014, we note that the displacement time series have
characteristics similar to the 2007 SSE.

After we detrend the time series to eliminate the effects of interseismic deformation, the residual time series
representing postseismic deformation can be modeled following an exponential decay of the form:

uiðtjÞ5 b 1 a 12e
tj 2t0

s

� �
(1)

where ui(tj) corresponds to the displacement in the i direction at the time tj, b corresponds to the coseismic
displacement of the mainshock at the time T0, a is the amplitude of the postseismic signal, and s is a relaxa-
tion time.

Using the multibranch nonlinear least squares Marquardt-Levenberg algorithm as implemented by gnuplot
4.6, we fit the time series using equation (1).

An analysis of the time series indicates the presence of different relaxation times, indicating either the pres-
ence of a process that is time dependent (for example, viscous relaxation of a nonlinear body [e.g., Freed
and B€urgmann, 2004; Freed et al., 2006a, 2006b], or multilayer viscoelastic body [e.g., Riva and Govers, 2009])
and/or the presence of multiple processes.

The initial period after the earthquake exhibits a very fast relaxation of the order of days. A combination of
relaxation times of order a few months or less, and a longer relaxation time of order a few hundred days, is
necessary to explain the behavior of the remaining time series over the first 2 years of postseismic motion.

Traditionally, postseismic deformation has been modeled as an exponential process to represent poroelastic
and viscoelastic behavior, and/or a logarithmic process to represent afterslip [e.g., Freed et al., 2006a; Hu et al.,
2014]. However, the physics of these processes is not completely understood, and there is no fundamental rea-
son requiring either model. For simplicity and to improve the stability of the inversion, we modeled all the time
series as linear combination of multiple exponential functions with one to several characteristic relaxation times.
An F test showed improved fit going from one to two relaxation times (significant at the 99% confidence level)

Figure 8. East-West and North-South components of the postseismic displacement for stations IND1 and LAFE. The stars represent the position on 6 September relative to the average
position the day before the mainshock. The time series are detrended using equation (1). Arrows indicate two large deviations from the exponential decay. The first is related to the larg-
est aftershock, the second (1.4 years after the event) is a possible SSE.
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and is further improved (significant at better than 95% confidence) using three relaxation times. Using more
than three relaxation times does not significantly improve the model fit.

We thus solved for a linear combination of three equations (1), with three parameters a, and three parame-
ters s. The final equation is

ui tj
� �

5b1a1 12e
tj 2T0

s1

� �
1a2 12e

tj 2T0
s2

� �
1a3 12e

tj 2T0
s3

� �
1c Hðtj2T1Þ (2)

where we added the Heaviside function H(t) to account for the coseismic displacement (c) associated with
the earthquake of 24 October (T1).

Assuming that relaxation times, s, represent parameters related to the processes causing the postseismic
signal rather than a site-specific parameter, we tried to identify relaxation times that can simultaneously fit
all the displacement components for all of the stations. In order to produce a more stable solution, we
inverted data from stations with time series that are at least 75% complete, have data in the first 10 days
after the mainshock, and data around 24 October (the time of the large aftershock). To avoid complications
with the possible SSE in February 2014, we limit our time series fit to 1.4 years after 5 September. Figure 10
provides the time series and best fit solutions of equation (2) for the seven stations that satisfy the above
conditions.

The best solution provides three relaxation times of 7 days, 70 days, and 420 days, with reduced chi square
of 1.54 and a WRMS of 4.3 mm. The good fit suggests that the assumption that the relaxation times repre-
sent processes affecting all stations is reasonable. A Monte Carlo search for the best relaxation times indi-
cate that, within 3 sigma, the short relaxation time must be between 3 and 23 days; the intermediate
relaxation time must be between 45 and 120 days; and the long relaxation time must be longer than 390
days (due to the short time series we cannot constrain the upper bound).

Figure 9. Enlarged plot of the time series shown in Figure 8 during the period of a possible SSE. Both shape (duration time) and amplitude
(displacement) are very similar to events identified by Jiang et al. [2012] as Slow Slip Events.
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In order to validate our model, we use the computed relaxation time and equation (2) to estimate the
coseismic displacement associated with the 24 October aftershock for stations that did not collect data in
that period. The green arrows in Figure 7 represent the computed estimated displacements. A comparison
with the displacement at these sites derived from the fault slip calculated in the previous paragraph (fault
slip map in Figure 7) shows good agreement.

3. Discussion

It is difficult to link specific processes with specific relaxation times for postseismic motion: there can be a
wide range of relaxation times consistent with a specific process, and it is likely that the processes overlap
in time, perhaps operating simultaneously for a significant period [e.g., Montesi, 2004; Barbot and Fialko,
2010]. In the following discussion, we make some inferences concerning dominant processes that are
consistent with some other studies of postseismic motion, recognizing the nonuniqueness of these
inferences.

Figure 10. Time series and model fit for the seven stations used to solve for the relaxation times. The green curve indicates the best fit and corresponds to the sum of displacement asso-
ciated with the main aftershock of 24 October and the displacement associated with three relaxation times (blue, 7 days; magenta, 70 days; cyan, 420 days).
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The long relaxation time (420 days) is
compatible with viscoelastic relaxation
of the lower crust and upper mantle.
The lower bound for this relaxation
time is compatible with a Maxwell vis-
cosity of the order of �7 3 1017 Pa s, at
the lower range of possible lithospheric
viscosities found in other studies [e.g.,
B€urgmann and Dresen, 2008; Fung and
Tong, 2001]. Such low viscosities in sub-
duction settings are often ascribed to
hot and/or wet olivine in the upper
mantle wedge immediately beneath
and oceanward of the volcanic arc [e.g.,
Dixon et al., 2004; Currie and Hyndman,
2006] but longer time series are neces-
sary to infer a higher limit for the
viscosity.

The intermediate relaxation time (70
days) is often taken to indicate afterslip
[e.g., Savage and Svarc, 1997; Perfettini
and Avouac, 2004, 2007; Helmstetter
and Shaw, 2009]. We note that relaxa-
tions times up to �63 days have been

assumed to represent the upper bound for the relaxation of a poroelastic process [Masterlark, 2003; Hu
et al., 2014].

It is possible to estimate an upper limit for poroelastic deformation for the 2012 Costa Rica earthquake by
differentiating the surface deformation induced by the earthquake (Figure 5) for the case of undrained
and drained Poisson’s ratio [e.g., Jonsson et al., 2003; Hu et al., 2014]. The results (Figure 11) indicate that
the observed deformation is much larger than what would be expected for purely poroelastic deforma-
tion. Thus, the poroelastic deformation may influence the observed surface deformation signal (in particu-
lar early after the earthquake) but it is not the primary source of deformation. Since poroelastic
deformation represents only a small amount of the total deformation field and since it is often associated
with relaxation times of the order of days to few tens of days [e.g., Peltzer et al., 1996, 1998; Jonsson et al.,
2003], it is likely that it does not significantly impact displacements associated with our intermediate time
scale. Thus, we assume that the 70 day relaxation time corresponds to afterslip and the coefficient a2 can
then be simply interpreted as the amount of afterslip (magenta lines in Figure 10 and arrow on the right
map in Figure 12).

The fast decay during the first few days after the main event is more difficult to interpret During this period,
afterslip is presumably combined with more diffuse processes such as poroelastic relaxation [e.g., Peltzer
et al., 1996, 1998; Jonsson et al., 2003], overriding the subtle signal associated with intraplate deformation. A
SSE that was occurring at the time of the mainshock [Dixon et al., 2014] may further complicate the signal.
Unfortunately, many of these processes are poorly constrained (for example, to our knowledge, there are
no available water well data that could be used to describe poroelastic effects, their relaxation time and
duration). Deformation associated with the fast relaxation time therefore needs to be interpreted with cau-
tion. It is possible that afterslip with two different time constants (�7 and �70 days) is responsible for gen-
erating the surface deformation patterns observed in the first few months following the mainshock. It is
highly likely that the 7 day relaxation time represents some combination of afterslip and additional proc-
esses, such as poroelastic deformation or off-fault deformation (in effect, afterslip on small upper crustal
faults). For these reasons, we do not include deformation associated with the 7 day relaxation in our estima-
tion of the total afterslip (implicitly providing a lower limit for the full fault afterslip). In the next section, we
compare our estimated postseismic slip patterns with the distribution of interplate aftershocks to help
guide our interpretation of the short and intermediate relaxation time deformation.

Figure 11. Comparison of displacement inferred for the 7 day relaxation time
(red arrow, coefficient a1 in equation (2)) and poroelastic deformation obtained
calculated by differentiating the surface deformation derived by the fault slip
model of Figure 5 for the case of Poisson’s ratio equal to 0.34 (undrained) and
0.25 (drained) [Hu et al., 2014]. The poroelastic deformation thus may have an
influence on the observed surface deformation field but it cannot be the primary
source of deformation.
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Figure 12. Fault slip and surface displacement from the surface deformation associated with the intermediate relaxation time (magenta lines from Figure 10) interpreted as afterslip. The
red line indicates 1 m of cumulative slow slip before the earthquake [Dixon et al. 2014]. The thick black line corresponds to areas with interseismic locking higher than 50% [Feng et al.,
2012].

Figure 13. Comparison of the afterslip with the location of interplate aftershocks within the first 9 days after the mainshock. In both figures, the fault slip includes the early-afterslip and
the subsequent slip for the next 9 days with the 70 day time constant (essentially the sum of the slip from Figure 6 and the amount of slip corresponding to 9 days from the model in
Figure 12). Blue contour lines correspond to 200, 300, and 400 cm of inverted fault slip. Seismicity is scaled according to observed magnitude. (a) The inverted fault slip associated with
surface deformation calculated as the difference of the daily average position of each site the day after the earthquake and the daily average position on day 9. The broad region of dif-
fuse slip in Figure 13a suggests that some of this deformation is not associated with slip on the main fault. (b) The inverted fault slip derived using the a2 term of equation (3) to derive
the surface deformation associated with the first 9 days of afterslip.
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3.1. Geodetic Afterslip Patterns
As a conservative estimate, we determine the amount of afterslip assuming that it corresponds to the defor-
mation associated with the 70 day relaxation time. The components of surface displacement associated
with this process are the coefficients a2 from the best fit of each component time series (Figure 12, black
arrow on the right). Inverting this surface displacement with the same methodology used for coseismic dis-
placement, we obtain the fault slip associated with this intermediate relaxation time (Figure 12). This after-
slip is concentrated close to the main rupture identified by Yue et al. [2013], in particular northwest of the
main rupture and updip in an area very similar to the location of the 24 October aftershock. The region is
also very close to the area of early-afterslip that occurred in the first hours after the mainshock.

3.2. Nine-Day Interplate Aftershock Patterns
Recorded aftershocks following the 5 September earthquake represent a mix of upper crustal (intraplate)
earthquakes and events that actually occur on the plate interface (interplate earthquakes). Separating the
two is challenging, but is necessary if we wish to compare aftershock seismicity to geodetically determined
after slip.

Well-located interplate aftershocks are available for the first nine days after the mainshock. To generate
these locations, we start with an automated earthquake catalog generated with the Antelope Seismic Data-
base software that uses an STA/LTA ratio to identify P and S arrivals, associates them and locates events. For
the period beginning immediately after the mainshock through 31 December 2012, all phase arrivals and
event associations were analyst reviewed and corrected. The corrected phase information was used with
SimulPS to relocate all earthquakes in a local three-dimensional velocity model [DeShon et al., 2006]. Many
of the �8400 relocated earthquakes are intraplate events, occurring within the downgoing slab and in the
overlying plate. In order to directly compare geodetically determined afterslip on the plate interface with
aftershock activity, we must isolate those events that represent interplate slip on the megathrust. For all
events that locate within 10 km of the plate interface and occur within the first 9 days following the main-
shock (aftershock activity is reduced by a factor of 4 after 9 days), we determined first motion focal mecha-
nisms. P wave first motion polarities were identified and used in conjunction with the HASH [Hardebeck and
Shearer, 2002] software package to determine the best earthquake focal mechanisms. HASH computes a
family of possible focal mechanisms that fit the first motion observations given assumed uncertainties in P
wave polarities and velocity structure and returns the most likely mechanism and solution quality. We
obtained focal mechanisms for 580 events with approximately half being consistent with underthrusting on
the plate interface. Those �300 events were then relocated using hypoDD [Waldhauser and Ellsworth, 2000]
a double-difference relative relocation technique known to give high-quality absolute locations when sta-
tion coverage is favorable [Schaff and Waldhauser, 2005]. Figure 13 shows a comparison between these
interplate aftershocks and geodetically determined afterslip for the same time period, estimated as
described below.

3.3. Nine-Day Geodetic Afterslip
We apply two different procedures to estimate the distribution of afterslip for the same time period as the
aftershock data, recognizing that processes besides afterslip could contaminate the ‘‘raw’’ displacement
data. The first estimate is less restrictive and could include processes other than afterslip. It is calculated by
simply differencing the daily average positions at each site between the day after the earthquake and day
9. The second method follows the assumption described in 2.3: the term of equation (2) described by the
exponential with amplitude a2 and relaxation time of 70 days represents surface deformation from afterslip.
Using this assumption, we can simply calculate the afterslip during the 9 days after the earthquake calculat-
ing the value of this exponential at the correct time. For both methods, we add the value of the 9 day after-
slip to the early-afterslip, attained within the first 3 h (Figure 6). These two approaches yield somewhat
different results, and are shown in Figure 13, along with the aftershock locations. In particular, we note that
the inferred deformation of the first method is much more broad, diffuse on the full plate interface and con-
centrated in the area with the highest coseismic slip. We thus suggest that the first method is strongly con-
taminated by off-fault diffuse deformation.

3.4. Comparison Between Mainshock Slip, Afterslip, and Aftershocks
Figure 13a shows inferred fault slip derived by taking all surface deformation between day 1 and day 9.
Here a correlation between the amount of slip and seismicity is less obvious. Further, the diffuse high slip
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inferred over a broad region suggests that the observed surface deformation during this period likely
reflects processes not localized on the fault plane. In contrast, we see good agreement between interplate
aftershock locations and inferred afterslip based on geodetic data and the 70 day relaxation time, giving us
confidence that this relaxation time can indeed be associated with fault afterslip.

Although there is a good spatial correlation between geodetically inferred afterslip and the location of after-
shocks, the cumulative 9 day aftershock moment (�5.7 3 1017 Nm) is at least an order of magnitude lower
than the 9 day afterslip moment (�7 3 101821 3 1020 Nm). This suggests that afterslip may drive the after-
shocks and that surface deformation is not due mainly to aftershocks. The location of the aftershocks at the
updip limit of the main rupture is also bounded by a region previously identified as slipping during offshore
shallow SSE [Outerbridge et al., 2010; Jiang et al., 2012; Dixon et al., 2014; Walter et al., 2013]. Thus, the shal-
low patch of preseismic slow slip (10–20 km depth) does not seem to undergo rupture, either during the
earthquake, aftershocks, or by afterslip.

We can also compare the integrated displacement associated with the mainshock rupture, the largest after-
shock, and afterslip, summing these various components (which we term total slip) for comparison to pree-
vent locking. This may give some idea of unreleased strain, perhaps to be released in a future earthquake,
recognizing that there are problems with varying data quality, number of stations available, and inversion
assumptions. In order to obviate the problem of the lower number of stations available for inversion of the

300 s coseismic and early-afterslip, we sum the
‘‘coseismic’’ slip from the 24 h analysis (insert,
Figure 5 and Figure 14, right) with the fault slip from
the main aftershock (Figure 7) and the afterslip
from the intermediate relaxation time (Figure 12).
The computed fault slip from these three compo-
nents (total slip) is shown in Figure 14.

Protti et al. [2014] indicated that the main rupture
of the 5 September earthquake was located in the
area where the fault had the highest interseismic
coupling, with a significant ‘‘missing’’ region near
the coast (white line in Figure 3 of Protti et al.
[2014]). A comparison of the total slip since the
main event of 5 September with the interseismic

Figure 14. Fault slip. (left) Inverted fault slip from the 24 h coseismic slip. (right) Sum of 24 h coseismic slip, the main aftershock of 24
October, and the afterslip from the intermediate relaxation time (total slip). Light blue lines: coseismic slip from Yue et al. [2013]; dark blue
line: interseismic locking higher than 50% from Feng et al. [2012]; red lines contour of 100 cm of cumulative SSE slip from Dixon et al.
[2014].

Table 2. Corresponding Seismic Moment From Geodetically
Inverted Fault Slip Compared With the Seismic Moment From
Global CMT

Event
Geodetic Moment

(N m)
Corresponding

Mw

24 h ‘‘coseismic’’ 3.7 3 1020 7.7
Early-afterslip 300 s–3 h 3.9 3 1019 6.9
Coseismic 300 s 3.3 3 1020 7.6
24 October aftershock 8.5 3 1018 6.6
Afterslip (s 5 70 days) 6.9 3 1019 7.2
CMT 5 September 3.1 3 1020 7.6
CMT 24 October 5.3 3 1018 6.5
10 days aftershock

seismic moment
5.65 3 1017
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coupling from Feng et al. [2012] indicates that the earthquake and its aftermath have probably released a
significant amount of the slip deficit that had accumulated prior to 2012.

While afterslip seems to concentrate mainly in the area surrounding the main rupture, some slip within the
area of the main rupture is also required to fit the surface observations. A similar pattern was observed by
Johnson et al. [2012] for the Tohoku-oki earthquake.

Computation of seismic moment for the different phases of the earthquake shows that a significant amount
of elastic energy is released as afterslip (Table 2). Slip released by preearthquake SSEs is also significant
[Dixon et al., 2014]. It has long been noted that central America tends to have earthquakes that are large
(up to magnitude 8) but not great (magnitude 9 or above) [McNally and Minster, 1981; Pacheco and Skyes,
1992; Pacheco et al., 1993; Scholz and Campos, 2012]. Assuming the 2012 Nicoya earthquake is typical of
central American earthquakes, a combination of significant preearthquake slow slip and postearthquake
afterslip may be the explanation.

4. Conclusions

The postseismic signal after the megathrust earthquake of 5 September 2012 in the Nicoya Peninsula of
Costa Rica was well recorded, and involved a complex set of processes acting on multiple time scales. Dur-
ing the first few hours after the mainshock, fast aseismic afterslip seems to be localized on the interplate
fault plane. This early-afterslip is mainly concentrated around the main seismic rupture and seems to
migrate updip.

After the early-afterslip period, multiple processes relaxing at different time scales affect surface deforma-
tion. During the first week after the mainshock, surface deformation includes a fast relaxation process or
processes that may not be localized on the fault, and could include poroelastic deformation or motion on
upper-crustal faults These diffuse processes obscure fault behavior during the first week. Our estimate of
afterslip does not include this time period and is a lower bound. On the other hand, the good correlation of
the fault plane seismicity during the first 9 days and a component of deformation characterized by a relaxa-
tion time of �70 days suggest that fault plane slip dominates other processes in the first few months fol-
lowing the earthquake.

A longer relaxation time likely reflecting viscoelastic relaxation of the lower crust and upper mantle is super-
imposed on the afterslip signal. Longer observation time will be required to characterize this process.

From surface deformation measurements alone, it is not possible to distinguish whether early-afterslip is a
separate process from the afterslip affecting the fault in the following weeks. The integrated fault slip from
the mainshock, early-afterslip, longer-term afterslip, aftershocks, and a slow slip event releases a significant
fraction of the interseismic strain that had accumulated during the prior 62 year interseismic phase.

Finally, we note that the slip regions for afterslip and shallow SSEs that occurred prior to the 2012 earth-
quake have very little overlap. This suggests that frictional properties on their respective plate interface
regions, or the processes involved in the two slip mechanisms, are substantially different.
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