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Earthquake Relocation and Focal Mechanism Determination Using

Waveform Cross Correlation, Nicoya Peninsula, Costa Rica

by Samantha E. Hansen, Susan Y. Schwartz, Heather R. DeShon, and Victor González

Abstract The Nicoya Peninsula in Costa Rica directly overlies the seismogenic
zone of the Middle America Trench, making it an ideal location for geophysical
investigations of shallow subduction zone earthquake processes. As part of the col-
laborative Costa Rica Seismogenic Zone Experiment (CRSEIZE), a seismic network
consisting of 20 land and 14 ocean-bottom seismometers recorded small magnitude
local earthquakes along the Nicoya Peninsula from December 1999 to June 2001.
Previous studies have used these data to compute local earthquake locations and 3D
velocity structure to identify plate boundary seismicity and to investigate seismogenic
behavior. Here we utilize waveform cross-correlation and clustering techniques in
an attempt to improve earthquake relocations and determine first-motion focal mech-
anisms to validate, refine, and expand on existing models. Due to the high quality
of the original locations and the small cross-correlation P-wave arrival time adjust-
ments, large differences between the previously determined and the cross-correlated
earthquake locations are not observed. However, focal mechanism determinations
using cross-correlated P waveforms are significantly enhanced. Approximately 90%
of the focal mechanisms computed for events previously identified as interplate earth-
quakes are consistent with underthrusting. Focal mechanisms for continental intra-
plate events indicate dextral strike-slip motion in the central region and normal fault-
ing at the southern tip of the peninsula. These motions may be associated with oblique
convergence and seamount subduction, respectively. Within the subducting plate,
steep P and T axes of earthquakes below 50 km depth are consistent with unbending
of the slab.

Introduction

The properties controlling the up- and downdip limits
of seismicity within seismogenic zones at convergent mar-
gins are poorly understood since most seismogenic zones
begin far offshore and are therefore difficult to instrument.
However, along western Costa Rica, the Nicoya Peninsula
lies directly over the seismogenic zone of the Middle Amer-
ica Trench (MAT), making this region an ideal location for
geophysical investigations. As part of the collaborative
1999–2001 Costa Rica Seismogenic Zone Experiment
(CRSEIZE), an onshore–offshore seismic network consisting
of both broadband and short-period three-component land
and broadband three-component ocean-bottom seismome-
ters was established along the Nicoya Peninsula (Fig. 1). The
array recorded 18 months of local seismicity to gain a better
understanding of plate boundary processes occurring at sub-
duction environments.

Previous work in this area examined the effects of sea-
floor roughness and thermal history on the earthquake rup-
ture process and on the loci of seismogenic zone seismicity
(Newman et al., 2002; Bilek et al., 2003; DeShon et al.,

2003). Local seismic tomography was also applied to image
the 3D P- and S-wave velocity structure in the vicinity of
the seismogenic zone in northern Costa Rica and to identify
events occurring along the plate interface (DeShon et al.,
2006). These studies illustrated that the width and depth ex-
tent of the seismogenic zone varies along strike of the MAT.
Norabuena et al. (2004) modeled geodetic data, which was
also collected as part of the CRSEIZE, and compared it to
the distribution of interplate seismicity. It was found that the
loci of microseismicity occurred between two patches of
strong geodetic locking, in a region that appeared to be
creeping at close to the plate rate. These types of observa-
tions emphasize the importance of accurately identifying and
locating interplate seismicity in this region.

In this study, we use waveform cross-correlation tech-
niques in an attempt to improve P-wave arrival times. The
automated correlation and clustering method employed
greatly reduces picking inconsistencies as compared to hu-
man analysis alone (Rowe et al., 2002a). Cross correlation
has shown great success in varied tectonic environments in-
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Figure 1. Overview map of the Nicoya CRSEIZE experiment. Cocos Plate oceanic
crust formed at the East Pacific Rise (EPR) and at the Cocos-Nazca Spreading Center
(CNS) subducts along the Middle America Trench (MAT) offshore northern Costa Rica.
The EPR-CNS plate suture occurs along a triple junction trace (bold dashed line). The
Nicoya experiment recorded interseismic interplate and crustal seismicity, including
the mainshock and aftershock sequence of the 2000 Nicoya earthquake along the outer
rise (star with Harvard Centroid Moment Tensor solution). Broadband stations are
shown by squares, and short-period stations are shown by triangles. Initial database
locations using 1D IASP91 velocity model are scaled by local magnitude (gray circles).
NP: Nicoya Peninsula. Bathymetry is from von Huene et al. (2000).

cluding the Soultz Geothermal Reservoir (Rowe, Aster, Phil-
lips, et al., 2002), the Soufriere Hills volcano (Rowe et al.,
2004), the northern New Zealand subduction zone (Du et
al., 2004), and along sections of the Hayward, Calaveras,
and San Andreas faults (Rubin, 2002; Waldhauser and Ells-
worth, 2002). The goals of this study are to use cross-
correlated waveforms to improve earthquake locations and
determine reliable focal mechanisms. These results will val-
idate, refine, and expand existing models to strengthen the
conclusions of previous work, which examined interplate
seismicity. The cross-correlated locations and focal mecha-
nisms also provide additional constraints on intraplate seis-
micity, in both the overlying plate and in the subducting slab.

Tectonic Setting and Data

In northern Costa Rica, the oceanic Cocos plate sub-
ducts beneath the Caribbean plate at the MAT. Convergence

is about 20! counterclockwise from trench normal at a rate
of 83–85 mm/yr (Lundgren et al., 1999; DeMets, 2001; Iin-
uma et al., 2004; Norabuena et al., 2004). The oceanic plate
offshore northern Costa Rica originates from both the
Cocos-Nazca Spreading Center (CNS) and the East Pacific
Rise (EPR). While both types of lithosphere are of similar
age at the MAT (20–25 Ma), there is a distinct thermal
change across the EPR-CNS plate suture related to increased
hydrothermal circulation in the upper 1–2 km of EPR-
derived crust (Fisher et al., 2003). Newman et al. (2002) and
DeShon et al. (2006) imaged a 5- to 10-km offset in the
updip limit of seismicity across the EPR-CNS plate boundary,
which may be related to the thermal difference. The dip of
the plate interface steepens along the Nicoya Peninsula from
southeast to northwest and is consistent with regional trends
(Protti et al., 1995).

The Nicoya Peninsula seismic array recorded over
10,000 earthquakes (Fig. 1), and P- and S-wave arrival times
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Figure 2. Map view and cross section showing the
original locations obtained by DeShon et al. (2006).
The dark gray and white circles highlight those events
identified as EPR and CNS interplate seismicity, re-
spectively. The light gray circles represent intraplate
events. All events are scaled by their local magni-
tudes. The line in the cross section represents the in-
terpreted plate interface. The trace of the EPR-CNS
plate suture (dashed line) and the master station used
for waveform cross correlation, GUAI, are also la-
beled.

were picked for about 2000 local events (see Newman et al.,
2002, and DeShon et al., 2006, for more details). Using the
Nicoya Peninsula data set, DeShon et al. (2006) simulta-
neously inverted for hypocenters and 3D seismic velocities
using both P and S-P travel times. The 611 events located
using the simultaneous inversion (Fig. 2) are well con-
strained, with average error estimates of 0.58 km N,
0.60 km E, and 1.04 km depth and an average event root
mean square residual of 0.14 sec (DeShon et al., 2006).
These events comprise the starting data set for waveform
cross-correlation relocations and focal mechanism determi-
nations.

While events in the overlying continental crust and
events within the subducting slab are included, a majority of
the 611 well-located earthquakes appear to occur along the
plate interface, which was defined by DeShon et al. (2006)
using previously published refraction data (Sallarès et al.,
2001) and 3D P-wave velocities. Events occurring from
5 km below to 8 km above the plate interface, down to a
depth of 40 km, were identified as interplate seismicity
(Fig. 2). Since the dip of the plate interface changes from
southeast to northwest, there appears to be some scatter in
the event distribution when the seismicity is projected onto
a single plane perpendicular to the trench. This is highlighted
by the offset in the EPR and CNS interplate seismicity in
Figure 2. In general, interplate seismicity beneath the Nicoya
Peninsula appears to cease just updip of the continental
Moho/slab intersection, which occurs between 30 and 34 km
depth (Sallarès et al., 1999, 2001; DeShon and Schwartz,
2004; DeShon et al., 2006). Refined relocations and focal
mechanisms computed with the cross-correlated waveforms
will allow interplate and intraplate events to be differen-
tiated.

Methodology

Waveform Cross Correlation

We employ an automatic cross-correlation and cluster-
ing algorithm developed by Rowe, Aster, Borchers, et al.
(2002) to assess waveform similarity between events in the
Nicoya data set. This method assumes that earthquakes that
occur in close proximity will share similar source processes
and event-receiver paths, yielding nearly identical wave-
forms. The events are first separated into related families
based on cross-correlation coefficients at a master station
using a dendritic clustering scheme. Subdivision of the data
continues until a user-specified coefficient threshold is
reached. The final clusters obtained depend on both the
threshold and the window length used to correlate the wave-
forms (Rowe, Aster, Borchers, et al., 2002).

For the Nicoya data set, the 611 well-located earth-
quakes from DeShon et al. (2006) were spatially grouped
into 0.1! latitude by 0.1! longitude by 10-km-depth boxes to
ensure event proximity. Then, within each spatial group, ver-
tical component seismograms of each event were cross-

correlated and clustered. Station GUAI (Fig. 2) was used as
the master station because it had the most observations and
generally displayed a higher signal-to-noise ratio than many
of the other stations. Several different window lengths were
tested, but because the P-wave onset is of primary interest,
a relatively short window of 40 samples (1 sec) was selected
(with one-quarter of the window before the P-wave arrival).
To ensure maximum similarity between clustered events, a
coefficient threshold of 0.90 was used at the master station.
A total of 166 clusters were obtained, but over half of these
clusters only contain event pairs or triplets. The small num-
ber of events per cluster may be due to the nature of the data
set: the duration of the study was relatively short and the
events are spread over a large volume. Given the small num-
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Figure 3. The panels show the waveforms at four
different stations for a cluster of correlated events, all
of which occurred on 9 December 1999. The panels
on the left show the stacked (top) and individual (bot-
tom) waveforms aligned on the original hand picks,
while the panels on the right show the stacked (top)
and individual (bottom) waveforms aligned on the
cross-correlated picks. The U or D indicate up or
down first motion, respectively, and the event num-
bers are listed along the right side.

ber of similar P waveforms, we did not attempt correlation
of the noisier and sparser S-wave arrivals.

After the data have been divided into similar clusters
based on waveform similarity at the master station, P waves
within each group are cross-correlated at the remaining sta-
tions in the array. The methodology is the same as for the
master station, however a smaller coefficient threshold of
0.80 was used to allow more leniency in the correlation of
stations that have lower signal-to-noise ratios. Intracluster
arrival time pick adjustments are solved for using an L1-
norm conjugate gradient method (Rowe, Aster, Borchers, et
al., 2002). This technique has been shown to significantly
improve pick consistency as compared to analyst-defined
picks. Figure 3 illustrates an example of adjusted picks for
a cluster containing 5 earthquakes in the Nicoya data set.
While the corrections to the P-wave picks do improve their
consistency, it should be noted that most of the picks were
not adjusted very much. Overall, the mean shift applied is
about 2.20 samples, or about 0.06 sec for the land stations.

Computing Relocations

The adjusted P-wave arrival time picks determined from
cross correlation were used in an attempt to improve earth-
quake relocations using the algorithm hypoDD. HypoDD
solves for the relative locations of events within closely
spaced groups and uses ray tracing within a 1D velocity
model to calculate travel-time differences (Waldhauser and
Ellsworth, 2000). We use the minimum 1D velocity model
resulting from simultaneous inversion of the Nicoya data set
and a Vp/Vs ratio of 1.78, similar to the velocity ratio used
in other central Costa Rica studies (Protti et al., 1995; Quin-
tero and Güendel, 2000; DeShon et al., 2003; DeShon and
Schwartz, 2004).

Correlated P-wave arrival times were substituted for
analyst-defined P-wave picks where applicable. Since S
waves were not correlated, the analyst-defined S-wave arriv-
als were used in all cases. However, the S waves were down-
weighted 0.50 relative to the P waves to account for the
increased reading error associated with this data. Using this
approach, 496 of the original 611 events met the event sep-
aration criteria and were relocated. HypoDD does not solve
for absolute earthquake locations; however, we are inter-
ested in how the overall pattern of seismicity changed using
the more consistent pick times obtained from cross-corre-
lation.

Computing Focal Mechanisms

Signal-to-noise ratios for the small-magnitude earth-
quakes occuring along the Nicoya Peninsula differ across
the seismic array and complicate polarity identification. Fo-
cal mechanism solutions based on analyst-defined polarity
picks vary significantly even for nearby events and are
poorly constrained. Using an intracluster focal mechanism
calculation approach leads to more consistent, reliable mech-

anisms as compared to those obtained from individual
events. Cross-correlated vertical waveforms were used to
compute P-wave first motion focal mechanisms for event
clusters. This approach allows mechanisms for small events
with fewer polarity observations to be determined by asso-
ciation with larger events in a cluster. For a given cluster,
the first motion polarity at a selected station should be the
same for all events since the waveforms are similar. There-
fore, if data are not available for a small event at a given
station, the first-motion polarity for that event can be ex-
trapolated from the other events in the cluster. This not only
improves the polarity pick consistency but also maximizes
the number of polarity observations available to compute the
corresponding focal mechanisms.

Focal mechanism determinations were attempted for all
clustered events and for individual events with magnitudes
!3.0 or that were believed to occur on the plate boundary.
First-motion polarities were determined through visual in-
spection of the P-wave arrivals, and the distances and take-
off angles were computed with the HypoInverse2000 algo-
rithm (Klein, 2000) using fixed event locations and the same
velocity model used in hypoDD. Focal mechanisms were
then computed using FPFIT, which solves for double-couple
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Figure 4. Comparison of locations from 3D in-
version and waveform cross correlation. (a) Cross
section showing the original locations from DeShon
et al. (2006, light gray circles) and the revised loca-
tions using cross-correlated picks (dark gray circles).
On a regional scale, the locations are very similar. The
small box indicates the location of one of the corre-
lated clusters. (b) The cluster highlighted by the small
box in (a). On this smaller scale (within the cluster)
the changes in locations between the original (light
gray circles) and the revised locations obtained from
cross correlation (dark gray circles) are more appar-
ent. Note how the cross-correlated relocations are
more tightly grouped, forming a more cohesive
cluster.

fault plane solutions using a grid search method (Reasenberg
and Oppenheimer, 1985). For the clustered events, the po-
larity observations and an averaged hypocenter location for
each group were used to generate a composite focal mech-
anism. For individual events, it was required that at least
seven high-quality polarity observations distributed over a
130! azimuthal range were available. The combined results
allow for a more complete characterization of the stress con-
ditions in the vicinity of the seismogenic zone.

Discussion of Results

Cross-Correlated Event Relocations

Of the 496 events that were relocated using the cross-
correlated arrival times, 33 events had position changes that
were less than the average error estimates for the original
locations. Therefore, these 33 events are assumed to have
unchanged or “fixed” positions and are used to place the
relative cross-correlation relocations with respect to the ab-
solute locations obtained by DeShon et al. (2006). On a re-
gional scale, the cross-correlated relocations are somewhat
improved, though not dramatically different, from the si-
multaneous inversion locations (Fig. 4a). The change in re-
locations is more apparent when viewed on a smaller scale,
such as within a cluster of similar earthquakes (Fig. 4b). In
the provided example, the relocations within the cluster
changed by up to 2 km. Overall, the difference in the
weighted root mean square residual between the initial and
final locations is 0.11 sec, corresponding to a data variance
reduction of about 22%.

Most of the arrival-time adjustments applied to the cor-
related waveforms were relatively small, averaging about
2.20 samples (0.06 sec). It is believed that since the P waves
were only adjusted a small amount and since low-error event
locations were used to begin with, the use of cross-correlated
picks did not lead to large-scale differences. In addition,
since S waves were not correlated and analyst-picks were
used for those arrivals, they may contribute to the small re-
location changes obtained as well, even though the S waves
were not weighted as highly in the hypoDD inversion. These
results validate the previously determined locations, sup-
porting the conclusions of Norabuena et al. (2004) and
DeShon et al. (2006), whose interpretations were based on
the distribution of seismicity.

Focal Mechanisms for Interplate Seismicity

Focal mechanisms were computed for both clusters and
individual events that appear to occur on the plate boundary.
Figure 5 shows a map view of all the cross-correlated relo-
cations, highlighting those events identified by DeShon et
al. (2006) as occurring on the plate boundary, with the com-
puted focal mechanisms. Figure 6 displays the same data as
Figure 5 in cross section. The examined events span almost
the entire along-dip length of the seismogenic zone, provid-

ing a thorough representation of the stress conditions along
the plate interface.

Approximately 90% of the computed mechanisms are
consistent with underthrusting. Some of the focal mecha-
nisms shown have been slightly adjusted without violating
any of their first-motion picks to fit the expected thrust ori-
entation. Therefore, it is estimated that the reported strike,
dip, and rake values are accurate to within about 15!. The
change of the plate interface dip across the EPR-CNS plate
suture is clearly observed in Figure 6, where two distinct
layers of underthrusting are imaged. These results confirm
the offset in the seismicity associated with the subducting
EPR and CNS lithospheres and the interpretation based on
spatial proximity that these earthquakes are occurring along
the plate boundary (Newman et al., 2002; DeShon et al.,
2006). The uncertainty of up to 15! in nodal plane dip makes



1008 S. E. Hansen, S. Y. Schwartz, H. R. DeShon, and V. González

Figure 5. Focal mechanisms for previously assumed (DeShon et al., 2006) inter-
plate seismicity. Map showing all cross-correlated relocations (light gray circles), high-
lighting the events identified as EPR and CNS interplate seismicity by DeShon et al.
(2006) (dark gray and white circles, respectively). Interplate events for which focal
mechanisms could be computed are marked by black diamonds, and the corresponding
mechanisms are shown. The focal mechanisms were computed for both clusters of
correlated events (lighter beach balls) and individual events (darker beach balls). Both
the seismicity and the focal mechanisms are scaled by magnitude. For clustered events,
the average location and mechanism is shown.

this change in plate interface dip impossible to detect in the
focal mechanism determinations.

Focal Mechanisms for Intraplate Seismicity

In addition to the interplate events examined, focal
mechanisms were computed for a number of magnitude
!3.0 earthquakes in the overlying continental crust and in
the subducting slab. However, it should be noted that some
of these events were not relocated during the simultaneous
inversion for location and velocity structure because they did
not meet standard quality criteria (DeShon et al., 2006).
Therefore, the hypocenters of these events are not as well

constrained as the events that were relocated. Yet, the focal
mechanisms obtained can still provide insight into the stress
conditions within the overriding and subducting plates.

In the overlying crust, two distinct types of focal mech-
anisms are observed (Fig. 7a). In the central part of the pen-
insula, a cluster of five relocated and cross-correlated events
display nearly pure strike-slip motion. We favor the north-
west-striking nodal plane and interpret right-lateral motion
on this plane as accommodating the trench-parallel compo-
nent of the slip vector. As mentioned previously, the con-
vergence at the MAT is oblique, approximately 20! counter-
clockwise from trench normal (Lundgren et al., 1999;
Iinuma et al., 2004; Norabuena et al., 2004). Norabuena et
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Figure 6. Interplate focal mechanisms in cross section. The thick light gray and
dark gray crosses highlight the events identified as CNS and EPR interplate seismicity
by DeShon et al. (2006), respectively. Interplate events for which focal mechanisms
could be computed are marked by black diamonds, and selected focal mechanisms
from Figure 5 are shown. Again, focal mechanisms were computed for both correlated
events (lighter beach balls) and individual events (darker beach balls). The examined
events span almost the entire length of the seismogenic zone, and a significant per-
centage are consistent with underthrusting.

al. (2004) demonstrated that 8 ! 3 mm/yr of northwest fore-
arc motion is required to fit the geodetic observations in this
area. The computed mechanisms are consistent with this type
of slip partitioning, although the preferred fault plane strikes
approximately 25! more northerly than the trench. Several
historical events in this region, such as the 1973 Tilaran
earthquake, some 50 km landward from this cluster, also
displayed right-lateral strike-slip motion on northwest-strik-
ing fault planes (Güendel, 1986). While structures that might
accommodate this type of motion are not clear along the
Nicoya Peninsula, these events may be associated with the
Rio Morote fault described by Dengo (1962).

At the southern tip of the Nicoya Peninsula, two indi-
vidual events display similar focal mechanisms that indicate
extension in the overlying crust (Fig. 7a). The locations of
these two events are not as well constrained, but it appears
that at least one of these events is fairly close to the plate
boundary (Fig. 7b). Several previous studies have shown
that the Fischer seamount group is subducting beneath the
end of the Nicoya Peninsula, causing deformation and uplift
in the continental crust (Dominguez et al., 1998; Fisher et
al., 1998; Ranero and von Huene, 2000; Gardner et al.,
2001). Normal faults, either directly above or in the wake of
the seamount, exhibit extension similar to that observed here
(Dominguez et al., 1998; Ranero and von Huene, 2000).
Therefore, these mechanisms may reflect some of the effects
seafloor roughness has on fault kinematics.

A number of intraplate events in the subducting slab
were also examined, most of which occurred below a depth
of 50 km (Fig. 7b). The locations and orientations of these
events are not as well constrained as the other events in this
study; however, some interesting observations can still be
made. It appears that the focal mechanisms for the shallower
events in this group display down-dip compression with P
axes that dip steeply in the direction of subduction. How-
ever, the deeper events in this group display downdip ten-
sion. This variation may reflect unbending of the slab at
depth. Protti-Quesada (1991) reported similar findings, with
changes from vertical and subvertical compression to verti-
cal and subvertical extension between depths of 50 and
75 km. Comparable observations have also been made at
other subduction environments including northeastern Japan
(Kosuga et al., 1996; Christova and Tsapanos, 2000) and
Kamchatka (Christova, 2001).

Conclusions

Waveform cross-correlation and clustering techniques
were employed to assess the similarity of events in the
CRSEIZE Nicoya dataset, and this similarity was exploited
to improve earthquake location and focal mechanism deter-
minations. The P-wave arrival-time adjustments obtained
from cross correlation were small, providing only a limited
improvement in earthquake location compared to the pre-
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Figure 7. Map view (a) and cross section
(b) highlighting the examined intraplate
events. The upper plate earthquakes consist of
a correlated cluster of five events displaying
dextral strike-slip motion (white squares) and
two events displaying normal motion (black
squares). These may be associated with oblique
convergence and seamount subduction, respec-
tively. The dashed line on the peninsula (a)
marks the approximate location of the Rio Mo-
rote fault, and the arrow offshore shows the
trend of the subducting Fischer seamount
group. In the subducting slab, the shallower ex-
amined events (white diamonds) all have steep
P axes and are consistent with downdip com-
pression. However, the deeper events (black di-
amonds) all have steep T axes and are consis-
tent with downdip tension. This may reflect
unbending of the slab at depth.

viously obtained locations (DeShon et al., 2006). Focal
mechanism determinations using the cross-correlated picks
were significantly enhanced, as correlated clusters are useful
in aiding the analyst to define first-motion polarity. For those
events previously identified as interplate seismicity, focal
mechanism determinations revealed that about 90% of the
events analyzed are consistent with underthrusting. Focal
mechanisms computed for intraplate events in the overlying
and subducting plates also provided constraints on the stress
conditions in these areas. In the overlying plate, evidence
for both dextral strike-slip and normal motion is seen along
the peninsula. These motions may be associated with oblique
convergence and seamount subduction, respectively. In the
subducting plate, the P and T axes of events at depth are
consistent with unbending of the slab.
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