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On 5 September 2012, a moment magnitude (Mw) 7.6 earthquake occurred directly beneath the Nicoya
Peninsula, an area with dense seismic and geodetic network coverage. The mainshock ruptured a portion
of a previously identified locked patch that was recognized due to a decade-long effort to delineate
the megathrust seismic and aseismic processes in this area. Here we conduct a comprehensive study
of the seismicity prior to this event utilizing a matched-filter analysis that allows us to decrease the
magnitude of catalog completeness by 1 unit. We observe a statistically significant increase in seismicity
rate below the Nicoya Peninsula following the 27 August 2012 (Mw 7.3) El Salvador earthquake (about

Keywords: 450 km to the northwest and 9 days prior to the Nicoya earthquake). Additionally, we identify a cluster
foreshocks of small-magnitude (<2.2) earthquakes preceding the mainshock by about 35 min and within 15 km
seismicity of its hypocenter. The immediate foreshock sequence occurred in the same area as those earthquakes
slow slip triggered shortly after the El Salvador event; though it is not clear whether the effect of triggering from

megathrust earthquake the El Salvador event persisted until the foreshock sequence given the uncertainties in seismicity rates

from a relatively small number of earthquakes. If megathrust earthquakes at such distances can induce
significant increases in seismicity during the days before another larger event, this sequence strengthens
the need for real-time seismicity monitoring for large earthquake forecasting.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction for weeks prior to a large earthquakes, including the recent 2011

Tohoku-Oki (e.g. Kato et al., 2012) and 2014 Iquique earthquakes

The hallmark mechanical process that defines an earthquake
is the unstable and rapid rupture that propagates across a fric-
tional fault interface. Both laboratory (Dieterich, 1979) and numer-
ical experiments (Ampuero and Rubin, 2008) find that slow and
accelerating fault slip often precedes the fast rupture. However,
identifying such nucleation processes preceding large earthquakes
is extremely difficult, likely due to a lack of geodetic instrumen-
tation in close proximity to the source (Roeloffs, 2006). This is
particularly problematic in subduction zones, where the seismo-
genic fault generally occurs offshore (Newman, 2011). One possible
indicator of such a preparation process is foreshocks (Mogi, 1963;
Jones and Molnar, 1979), which consist of seismic activity that oc-
curs very close to and immediately before a larger event. In some
instances, such seismicity and slow slip appear to be sustained
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(Brodsky and Lay, 2014; Kato and Nakagawa, 2014), raising ques-
tions about the appropriate spatial and temporal scales over which
to consider such preparatory processes for large megathrust earth-
quakes.

The exact relationship between foreshocks and mainshock nu-
cleation is still in debate (Mignan, 2014). Some studies considered
foreshocks as a reflection of an aseismic process that ultimately
initiated the mainshock rupture (Dodge et al., 1995; McGuire et
al., 2005). Small foreshocks in these cases may represent small as-
perities breaking during the initial stage of a slow slip event (the
pre-slip model). The slow slip itself may occur below the detection
threshold of modern geodetic networks, especially if it occurs off-
shore or near/below the brittle-ductile transition. Another concep-
tual model does not require initial slow slip, but relies on the as-
sumption that any earthquake can trigger subsequent events. There
is a small probability that “aftershocks” of higher magnitude than
the triggering mainshock could occur (Helmstetter et al., 2003;
Felzer et al., 2004). In this case, the triggering mainshock becomes


http://dx.doi.org/10.1016/j.epsl.2015.09.017
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:jwalter@ig.utexas.edu
http://dx.doi.org/10.1016/j.epsl.2015.09.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2015.09.017&domain=pdf

76 J.I. Walter et al. / Earth and Planetary Science Letters 431 (2015) 75-86

the ‘foreshock’. Thus, seismic activity can build and subsequently
trigger rupture of a large earthquake in a so-called earthquake cas-
cade model.

Recent observations of foreshock sequences before several large
earthquakes indicate that their ruptures were preceded by increas-
ing or migrating foreshocks along the plate interface, favoring the
pre-slip model. Foreshock activity in the hour prior to the 1999
Mw 7.4 Izmit mainshock led Bouchon et al. (2011) to infer that this
earthquake was preceded by slow-slip that prompted the unstable
mainshock rupture. Kato et al. (2012) reported two sequences of
migrating foreshocks of the great 2011 Tohoku-Oki (Mw 9) earth-
quake and interpreted them as driven by slow-slip transients prop-
agating toward and leading up to rupture initiation. Stress loading
from the second sequence, which involved large slip rates, was
identified as the probable trigger of unstable dynamic rupture of
the mainshock. Precursory slow slip that involved 2-3 cm of ver-
tical deformation over 5-7 days was confirmed a few weeks prior
to the 2011 Tohoku-Oki mainshock by measurements of absolute
pressure gauges (APG) deployed on the seafloor (Ito et al., 2013).
The 2014 Iquique, Chile megathrust earthquake was preceded by
shallow plate boundary events that migrated toward the main-
shock initiation in the two weeks leading up to it (Kato and Nak-
agawa, 2014). The 1990 Nicoya Gulf earthquake, which occurred
south of the Nicoya Peninsula and under plausibly similar interface
conditions as the 2012 event, was preceded by small foreshocks
15 h before the mainshock (Protti et al., 1995).

However, other recent studies have failed to find clear evi-
dence of foreshock migration and/or increase right before large
earthquakes (Doi and Kawakata, 2012; Wu et al., 2014) and earth-
quake swarm activity does not always culminate in a mainshock
(Holtkamp et al., 2011). Brodsky and Lay (2014) suggested that the
tectonic context of swarm activity might aid in evaluating its po-
tential to culminate in a mainshock. They noted that migrating
earthquake sequences occurring in seismic gaps within geodeti-
cally locked regions ended up as foreshocks to mainshock rupture,
whereas other swarm activity did not.

Bouchon et al. (2013) found that ~70% of interplate earth-
quakes are preceded by extended sequences of seismic activity up
to months prior to the subsequent event, indicating a relatively
long precursory phase. But a recent study suggested that the ap-
parent behavior could be explained solely by the cascade model
(Felzer et al., 2015). One potential issue is that the magnitude of
completeness, Mc (e.g. Section 3.1) for most foreshock sequences is
relatively high (~3.0). Hence, the underlying spatio-temporal evo-
lutions are not well identified when the local microseismicity is
not adequately known. An effective way to identify more small
events and reduce Mc¢ is the matched-filter technique (Shelly et
al.,, 2007). This technique utilizes waveforms or travel time in-
formation of known events as templates, or “matched filters,” to
search for similar patterns in the continuous recordings. It has
been successfully applied to detect many unreported events that
occurred at mid-ocean ridges and transform faults (Shearer, 1994),
track low-frequency earthquakes within the deep tectonic tremor
signals (Shelly et al., 2007; Brown et al., 2008; Shelly and Hard-
ebeck, 2010) and earthquake swarms (Shelly and Hill, 2011), de-
tect early aftershocks (Peng and Zhao, 2009; Lengliné and Marsan,
2009; Lengline et al., 2012), triggered earthquakes (Meng and Peng,
in press; Yao et al.,, 2015), and foreshocks (Bouchon et al., 2011;
Kato et al,, 2012; Wu et al., 2014; Kato and Nakagawa, 2014).

In this study, we examine in detail the spatio-temporal evo-
lution of seismicity preceding an My 7.6 megathrust earthquake
on 5 September 2012 beneath the Nicoya Peninsula, Costa Rica.
We choose this region because it was well instrumented/studied
and some clear foreshocks have been identified in a recent study
(Protti et al., 2014). Here we apply the matched filter method to
detect possible missing events prior to the 2012 Nicoya mainshock,

and then examine their spatio-temporal evolution and relationship
with other events/processes. We specifically examine whether an
Mw 7.3 earthquake offshore southern El Salvador that occurred
approximately 450 km northwest of the Nicoya earthquake and 9
days earlier (27 August 2012), increased the seismicity rate around
the Nicoya Peninsula and promoted the earthquake’s occurrence.

2. Tectonic setting

Beneath the Nicoya Peninsula the Cocos and Caribbean plates
converge at approximately 8.5 cm/yr (DeMets et al., 2010). This
region has experienced numerous large earthquakes, including
similar events to the 2012 earthquake in 1853, 1900, and 1950
(M 7.7) (Protti et al.,, 2001). Prior seismic, geodetic, and geomor-
phic studies had mapped the Nicoya segment as a locked zone,
and the 2012 event was to some degree expected (Nishenko, 1991;
Protti et al., 1995; Marshall and Anderson, 1995; Ghosh et al,,
2008; Feng et al, 2012). Over the last 10 years, an interna-
tional and multi-University network of GPS and seismic stations
has operated on the Nicoya Peninsula (Dixon et al., 2014). Data
from this network has been used to define heterogeneous in-
terface structure (Kyriakopoulos et al.,, 2015), generate a model
of plate coupling (Feng et al., 2012), to determine the coseismic
slip distribution in the 2012 Nicoya earthquake (Yue et al., 2013;
Protti et al, 2014) and to detect at least 7 slow slip events ac-
companied by tremor activity (Outerbridge et al., 2010; Walter et
al., 2011, 2013; Jiang et al., 2012). Slow slip occurs repeatedly in
regions both up and down-dip of the well-locked patch that rup-
tured in the 5 September 2012 earthquake (Dixon et al., 2014).
This behavior suggests that relatively weak fault patches that pro-
duce slow-slip events can interact with relatively stronger adjacent
zones capable of producing significant earthquakes. The degree to
which slow slip relieves inter-seismic strain spatially and tempo-
rally is still not well understood in neither this region nor other
subduction zones throughout the world. To resolve this, we focus
on building a comprehensive catalog of the microseismicity imme-
diately before a megathrust earthquake to better understand how
the foreshock sequence starts.

3. Methods
3.1. Earthquake catalog and matched-filter technique

For the period beginning 30 days before through 50 days after
the Nicoya mainshock we perform automatic earthquake detec-
tions using the Antelope seismic database tools (www.brtt.com).
The method first uses an automatic short-term/long-term am-
plitude ratio filter to identify potential seismic phases that are
then temporally correlated across network stations, and finally lo-
cated within an initial one-dimensional earth model (IASPEI91).
Subsequently, the phase arrivals are analyst-reviewed and addi-
tional phases are determined. The phase information is then used
to relocate the events with TomoDD (Zhang and Thurber, 2003)
utilizing a locally-developed three-dimensional velocity model
(Moore-Driskell et al., 2013), as are done for other regional earth-
quakes recorded by local networks (Kyriakopoulos et al., 2015).

In order to run the matched-filter technique (Meng et al., 2013),
we use the picked waveforms as initial templates. We bandpass
filter these data between 5 to 15 Hz and cut the waveforms 1 s
before and 5 s after the phase arrival (P or S). We utilize template
events that consist of phase arrivals for at least 5 stations within
the network. The technique computes the cross-correlation (CC)
values between the template and continuous data at each sample
point through time to obtain a CC function. The CC functions for
all 3 components (when P and S phase picks are both apparent on
a single station; only horizontal components when only S and only
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vertical when only P) are then time-shifted back to the origin time
and stacked for each component. Detection occurs when the stack
exceeds 9 times the median absolute deviation (MAD), a threshold
similar to other studies utilizing a network-based matched-filter
(Shelly et al., 2007). We perform detection on the Oakridge Na-
tional Laboratory’s Keeneland GPU cluster using a code optimized
for that system (Meng et al, 2012). An example of a waveform
match between template and newly detected event is shown in
supplemental material (Fig. S1). Following Peng and Zhao (2009),
we estimate the magnitude of the newly detected events based on
its median amplitude ratio with the template events.

Next we determine the magnitude of completeness Mc, which
is the magnitude below which the log-linear Gutenberg-Richter
empirical relationship becomes depleted in events. Thus, a seis-
micity catalog can be considered “complete” for earthquakes with
magnitudes greater than Mc. We calculate Mc¢ by the maximum
curvature method as implemented in the ZMAP software package
(Wiemer, 2001) and utilize these values to determine the degree
to which our method improves the seismicity catalog.

3.2. Seismicity rate changes

To determine whether the seismicity rate changes due to ex-
ternal factors, we examine two methods. One is to calculate the
B value showing the significance of seismicity rate change af-
ter a certain point in time (Matthews and Reasenberg, 1988;
Marsan and Wyss, 2011), which is defined by:

Aty
/N, Bla
Nb Aty

where Nj is the number of earthquakes before the event during
the time interval Aty and N, is the number of earthquakes after
the event during the time interval Atg. The B is essentially the
observed number of earthquakes after a triggering event minus the
expected number, normalized by the standard deviation. Typically
B values greater than 2 indicate statistically significant increases in
the seismicity rate (Hill and Prejean, 2007).

We also calculate the Z-statistic, also aimed to establish if seis-
micity rate changes occur and are positive (Z > 2) over an interval
of time (Habermann, 1981). We use a modified version (Marsan
and Wyss, 2011) such that:

NgAty — NpAtq

NaAt2 — NyAtZ

For the null hypothesis of no change in the seismicity rate, Z is
distributed like a Gaussian with zero mean and standard deviation
of 1. Since the null hypothesis falls within the normal standard de-
viation, then a value for Z > 2 is a statistically significant change
(95% significance level) in the seismicity rate. The Z statistic is
preferred in some studies of seismicity because time periods both
before and after the particular interval of time are given equal
weight in the denominator.

Ng — Np Rl
p=——

3.3. Tremor catalog

We identify and locate tremor between January 2012 and the
September Nicoya mainshock using a modified version of the
automated envelope cross-correlation algorithm of Wech and Crea-
ger (2008). We band-pass filter the east component in two fre-
quency ranges between 1 to 5 Hz and 8 to 20 Hz, create enve-
lope functions, low-pass filter at 0.1 Hz, and decimate to 1 Hz.
We use a 2-minute time window, shifting with 50% overlap, to
cross-correlate envelope functions and located tremor when CC
values exceeded a value of .65 on more than 5 station pairs. To

eliminate local earthquakes from the tremor catalog, we did not
locate tremor if CC values computed using the higher frequency
envelopes also exceeded .65 on the same station pairs or was syn-
chronous with a detected earthquake. We locate tremor using a
1-D local velocity model for the Nicoya area (DeShon et al., 2006)
following Wech and Creager (2008), only allowing locations with
epicentral bootstrapping error estimates less than 0.1 degrees; the
tremor location method provides little constraint in depth and
due to limited station coverage, we suspect that actual epicentral
tremor location errors are greater than the bootstrap estimates. In
order to further eliminate isolated earthquakes or randomly scat-
tered erroneous detections, we apply a clustering requirement that
each event has at least two additional events in 24 hours within
0.1 degrees.

4. Results

The matched-filter technique greatly improves our ability to de-
tect smaller earthquakes. Fig. 1 shows 1566 pre-mainshock events
determined through the matched-filter technique and color-coded
according to time. In addition, the total number of early analyst-
picked aftershocks does not vary significantly (with the exception
of some additional analyst picks) from those reported in Protti et
al. (2014). The early aftershocks shown in Fig. 1b were analyzed
using methods described in that paper. After running the auto-
matic detection algorithm and handpicking certain events, but be-
fore applying the matched-filter technique, we determine M¢c = 1.6
for the period between day 220 (~30 days before the mainshock)
and prior to the Nicoya mainshock (Fig. 2). The matched-filter
method over this time period improves the value of Mc to 0.6,
consistent with the order-of-magnitude M¢ improvements gained
in other datasets (Schaff and Waldhauser, 2010; Meng and Peng,
in press). The estimated b-value also varies significantly between
the catalogs, highlighting the importance of using complete catalog
datasets for b-value studies, similar to what was done for Nicoya
earthquakes in 2000 (Ghosh et al., 2008). Sometimes magnitude
uncertainties are prevalent in local seismicity studies, including but
not limited to poorly calibrated instruments and background noise
contamination during robust aftershocks sequences. In addition,
magnitude is averaged over the stations observing that particu-
lar event, often with error of 0.2 magnitude units. Due to these
uncertainties that may also propagate into our matched-filter de-
tections, we conservatively use a cutoff magnitude of 1.0 excluding
lower values for the remainder of the seismicity rate change analy-
sis. The Mc value should not change greatly through time, over the
period evaluated here, as the seismic network configuration did
not change between day 220 and the Nicoya mainshock. The 1566
pre-mainshock events shown in Fig. 1 are events where My > Mc.

We next examine spatio-temporal evolution of the newly aug-
mented catalog, with special focus on the period of time prior to
the Nicoya mainshock.

4.1. Distant triggering by the El Salvador earthquake

The My 7.3 El Salvador earthquake occurred 9 days before and
approximately 450 km to the northwest of the mainshock nucle-
ation of the Nicoya earthquake (Fig. 1a). Though smaller, Borrero
et al. (2014) showed that it created a locally large tsunami (peak
run-up of 6 m), exhibited little high-frequency shaking, and had an
excessively long rupture duration (approximately 60 s), all indica-
tive of a small ‘tsunami earthquake’ (Kanamori, 1972). A similar
Mw 7.7 event that occurred immediately to the south across much
of the Nicaraguan portion of the Middle America Trench in 1992
(e.g. Satake, 1994).

Following the El Salvador earthquake, we detect many earth-
quakes of magnitudes 1-2 occurred near the Nicoya Peninsula,
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Fig. 1. Seismicity map for the time period around the 5 September 2012 Nicoya
Peninsula earthquake, including aftershocks (Protti et al., 2014). (a) Inset map show-
ing focal mechanisms and epicenters for the El Salvador (epicenter is red star) and
Nicoya (epicenter is yellow star) earthquakes. (b) Map of the foreshock and early
aftershock activity, where the black triangles indicate seismic stations. Size of the
circle for earthquakes is relative to local magnitude and does not correspond to the
map scale for comparing rupture area. The green and magenta circles are radii 15
and 60 km (see Fig. 3) from the mainshock nucleation point (9.8193, —85.5271),
based on the network-observed initial P-wave arrivals. (c) Waveform-matching en-
hanced catalog of seismicity rate prior to the earthquake and the early aftershocks
during the first 50 days after the mainshock. Dashed boxed area designates inset for
1d. (d) Zoom of time window from 1c, including seismic activity prior to the main-
shock. Note the increase around the timing of the El Salvador earthquake (240.2
days). (e) Magnitude of events in the same time window, indicating no clear large-
magnitude events prior to the mainshock. Squares correspond to detected tremor
plotted as a function of time and distance from mainshock nucleation. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

in the 30 min after this distant earthquake and believe these
to be dynamically triggered by the seismic waves of the El Sal-
vador mainshock. These are present as an increase in seismicity
in the matched-filter catalog (Fig. 1d) and are present upon in-
spection of the spectrogram from local station LAFE (Fig. 3; also
for station NARJ in Fig. S2). The spectrogram reveals local Nicoya

3~
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Magnitude

Fig. 2. Gutenberg-Richter distribution for the matched-filter catalog compared to
the original catalog. The completeness magnitude, Mc, is indicated by vertical lines
and is approximately 1.6 and 0.6 for the original and matched-filter catalogs, respec-
tively. We choose a more conservative estimate of Mc of 1.0 for seismicity results
obtained through the matched-filter catalog.

Peninsula seismicity during the surface and coda-waves of the El
Salvador earthquake, and sporadically during the 2 hours following
the event.

After Hill and Prejean (2007) we approximate the dynamic
stress change, o, using:

O’dZGil/V

where the peak ground velocity at various stations (i1 =
0.05-0.15 cm/s) is measured, and nominal values for the shear
modulus (G = 30 GPa) and phase velocity (v =3.5 km/s) are used.
We find o4 to be approximately 10 kPa for shaking along the
Nicoya Peninsula following the El Salvador earthquake. In order
to more rigorously evaluate the seismicity rate change under this
dynamic stress, we compute the rate change before and after the
El Salvador event. We also estimate the seismicity rate at a range
of distances from the mainshock epicenter.

Fig. 4 illustrates the possible changes in Z and B values cal-
culated for seismicity with increasing radii (10-80 km) from the
mainshock epicenter. The El Salvador earthquake occurs at t =
240.18 Julian days in 2012 and the Nicoya earthquake occurs
at t = 249.61 d in Figs. 1-4. We evaluate the prior seismicity
in a window 10 d prior to the El Salvador mainshock (At, =
230-240.18 d) and the subsequent seismicity from the EI Salvador
mainshock to the Nicoya mainshock (At, = 240.18-249.61 d). The
high B values and Z values are consistent with a statistically sig-
nificant increase in the seismicity rate in the area immediately ad-
jacent to the hypocenter, likely triggered by the El Salvador event.
The increase in seismicity after the El Salvador earthquake are
clearly shown in Figs. 4c-4d; seismicity rates within a 15 km and
60 km radius from the mainshock epicenter indicate an increase
immediately following the El Salvador mainshock.

The seismicity averaged over a number of days may be greatly
influenced by this immediate increase in earthquakes within the
first few hours after the El Salvador earthquake (t = 240.18-241 d).
To remove this contamination, we window the data to exclude the
seismicity immediately after the El Salvador mainshock, so that
(Aty = 241-249.61 d). When we take this further measure, the Z
values still exceed 2 for all radii, which suggests that the increase
in seismicity (relative to the earlier time window) lasted at least a
few days following the El Salvador mainshock.
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4.2. Foreshocks and tremor near the mainshock epicenter

Next we compare the seismicity detected in the 9 days prior to
the El Salvador earthquake and examine the clustering of events
within 0.1 degree bins during that time period (Fig. 4e) with the
clustering events in the same bins during the period between the
El Salvador and Nicoya earthquakes (Fig. 4f). The greatest density
of events shown in Fig. 4f is located directly adjacent to the main-
shock epicenter.

Fig. 4f indicates spatial clustering of seismicity between the
time periods of the El Salvador and Nicoya mainshocks. When ex-
amining the map from Fig. 1 without later aftershocks, clusters of
earthquakes and tremor events are shown near the epicenter or
beginning of the Nicoya rupture in Fig. 5a. Waveforms of tremor
activity are shown in the supplemental material (Fig. S3). While
the total tremor depicted in Figs. 1 and 5 is relatively sparse, there
are numerous events that occurred adjacent to the mainshock nu-
cleation that were not cataloged due to the strict thresholds de-
scribed in Section 3.3.

In addition to activity adjacent to the mainshock epicenter, a
discrete zone of earthquakes is located updip, near the trench, and
along-strike to the southeast of the nucleation point. Also shown

/) near the El Salvador event, corrected for travel-time to the Nicoya Peninsula. (For
the web version of this article.)

on Fig. 5a is the coseismic slip inversion of continuous and cam-
paign GPS (Protti et al.,, 2014), indicating that the zone with the
most intense earthquake occurrence in the time period between
the El Salvador and Nicoya mainshocks is immediately updip of
the eventual rupture zone.

The foreshocks also exhibit sustained activity following initial
triggering that occurred within the first several hours of the El
Salvador mainshock. This continues for the next few days through-
out the Nicoya Peninsula (Fig. 5b). Fig. 5c suggests a focusing of
earthquake activity, especially within 15 km of the eventual main-
shock epicenter in the last ~35 min before the Nicoya mainshock.
Protti et al. (2014) reported 3 foreshocks occur in the 35 min prior
to the mainshock. Using waveform matching, we detected 6 small
foreshocks (<M 2.2) within ~10 km of the mainshock epicenter
(Fig. 5d). Immediate foreshocks are also evident upon compar-
ing Figs. 4c and 4d. Within 15 km of the mainshock epicenter
(Fig. 4c), foreshocks immediately precede the mainshock around
t = 249.61 d with the closer zone displaying a relatively higher
concentration of seismicity. In addition, an apparent increase in
foreshock activity is shown in the last day before the mainshock
(Fig. 5d).
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To further demonstrate the spatio-temporal evolutions of seis-
micity, we define 4 time periods around the El Salvador and the
Nicoya mainshock (Fig. 6). Between 1 day before the M 7.3 and
at the origin time of that earthquake, there is little seismicity
throughout the Nicoya Peninsula (Fig. 6a). Immediately after the
M 7.3 earthquake, seismicity occurs across the arc, including near
the epicenter of the M 7.6 Nicoya Peninsula earthquake, near the

trench directly to the southwest, and in the southern portion of
the Peninsula (Fig. 6b). Seismic activity is observed between the
period of 1 d after the M 7.3 El Salvador earthquake and 1 d be-
fore the M 7.6 Nicoya Peninsula earthquake in the same zones as
before (Fig. 6¢). In the day prior to the M 7.6 earthquake there are
numerous foreshocks in the region immediately adjacent to the
mainshock epicenter (Fig. 6d).
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Fig. 5. Spatio-temporal characteristics of foreshocks and tremor. (a) Foreshocks plot-
ted as open circles and tremor as filled squares between day 235 and the Nicoya
mainshock. Coseismic slip inversion is shown from Protti et al. (2014) in orange
contours. (b) Earthquake and tremor activity as a function of distance and time from
the nucleation point. Thin solid and thicker solid stair-step lines indicate cumula-
tive seismic events within 60 and 15 km of the mainshock, respectively. Dashed
line at 15 km indicates activity within green circle in Fig. 4a. Vertical dotted line
indicates time period for plot in Fig. 4c. (c) Earthquake activity (no tremor occurs
during this time period) as a function of distance and time from the nucleation
point, within 60 km distance from the nucleation point between days 248-250. Cu-
mulative seismic events plotted as in Fig. 4b. (d) Earthquake activity within 15 km
as in (Fig. 4b-c) initiating ~35 min prior to the mainshock. Also shown is the enve-
lope of ground velocity amplitude at station NAR] (the closest operating station to
the epicenter) indicating seismic activity corresponding to the earthquakes within
15 km, as well as other activity that may be local earthquakes or tremor elsewhere
in the Nicoya Peninsula.

5. Discussion
5.1. Spatio-temporal patterns of the pre-Nicoya mainshock seismicity

Generally, earthquake behavior appears highly clustered with
no fundamental differences in spatio-temporal distribution be-

tween foreshocks and aftershocks (e.g. Brodsky, 2011). It is only
“after the fact” that we assign foreshock and aftershock categories.
Thus, determining the robustness of seismicity rate changes in a
region is a common hurdle for potential earthquake forecasting.
Waveform matching offers the ability for developing increased and
systematic earthquake detections, leading to more robust earth-
quake catalogs with reduced magnitudes of completeness. While
the method only detects earthquakes in regions near template
events, which may bias the results, it provides a useful tool for
better understanding seismicity by effectively improving the de-
tection threshold.

In the absence of other corroborating information such as high
precision nearby geodetic data, seismicity offers a glimpse into
preparatory processes prior to earthquakes. The Tohoku-Oki event
was preceded by a prolonged sequence of migrating activity (Kato
et al., 2012). Those earthquakes migrated 10s of kilometers over
weeks, with a quiescent period of ~9 days prior to the Tohoku-
Oki mainshock. In this study, we focus on the discrete zone around
the mainshock epicenter as its proximity has plausible implications
for initiating rupture of the mainshock (green circle in Figs. 1, 4,
and 5). This activity appears to have been triggered by the far-field
El Salvador earthquake, which occurred 9 days prior to the Nicoya
mainshock. The increase in activity is manifested as a statistically
significant increase in seismicity right around the timing of the El
Salvador earthquake (Fig. 3).

The geologic context provided by past scientific studies indi-
cates the zone that ruptured in the Nicoya earthquake was identi-
fied as a clearly coupled patch, as indicated by geodetic measure-
ments in the last decade (Feng et al, 2012; Protti et al., 2014),
surrounded by a weakly coupled patch, that was also identifiable
through a change in mapped earthquake b-values (Ghosh et al.,
2008). To the west of the mainshock nucleation zone and the clus-
ter of vigorous aftershock activity is a zone undergoing slow slip
and tremor (Walter et al., 2011) as well as intermittent very low-
frequency earthquakes (Walter et al., 2013). The plate interface ex-
ists at a depth of ~10-20 km here (Kyriakopoulos et al., 2015). To
the east of the mainshock and adjacent to the Nicoya Gulf exists an
area that has experienced the greatest quantity and magnitude of
slow slip events at the Nicoya Peninsula (Outerbridge et al., 2010;
Jiang et al., 2012; Dixon et al., 2014) at a plate interface depth of
~30-40 km.

Though the coseismic rupture area was previously identified as
a strongly coupled region, we find evidence for distant triggering
by the El Salvador earthquake within this zone (Figs. 4f, 5, and 6b).
Approximately 9 days later, the mainshock began to slip near the
immediate foreshock concentration (Figs. 5d and 6d) and then dy-
namically ruptured in the downdip direction (Yue et al., 2013) with
termination at the Mohorovici¢ discontinuity. After the event the
majority of the early aftershocks locate near the updip extent of
the coseismic rupture (Protti et al., 2014). Clustering of seismicity
at this zone suggests that the plate interface may be considerably
weaker there, due to its susceptibility to triggering (Brodsky and
van der Elst, 2014). Brodsky and Lay (2014) documented an earth-
quake sequence in Chile, adjacent to a geodetically locked patch,
culminated in megathrust rupture, whereas other swarms do not.
The Nicoya Peninsula appears to be another case where an increase
in the seismicity rate adjacent to or within a locked patch culmi-
nates in a megathrust rupture.

Although many high-frequency signals are detected after the El
Salvador, there are still some similar signals that are not matched
by local templates (Fig. 3). This may be caused by incomplete-
ness of the template waveforms and/or contamination from the El
Salvador mainshock and large aftershocks. Due to the large source-
receiver distance of many templates and possible contamination
from El Salvador rupture zone, many initial detections have rel-
atively low cross-correlation coefficients (Fig. S4a). Hence, it is
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necessary to investigate the dependence of the results on study
parameters in Section 3.1. The B values remain high enough to
indicate statistically significance, even if the MAD threshold for de-
tection is raised so that only higher-quality matches are included
(Fig. S5). Similarly, we compute B values with different cutoff-
magnitude and cutoff cross-correlation coefficient, and/or imme-
diate foreshocks are excluded (Fig. S4). The significant increase
of seismicity after the El Salvador mainshock is still evident. For
cutoff-magnitude smaller than Mc, our detections show a signif-
icant decrease in seismicity. The seismicity rate decrease of very
small earthquakes can be best explained by the contamination
from the El Salvador sequences, which effectively impede detec-
tion of very small events. In summary, although our method still
misses some events, especially immediately following the El Sal-
vador mainshock, the general observation of a clear increase in
seismicity near Nicoya Peninsula following the distant mainshock
remains robust.

The observed seismic activity itself could be diagnostic of one
of two foreshock models (Mignan, 2014): the pre-slip or the earth-
quake cascade model. Clear migrating foreshocks were observed im-
mediately before the 2011 Tohoku-Oki earthquake (Kato et al.,
2012), supporting the inference of a propagating slow-slip. How-
ever, we did not observe any clear migration of foreshocks im-
mediately before the Nicoya Peninsula mainshock. In addition,
while slow-slip events occurred in May 2012 (Dixon et al., 2014;
Malservisi et al., 2015), there was no clear GPS evidence of slow-
slip events in the last 9 days right before the mainshock. Hence,
we cannot conclude definitely that they were driven by slow-slip
related to mainshock nucleation over the course of multiple days.

Another potential issue is that in this study we simply assign the
location of the template event to the detected event. In reality,
their locations could be different and may not reveal migration of
the events.

5.2. Statistical significance test of remotely triggered seismicity

The sustained increase in seismicity rate over the first day after
the El Salvador event (Figs. 4, 6b) and continuing for the next day
or so (Fig. 6¢) suggests a process driving seismicity over a longer
duration than simple dynamic triggering during the surface waves.
The exact cause of a high seismicity rate long after surface waves
is currently under debate. Possible mechanisms include secondary
aftershocks (Brodsky, 2006), fault weakening (Parsons, 2005), and
triggered stress transients (Shelly et al., 2011). In order to assess
whether the observed seismicity in the 9 days between events is
driven by some external forces instead of simply earthquake in-
teractions (i.e. aftershocks of those initially triggered events), we
apply an Epidemic Type Aftershock Sequence (ETAS) model and
determine whether our observations deviate from that model. In
the ETAS model (Ogata, 1988), the seismicity rate at time ¢ is de-
scribed as

Ke¥Mi—Mc)
R(t)://,+z—(t_ti+c)p

ti<t

where p is the background seismicity rate, ¢ and p are Omori’s
law parameters, K is the aftershock productivity, « reflects how ef-
ficient a certain magnitude earthquake generates aftershocks, t; is
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the origin time of the i-th earthquake. We first fit the background
seismicity 20 days before the El Salvador event and obtain opti-
mal parameters by maximum likelihood estimation using software
SASeis2006 (Ogata, 2006) (Figs. 7a and 7b). We have to fix p=1
in order to get stable fitting parameters. We predict the seismic-
ity rate changes after the El Salvador event using those optimal
parameters. Upon first inspection, the prediction clearly underesti-
mates the seismicity rate after the El Salvador mainshock (Fig. 7b).

We conduct standard error analysis on the ETAS parameters by
simulation, which is a more accurate approach than the Hessian
matrix analysis (Wang et al., 2010; Bansal and Ogata, 2013). Fol-
lowing (Wang et al., 2010), we obtain the standard errors of the
ETAS parameters by simulating 2000 earthquake catalogs using the
software package PtProcess (Harte, 2010) with the previously ob-
tained parameters. For each simulation, the ETAS parameters are
obtained from the simulated earthquake catalog. The standard er-
ror can then be defined as follows:

\/ Z,»Z:O?O (parameter estimated from simulated catalog — true value)?
2000

To better quantify the deviation between the observed number
of events and prediction, we compute theoretical number of events
(i.e., transformed time t;). The transformed time is calculated as:

ti

7:,~=/R(s)ds
0

where R is the predicted seismicity rate by the ETAS model, t; is
the origin time of the ith event in the catalog, s is the origin time
of earthquakes prior to t;. When a catalog can be well described by
the same set of parameters, we expect to see well-fitted cumula-
tive number of events throughout the whole study period (Ogata,

2005; Llenos et al., 2009). However, we find clear misfit imme-
diately after the El Salvador mainshock. To evaluate whether the
misfit can be explained as random fluctuations in parameters, we
compute the two times standard deviation of the expected num-
ber from ETAS prediction, following Ogata (1988) and Llenos et
al. (2009). Fig. 7d illustrates that, at the onset of the seismicity
rate increase, it clearly exceeds two times standard deviation of
the ETAS prediction, which affirms the statistical significance of
the misfit. The significant deviation indicates that the high seis-
micity after the El Salvador event cannot be simply explained as
secondary aftershocks alone. Instead, the dynamic stress changes
from the El Salvador mainshock may trigger stress transients or
weaken the fault system near Nicoya for at least the few days af-
ter the El Salvador event. In another study, a misfit in observed
seismicity compared to an ETAS prediction for a seismic swarm at
a transform fault near the Galapagos Islands led to the conclusion
that the swarm was plausibly driven by other triggering phenom-
ena than the ETAS model of seismic events triggering other seismic
events (Roland and McGuire, 2009). It is possible that other stress
transients, such slow slip or fluid flow (Vidale and Shearer, 2006;
Lohman and McGuire, 2007) drive this type of behavior.

5.3. Possible slow slip or other transients?

There are a few additional factors that suggest slow slip or
other stress transients could have driven the foreshocks. We did
observe a clear increase of microseismicity further offshore, near
the Nicoya trench immediately after the El Salvador earthquake.
In addition, the foreshocks showed a sudden increase in the last
day leading to the mainshock (Fig. 6d), somewhat similar to the
case observed right before the 1999 Izmit earthquake (Bouchon et
al., 2011). Finally, after negligible tremor detected earlier in 2012
(Fig. S6), we identified an increase in tremor activity located within
a 20-km radius of the 2012 Nicoya mainshock starting ~10 days
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before its occurrence (Fig. 5b). After a few days of quiescence,
tremor continues 4 days before the mainshock. Although only a
few tremor episodes are plotted within this time period, a signifi-
cant increase in tremor activity was visually documented (Fig. S3)
that could not be successfully located. Such increase of tremor ac-
tivity may have been triggered by slow slip on the plate interface.

Hence, it is plausible that slow slip may occur both in the
epicenter and offshore as a result of delayed dynamic triggering
(Shelly et al., 2011), but was too small to be observed geodetically.
Interestingly, Peng et al. (2015) found that the 2004 My6.0 South
Napa earthquake triggered a major tremor episode that lasted for
more than 3 weeks at the Parkfield-Cholame section of the San
Andreas Fault (at a distance of more than 200 km). In this case,
intensive tremor started about 12 h after the South Napa main-
shock, and showed systematic along-strike migration, suggesting
that they are driven by slow slip remotely triggered by the South
Napa mainshock, although the slow slip was not observed even
with sensitive borehole strainmeters.

Finally, Kato et al. (2012) and Kato and Nakagawa (2014) have
identified many repeating earthquakes in the foreshock sequences
of the 2011 Tohoku-Oki and 2014 Iquique earthquakes, and used
them to infer aseismic slip along the plate boundaries. Our pre-
liminary results also found some repeating earthquakes before the
Nicoya mainshock (Yao et al,, 2014). However, they are much less
prevalent compared with repeating events after the mainshock.
Further analysis is needed to better quantify their existence and
relationship with possible aseismic slip in our study region.

6. Conclusions

Using a waveform matched-filter technique to augment the
seismicity catalog, we found that the El Salvador earthquake,
which ruptured 9 days before and 450 km to the northwest of the
Nicoya earthquake, had triggered an immediate increase of local
seismicity near Nicoya. This activity was sustained for only a few
days. Prior to the Nicoya mainshock, some small events occurred
in this same area immediately updip of the Nicoya hypocenter
~35 min prior to its rupture. This type of immediate foreshock be-
havior indicates possible delayed dynamic triggering of a slow-slip
event that could have initiated the Nicoya Peninsula mainshock.
However, we were unable to observe any geodetic evidence of such
slow-slip event do to a lack of offshore geodesy here.

The results indicate that earthquakes at regional distances may
trigger one-another by delayed dynamic triggering (Shelly et al.,
2011; Peng et al.,, 2015). If true, this suggests that real-time mon-
itoring may be useful in detecting such changes. However, it is
not clear yet, how much more likely a large earthquake is to rup-
ture during such triggered shallow slow-slip. The density of sta-
tion spacing in the Nicoya Peninsula is considerably higher than
most regions along the Central American arc. Even with this im-
proved data availability, during routine operations, the increase
in seismicity near Nicoya following the El Salvador event would
likely not have been noticed by even the most skilled analysts.
Thus, seismological methods would need to improve significantly
with semi-automatic detection/location systems in order to iden-
tify potential changes in seismicity rates. Finally, as highlighted by
Newman (2011), it would also be of great benefit to have sensitive
geodetic time series data offshore, to aid in detecting and quanti-
fying precursory slow-slip and other aseismic creep events.
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