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[1] Oceanic plates vary in temperature, topography, and sediment load as they enter subduction zones.

These variations persist along the subduction interface causing perturbations in coupling and earthquake
rupture processes. We explore the effects of variable subducting plate structure on microseismicity rupture
characteristics along the Nicoya Peninsula, Costa Rica. The subducting Cocos Plate has low relief along the
northern and central portion of the peninsula, with seamounts present at the southern tip of the peninsula.
We compute apparent stresses for 94 ML 2.5–4.2 earthquakes along the plate interface using waveform
coda and find along‐strike variations that mimic bathymetric variability. Median stress values are higher
(3.2 MPa) in the smooth northern region, with lower values in the central (2.1 MPa) and southern
(0.7 MPa) segments. Higher apparent stresses along a zone of little suspected subduction topography
imply increased coupling or higher friction along the interface. These results agree with geodetic and other
seismic studies that suggest variable plate coupling along the Nicoya Peninsula.
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1. Introduction
[2] Understanding the role of fault zone conditions
on resulting earthquake rupture is an important
component of earthquake studies, but one that is
difficult to address due to poor constraints on both

Copyright 2011 by the American Geophysical Union

conditions of the fault and earthquake source
parameters. This link between rupture and fault
condition is important for all fault environments,
with irregularities and fault roughness noted on
faults around the world. Within subduction zones, a
wide range of features can exist to modify the plate
interface fault contact, such as variable sediment
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thickness, plate bending related faults, and topography associated with transforms, seamounts, and
ridges. All have been related in some way to variations in plate interface seismicity, from controlling
the size of rupture to influencing the rupture propagation of large earthquakes [e.g., Ruff, 1989; Ryan
and Scholl, 1993; Bürgmann et al., 2005; Bangs
et al., 2006; Robinson et al., 2006].
[3] In one model, subducting topography, such as
seamounts, creates large asperities that increase the
normal stress on the interface, thus increasing the
coupling strength at that point on a fault [Cloos, 1992;
Scholz and Small, 1997; Scholz, 2002]. Alternatively,
recent work suggests that seamounts at shallow
depths within the subduction channel may weaken
plate coupling through release of fluids [Mochizuki
et al., 2008]. However, this model of weak plate
coupling at seamounts may be valid for the features
at the shallowest depths where fluids are abundant.
As fluid availability decreases to near 10% of original volume, normal stress and thus interface coupling will increase at the seamount [von Huene,
2008]. In areas of little subducted topography the
interface is smoother and hence contact is expected
to be continuous and pervasive. This smooth contact
may lead to either strong or weak interface coupling
depending on the content and thickness of relatively
weak sediment.
[4] These complex interactions between subducting
plate conditions and coupling strength will also
impact the nature of earthquakes occurring along
the plate interface. Various studies, relying on the
model of strong coupling at topographic plate features, have linked specific geologic features such as
seamounts to areas of high slip during individual
earthquakes [e.g., Protti et al., 1995; Abercrombie
et al., 2001; Husen et al., 2002; Bilek et al., 2003a].
These studies focus primarily on large magnitude
earthquakes because global recording of these events
makes it possible to study the rupture characteristics. However, large events are relatively infrequent
during the period of instrumentation, thus it is difficult to explore regional along‐strike variations using
only such large events. Analysis of more frequent,
smaller magnitude events provides increased sampling along the subduction margin.
[5] Here we focus on the northwestern Costa Rica
subduction zone in Central America where previous onshore‐offshore seismic networks captured
thousands of earthquakes in a region of significant
along‐strike variation of geologic parameters. Local
recording of earthquakes by the Costa Rica Seismogenic Zone Experiment (CRSEIZE) from 1999
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to 2001 produced a high‐quality data set that allows
us to determine earthquake source parameters for
comparison with the geologic variability produced
by the two distinct origins of the subducting Cocos
Plate (Figure 1). Thus our goal is to determine the
effects of the subducting topography on earthquake
rupture process in the Cocos‐Caribbean Plate convergent margin by computing apparent stress (sa)
using earthquake coda spectral amplitudes. The
Costa Rican convergent margin is ideal for this
study because the Nicoya Peninsula lies directly
above the seismogenic zone, making local recording
of smaller magnitude events possible. Additionally,
the subducting Cocos Plate has origins at both the
East Pacific Rise (EPR) and Cocos‐Nazca (CNS)
spreading centers, a junction that manifests itself in
different topographic features on either side.
[6] We focus on the earthquake source parameter
apparent stress to compare with subducting plate
variations because of its previous use in global
studies, and its calculation stability. Apparent stress
(sa), a measure of stress drop combined with seismic
efficiency [Wyss and Molnar, 1972; McGarr, 1999],
has been used in numerous studies to evaluate source
properties [e.g., Mayeda et al., 2003; Eken et al.,
2004; Prieto et al., 2004; Choy and Kirby, 2004;
Malagnini et al., 2006; Choy et al., 2006; Mayeda
and Malagnini, 2009]. Average sa varies with
faulting mechanism, tectonic and regional setting
[Choy and Boatwright, 1995], and it can reflect the
maturity of the rupturing fault [Choy et al., 2006].
Earthquakes with high average sa tend to occur in
intraplate portions of oceanic slabs, near spreading
ridges and transform faults, where young, immature
faults rupture. In contrast, earthquakes along the
subduction interface tend to have low average sa
[Choy and Boatwright, 1995; Choy et al., 2006].
Choy and Boatwright [1995] suggest that irregularities on the fault surface may cause locally increased
sa due to resulting changes in local stress conditions.
[7] In this study, coda wave amplitudes are used to
calculate sa (Figure 2), because of their demonstrated
stability over body wave amplitude measurements
[e.g., Mayeda, 1993]. Coda waves originate as body
and surface waves that scatter in the Earth due to
inhomogeneities along the path from their source to
the recording station [Aki, 1969; Aki and Chouet,
1975]. The increased stability of coda amplitude–
derived apparent stress calculations comes from the
averaging power of scattered waves, thus making
results less dependent on source radiation patterns and crustal heterogeneities [Chouet et al.,
1978; Rautian and Khalturin, 1978; Mayeda, 1993;
Mayeda and Walter, 1996; Eken et al., 2004;
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Figure 1. High‐resolution physiographic image of the study area, including the subducting Cocos Plate near Nicoya
Peninsula (NP), Costa Rica [Ranero et al., 2003; ETOPO2v2 Global Gridded 2‐minute Database, National Geophysical
Data Center, National Oceanic and Atmospheric Administration, U.S. Department of Commerce, http://www.ngdc.
noaa.gov/mgg/global/etopo2.html] showing earthquakes used in this study. The Cocos Plate subducting along the
northern portion of Nicoya is relatively flat (crust originated at East Pacific Rise (EPR)). At the southern boundary of the
peninsula, the portion of Cocos Plate that originates at the Cocos‐Nazca spreading center (CNS) carries seamounts and
ridges into the trench. The suture between the two structurally distinct portions of the plate shows in the bathymetry data
as vertically offset seafloor (solid line). The Fisher seamount (FS) and ridge are subducting at the southern tip of the
Nicoya Peninsula. All 161 processed earthquakes are shown as black diamonds. Out of the 161, 94 were well calibrated
and used to compute apparent stress (white circles). Station locations are shown as gray triangles. Also shown are rupture
areas for the 1950 (solid line), 1978 (dashed line), and 1990 (dotted line) earthquakes at the Nicoya Peninsula and a cross
section of the processed events (orange lines represent ±10 km distance from the interface).

2. Tectonic Setting

between the Caribbean and Cocos plates (Figure 1).
The Pacific, Cocos and Nazca plate triple junction
system moves northward, although the boundary has
undergone several ridge jumps toward the south,
possibly due to the Galapagos plume position [Hey,
1977; Barckhausen et al., 2001]. New Cocos Plate
crust is formed at the CNS in the south, and at the
EPR in the west. The suture is manifested by a narrow
ridge that subducts beneath the central Nicoya Peninsula [von Huene et al., 2000; Barckhausen et al.,
2001; Fisher et al., 2003].

[8] Nicoya Peninsula, Costa Rica, is situated above
the seismogenic zone resulting from the convergence

[9] The variable origin of the Cocos Plate affects its
structural character. There are differences across

Malagnini et al., 2004, 2006; Mayeda et al., 2007].
The interstation coda amplitude measurements tend
to be very similar over a range of seismic network
size and tectonic setting, which makes this technique ideal for spectral studies in regions with sparse
network coverage, large tectonic complexity, or
unknown subsurface structure [e.g., Eken et al.,
2004; Malagnini et al., 2004].
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Figure 2. (left) Example earthquake waveforms recorded on the Nicoya Peninsula for an ML 4.1 earthquake (star in
Figure 2 (right)) that occurred on 23 December 1999 (00:36:05 UTC) recorded at stations BANE and MARB (triangles in Figure 2 (right)). This event occurred very close to MARB. The body wave arrivals (P and S), origin times (O),
and coda wave energy (dashed gray circles) are shown for both stations. (right) Locations of stations and earthquake.

the EPR‐CNS suture in the temperature of the plate
entering the trench, its topography, seismogenic
updip limit, and the geologic structures in the fore arc
[Fisher et al., 1998; Silver et al., 2000; von Huene
et al., 2000; Harris and Wang, 2002; Newman et al.,
2002; Fisher et al., 2003; Spinelli et al., 2006; Sak
et al., 2009, Harris et al., 2010a, 2010b]. All of
these variations may impact seismicity and deformation, so we review current understanding of
these parameters here.

2.1. Thermal State of the Cocos Plate
[10] It is thought that the EPR origin crust is colder

than the CNS origin crust due to higher hydrothermal circulation. The crustal age varies from
about 19 Myr at the southern edge of the Peninsula
to 24 Myr along the northern Nicoya Peninsula, with
about 1.5 Myr jump at the suture [Barckhausen
et al., 2001]. The conductive heat flow within
the EPR crust is low, only 20–40 mW/m2, which is
attributed to high permeability of the oceanic basement rock formed at the faster spreading EPR
[Fisher et al., 2003]. High permeability, and consequently low conductive heat flow, for crust
formed at the EPR is also suggested by Silver et al.
[2000], who estimate conductive heat flow values
north of the EPR‐CNS suture to be only about 10%
of that expected for 24 Ma old oceanic crust. The
heat flow of CNS origin crust is 105–115 mW/m2,
consistent with conductive lithospheric models
[Fisher et al., 2003]. Harris et al. [2010a] find
similar patterns of low heat flow along the EPR and
high heat flow in the CNS region, with a sharp
transition along the suture.
[11] This variable plate temperature affects the updip

limit of the seismogenic zone across the EPR‐CNS
suture. Harris and Wang [2002] modeled the ther-

mal conditions of subducting EPR crust beneath
northern Nicoya Peninsula to estimate the seismogenic updip limit as given by the intersection of
100°C and the onset of seismicity. Their results
show that the 100°C isotherm for EPR crust is about
60 km landward from trench, and approximately
50 km from the trench for CNS crust [Harris and
Wang, 2002; Spinelli and Saffer, 2004; Spinelli
et al., 2006]. These temperature variations may
also be linked to variations in fluid pressure, with
lower fluid pressure in the colder EPR crust, thus
impacting the stress needed for seismogenesis
[Spinelli et al., 2006]. Models incorporating more
recent heat flow measurements also show an along‐
strike difference in plate boundary temperatures,
particularly in the upper 30 km [Harris et al., 2010b].

2.2. Seismicity Distribution
[12] Several large historic earthquakes have been

observed along the subduction megathrust within
the Nicoya Peninsula region. Large earthquakes
with magnitude ≥7.0 were identified along this
region in 1900, 1916, 1939, 1950, 1978, and 1990
[e.g., Nishenko, 1991]. Most of these do not have
strong constraints on the rupture areas, although
estimates suggest similar epicenters for 1900 and
1916 [Tristan, 1916]. The 5 October 1950 moment
magnitude (Mw) 7.7 earthquake located within
central Nicoya Peninsula caused liquefaction,
landslides, and a sudden drop in sea level. Sea level
rise along the peninsula since 1950 suggests that
the plate interface in the central region of Nicoya
Peninsula is locked as the peninsula subsides during this interseismic period [Güendel et al., 1989;
Marshall and Anderson, 1995]. On 23 August
1978, a surface wave magnitude (MS) 7.0 earthquake
occurred near the 1950 earthquake, also likely on
the plate interface [Marshall and Anderson, 1995;
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Avants et al., 2001]. On 25 March 1990, an Mw 7.0
earthquake occurred at the entrance to the Gulf of
Nicoya [Protti et al., 1995], likely associated with
fracturing of or near a previously subducted seamount [Husen et al., 2002; Bilek et al., 2003a].
However, this event did not rerupture the 1950
zone, making this entire peninsula a region classified as a seismic gap [Nishenko, 1991; Protti et al.,
1995]. The rupture areas for these three events are
shown in Figure 1 with solid line for the 1950 event,
dashed line for the 1978 event, and dotted line for
the 1990 event.

2.3. Topography and Bathymetry
[13] Bathymetry changes vary along the Cocos

Plate offshore Nicoya, as the plate is smooth where
it subducts beneath the northern portion of the
Nicoya Peninsula and it contains several seamounts
near the southern tip of the peninsula, reflective of
the difference in plate origin (Figure 1). South of
the EPR‐CNS suture, the trench slope is indented
and rough in response to the subduction of seamounts [Hinz et al., 1996; Scholz and Small, 1997;
Dominguez et al., 2000; von Huene, 2008]. The
Costa Rica fore arc deforms in response to the subduction of these features [Ye et al., 1996; Gardner
et al., 2001], which may range in height from 2 to
2.5 km [Ranero and von Huene, 2000].

2.4. Deformation
[14] Geodetic data collected in Costa Rica show

continuous deformation that is characteristic of an
interseismic cycle in a subduction zone, where the
southern shorelines of Nicoya Peninsula are subsiding and uplift occurs in the interior [Lundgren
et al., 1999; Norabuena et al., 2004; LaFemina et al.,
2009]. These studies suggest a locked patch near the
central part of the Nicoya Peninsula, approximately
in the area where the EPR‐CNS suture is subducting,
as well as a locked patch beneath the northern
Nicoya Peninsula. Transient slip has been observed
at the eastern tip of the Nicoya Peninsula at 25–
30 km depth [Outerbridge et al., 2010].

3. Data
[15] The seismic waveform data for this project

were collected using a temporary seismic network
deployed around Nicoya Peninsula as a part of the
1999–2001 CRSEIZE project. Twenty short‐period
and broadband land seismometers recorded for
18 months (December 1999 to June 2001), and
were augmented by 14 ocean bottom seismometers
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during the first six months. The network recorded
approximately 10,000 small magnitude (ML < 6.4)
earthquakes in the region [Newman et al., 2002;
DeShon et al., 2006, Ghosh et al., 2008], encompassing interplate events as well as intraslab and
upper plate events. The most complete catalog to
date comes from Ghosh et al. [2008], which is found
to be complete along the Nicoya interface for events
with ML ≥ 2.4 with mean formal location errors of
approximately 1.5 km horizontal and 2.7 km in
depth for events in the proximity to the Nicoya
Peninsula. Selected earthquakes from this data set
that occurred along the subduction zone interface
were used to describe the seismogenic updip limit
variation across the EPR‐CNS suture [Newman
et al., 2002], to determine focal mechanisms [Hansen
et al., 2006], and map the b value distribution along
strike and downdip of the trench [Ghosh et al.,
2008]. Out of our selected interface events, with
the exception of one cluster of strike‐slip earthquakes, the focal mechanisms for 14 individual and
clustered events represent underthrusting faulting
along the interface [Hansen et al., 2006]. Thus we
do not compute mechanisms for our individual
events, assuming that seismicity is dominated by
plate interface activity.
[16] Because the peninsula is close to the trench,

the CRSEIZE instruments provided high‐quality
data focused at the interface between the Cocos and
the Caribbean plates. The data selected for this
study consists of 161 events that located between
9.5° and 11°N and 86° and 84.5°W, within 10 km
of the subducting plate interface, and up to a depth
of 50 km. The 50 km depth cutoff is used to constrain the data to the locked part of the subduction
zone interface. Results here are based solely on
land‐based seismometer data due to better signal‐
to‐noise ratio (SNR). These seismometers sampled
at 20 or 40 Hz, which constrained the usable frequency range of the earthquake signal processing.
[17] Event‐based waveforms are windowed to contain 20 s before the P wave and 180 s following P.
The earthquake signal varies in quality due to the
event size and distance from the network or individual station, but it is generally of high quality such
that the P and S phase arrivals and coda energy are
clearly visible (Figure 2).

4. Methods
[18] Using earthquake coda amplitudes instead of

body wave amplitudes provides more stable amplitude measurements due to the averaging properties of
5 of 15
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Frequency‐Dependent Calibration Parametersa

f
(Hz)

swide
(s)

delint
(s)

tstart
(s)

tmax
(s)

tmeas
(s)

0.5–0.7
0.7–1.0
1.0–1.5
1.5–2.0
2.0–3.0
3.0–4.0
4.0–6.0
6.0–8.0
8.0–10.0
10.0–13.0
13.0–16.0
16.0–19.0

10.0
8.0
6.0
6.0
4.0
3.0
3.0
3.0
3.0
3.0
3.0
4.0

3.0
3.0
2.0
2.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

20.0
12.0
10.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

20.0
20.0
25.0
30.0
30.0
30.0
30.0
25.0
20.0
20.0
20.0
25.0

33.0
25.0
27.0
25.0
25.0
25.0
25.0
22.0
28.0
18.0
18.0
22.0

a
From the original Mayeda bands [e.g., Eken et al., 2004] we added
bands above 2 Hz in order to constrain wc and amplitude decay at
higher frequencies. Shown here are the smoothing width (swide) and
interpolation interval (delint) and coda window start time (tstart),
maximum duration time (tmax), and coda measurement time (tmeas) for
each frequency band with respect to maximum coda peak amplitude.

coda over path and radiation effects [e.g., Aki, 1969,
Aki and Chouet, 1975, Chouet et al., 1978; Rautian
and Khalturin, 1978; Phillips and Aki, 1986; Eken et
al., 2004; Malagnini et al., 2004; Mayeda et al.,
2005; Malagnini et al., 2006]. This method is
ideal for the Nicoya Peninsula setting because
small numbers of stations recorded each event. The
data processing and initial analysis follows the
method of Mayeda et al. [2003] and Phillips et al.
[2008], followed by application of a spectral ratio
method to obtain source amplitudes. More details
regarding the methods are found in the auxiliary
material.1

4.1. Narrow‐Band Envelopes
[19] Because the behavior of earthquake coda is

strongly frequency dependent due to source effects
and changes in anelastic processes and/or crustal
structure [Mayeda and Walter, 1996], the original
seismic record for each earthquake and station pair
is divided into narrow‐band, roughly half‐octave,
frequency envelopes. The envelopes for each frequency band are formed as a sum of the instrument‐corrected, filtered velocity seismogram and
its Hilbert transform [Mayeda et al., 2003]. Then,
horizontal component envelopes are stacked and
averaged. The frequency range of each band, corresponding smoothing width, and final interpolation interval are given in Table 1.

1
Auxiliary materials are available in the HTML. doi:10.1029/
2011GC003558.
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4.2. Coda Windows
[20] We used S and Lg coda in this study. Coda

endpoints were chosen manually at the bottom of a
slope of steepest decaying amplitude, yet above the
background noise level. We use offset relative to the
peak envelope (tstart), and coda maximum duration
(tmax, Table 1) parameters to set the coda windows.
The coda window spans over the time domain
bounded by tstart and tmax. The tstart is set with respect
to coda peak for all bands (Table 1). The tmax is
larger for lower‐frequency bands, and the coda
amplitude will be measured at tmeas, generally within
5–15 s of tmax.

4.3. Initial Coda Calibration
[21] We start by calibrating coda shape and path

behavior for the Nicoya region. This allowed for
minor distance related adjustments prior to taking
coda ratios. Phillips et al. [2008] express the coda
amplitude (A) as


Aij ð f Þ ¼ Si ð f ÞT ð8i ; i ; f ÞP′ 8i ; i ; 8j ; j ; f
 Rj′ð f ÞDj′½ x; f ; tc ð x; f Þ þ tmeas ð f Þ;

ð1Þ

where f is frequency, x is distance, i and j are source
and receiver indices, 8 is latitude,  is longitude, tc
is coda origin time calibrated to coincide with the
peak envelope, and tmeas is the time at which we
measure coda amplitude. S is the source amplitude
spectra, T is the source‐to‐coda transfer function,
P′ represents path effects, R′ is the site term, and D′
represents the coda decay function. The primed
factors represent dimensionless terms. In this study
we compute the coda origin, tc, shape functions,
D′, and path effects, P′, as functions of frequency.
[22] The corrections to coda amplitude are done in

several steps. First, automatically determined coda
peak times are used to calibrate the coda peak
group velocity (vg), thus coda origin time. The coda
vg is estimated following Mayeda et al. [2003] as a
hyperbolic distance‐dependent function fit to the
coda peak times for every frequency band. The fitting is performed using the Powell direct search
method [Press et al., 2007], based on an L1 norm
minimization criterion. As the stations in our network are closely spaced, we group them together to
estimate the peak vg for the region. The tc and vg are
used to compute the coda shape functions, D′ in a
similar manner, again using hyperbolic functions
of distance [Mayeda et al., 2003], based on windowed coda data. After fitting the shape function
to an individual envelope, we interpolate the coda
6 of 15
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Table 2. Seismic Moments Computed Using Waveform
Inversion Compared to Coda Momentsa
Event
ID

M0w
(log Nm)

M0c
(log Nm)

wc
(Hz)

ML

Depth
(km)

2963
23018
25897

15.24
13.89
14.52

15.13
13.83
14.47

4.09
6.16
5.59

4.11
3.10
3.46

21
16
19

a
M0w denotes waveform inversion [Bilek et al., 2003b], and M0c
denotes coda moments. Table 2 also includes corner frequencies
(wc obtained using coda calibration), original magnitudes (ML), and
depths.

amplitudes at time tmeas given for each frequency
in Table 1.
[23] We perform quality control of the coda ampli-

tudes by comparing the original earthquake magnitude, ML [Ghosh et al., 2008], after correcting from
a magnitude‐based scaling model [Taylor and
Hartse, 1998], removing obvious outliers. The
Taylor and Hartse [1998] model uses the original
magnitudes to estimate propagation effects on coda
amplitude. Then we invert for site effects and one‐
dimensional attenuation (quality factor Q) for each
band based on relative amplitudes for each event
using an L1 Powell method (terms P′ and R′,
equation (1)). We also solve for laterally varying Q
[Phillips et al., 2008], finding that a single Q is
sufficient for this small region. The initial Q estimate
corresponds roughly to the value of Q at 11 Hz using
coda Q results from Gonzalez and Persson [1997]
for the Nicoya Peninsula.
[24] We obtain the coda source amplitudes using a

technique based on coda amplitude spectral ratios
[e.g., Mayeda et al., 2007], with extensions for use
with large data sets [Phillips et al., 2010]. Amplitude ratios were calculated by directly comparing
codas for event pairs within 20 km of each other,
and stacking results for different stations. Calibration parameters for coda origin, shape and path
were applied at this time to account for small distance differences. The event pair amplitudes were
then inverted to obtain event amplitudes relative to
their mean in each band. These amplitudes were
used to solve for seismic moment, Mo, corner frequency, wc, and transfer function terms using the
Brune source model [Brune, 1970]. Absolute levels
are obtained by constraining moments to independently determined values based on waveform
inversion [Bilek et al., 2003b] for three events in our
data set (Table 2). Using results for Mo and wc, we
solve for apparent stress, sa, following Walter and
Taylor [2001]:
a ¼ !3c Mo =K;

ð2Þ

10.1029/2011GC003558

where the factor K is computed as

K ¼ 16=  2 R2FP 3=5 þ R2FS = 5 ;

ð3Þ

where b and a are the source area S and P wave
velocities for the region taken from DeShon et al.
[2006], RFS(P) are average S and P wave source
radiation terms (0.44 and 0.6, respectively) [Walter
et al., 2007], and x is the ratio of P and S wave
corner frequencies (set to 1).
[25] The model fits the corrected amplitude spec-

trum of the events with independent M0 estimate
well, with final model RMS 0.07 and variance
0.006 (Figure 3). Out of the 161 processed earthquakes, 94 had well‐constrained corner frequencies
and were used in the interpretation of the apparent
stress variation within the Nicoya Peninsula subduction zone.

5. Results
[26] Using the coda amplitude spectral ratio method,

well‐constrained source spectra for earthquakes
located at the plate interface can be obtained, and
hence variations in source parameters along strike
and downdip are identifiable. The wc and spectral fit
quality control requirements are to have at least one
calibrated frequency band above and below wc. For
the events with independent M0 estimates, we compute RMS and variance for the model fits to the
spectra, finding very good fits (RMS 0.07 MPa,
variance of 0.006) to the spectra. We also tested
varying the seismic velocities and radiation patterns
by ±5%, which in turn changes the K variable in
equation (2) by about 5%. This resulted in maximum sa RMS difference of 0.5 MPa, with majority
of events having <0.1 MPa difference. Based on
these quality control requirements and tests, our
final data set of 94 earthquakes has well‐constrained
spectra and source parameters.

5.1. Scaling Model
[27] In the Brune [1970] source model, Mo is pro-

portional to w−3
c over a range of earthquake magnitudes although this model of cube root proportionality
may not be valid for all magnitudes. For example,
Kanamori and Rivera [2004] find that the radiated
energy (Er) to moment ratio, (Er /Mo) a parameter
commonly used to estimate apparent stress, increases
with magnitude, thus implying that the cube root
proportionality between Mo and wc does not hold for
all event sizes. Other studies show this ratio as
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Figure 3. Source spectra model (gray line) of earthquakes with M0 estimated using waveform inversion after applying
transfer function to the path and source corrected amplitudes (open circles). Inset shows event location (stars) and station
distribution (triangles).

constant however [e.g., Choy and Boatwright, 1995;
Newman and Okal, 1998]. Kanamori and Rivera
[2004] show that if the cube root is modified by a
positive constant (h, which is ≤ 1), so that Mo is
h)
proportional to w−(3+
, the fit between the observed
c
source parameters and their modeled relationship
improves significantly. Similarly, Walter and Taylor
[2001] and Mayeda et al. [2003] allow for variable
scaling of Mo with wc (allowing h > 0) computed
using coda wave amplitudes, and show that the
calibrated source spectra fit such a model better.
Therefore, this study follows the method of
Mayeda et al. [2003] allowing for variable scaling.

5.2. Along‐Strike Apparent Stress Variation
[28] The geometric mean earthquake sa for the entire

Nicoya data set is 1.3 MPa, the median is 1.2 MPa.
We find along‐strike variations in the subduction
zone, with smaller values along the southern portion
and higher values along the northern portion of the
peninsula (Figure 4). In general, the sa values are
mostly below 1.0 MPa at the southern end, below
2.0 MPa at in the central part, and above 2.0 MPa
along the northern portion of the peninsula. Earthquake with the largest sa (12.3 MPa) located in
the east part of the Gulf of Nicoya. The highest sa
values for each region were 12.3 MPa in the
southern, 10.1 MPa near the central part, 9.2 MPa
in the northern portion of the Nicoya Peninsula.
Standard deviations are 1.9 MPa in the northern
segment, 2.7 MPa in the central segment, and
1.7 MPa in the southern segment. Six earthquakes

with the lowest sa values (<0.3 MPa) occurred all
near the southern portion of the Nicoya Peninsula.
[29] Across the EPR‐CNS suture there is a signifi-

cant difference in sa, with a median sa of 3.3 MPa
(geometric mean 3.6 MPa) on the EPR side and
1.0 MPa (geometric mean 1.0 MPa) on the CNS
side. The smallest median values (0.7 MPa) from
54 calibrated events are located at the southern tip
of the peninsula (block A, Figure 4). Within this
group, only the highest sa event (12.1 MPa) is
located deeper at about 35 km, the others are located
between 13 and 30 km. In the central portion of the
peninsula, the median sa transitions to higher values
(2.1 MPa) using 19 well‐calibrated events (block B,
Figure 4). At the northern end of the peninsula, the
median sa values (3.2 MPa) are significantly larger
than those observed in the south, based on 13 well‐
calibrated earthquakes (block C, Figure 4). Out of
the 19 highest sa earthquakes in these regions (sa >
3.0 MPa), there are 9 events (47%) located near the
central block, 8 events (42%) in the north block, and
2 (11%) events located near the southern block.

5.3. The sa Variation With Depth
[30] Several 5 km wide depth bins were used to

compare the median sa variation across the EPR‐
CNS suture (Figure 5). There were no calibrated
earthquakes shallower than 15 km on the EPR crust.
For the depth range 15–50 km, the EPR has consistently higher median sa compared to the CNS.
Thus the variation in coupling across the EPR‐CNS
8 of 15
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Figure 4. Apparent stress (sa) distribution for 94 well‐constrained events. The colors span sa range between 0.1 and
3.0 MPa; earthquakes with sa above 3.0 MPa (ranging up to 12.3 MPa) are shown as purple circles.

Figure 5. (left) Median sa variation across the EPR‐CNS suture for 5 km wide depth bins. (right) Cross‐sectional
view along strike of the MAT along EPR (light circles) and CNS (dark circles) crust events.
9 of 15
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suture that persists at all depth intervals reflects
the physical differences of the subducting plate.

6. Discussion
6.1. Global Comparisons
[31] Our geometric mean estimates of the apparent

stress along the Nicoya Peninsula are 1.3 MPa,
which is higher than the apparent stress observed
for globally averaged subduction zone earthquake
data sets. Choy and Boatwright [1995] and Choy
et al. [2006] determined a global average sa of
0.29 MPa for thrust earthquakes occurring within
subduction zones, and a regional average sa of
0.28 MPa for a subset of 8 events along the entire
Middle America trench. Calculation methods do
differ between the studies, as Choy and Boatwright
[1995] compute apparent stress through determination of the radiated energy (Er) moment ratio using
body waves. Allmann and Shearer [2009] computed
stress drop, another parameter than can be related to
our apparent stress values, using P wave spectra for
a global data set of earthquakes. Similar to the trend
found by Choy and Boatwright [1995] and Choy
et al. [2006], Allmann and Shearer [2009] found
some of the lowest median stress drops for subduction zone earthquakes (2.98 MPa), relative to transform faults and intraplate events with much higher
median stress drop (∼6 MPa). Allmann and Shearer
[2009] estimate is close to what we observed for
the median sa on the EPR crust (3.3 MPa).

6.2. Along‐Strike Variations
[32] Choy and Boatwright [1995] and Choy et al.
[2006] relate variable sa observed in different tectonic settings to level of fault maturity and fault
strength. Subduction zone megathrust events have
the lowest sa in their studies, roughly a factor of
∼20 lower than found for events that occurred on
intraoceanic strike slip faults that break relatively
new fractures. Thus they claim that the more mature,
or higher cumulative displacement, subduction faults
are generally lower strength faults and their earthquakes release less higher frequency energy, resulting in lower sa. The higher sa events occur on less
mature, or less cumulative displacement, fault contacts that they infer to be stronger, thus producing
more high frequency energy during rupture.
[33] We can apply these ideas to the along‐
strike variations that we observe along the Nicoya
Peninsula. On average, events in northern portions
of the Cocos Plate where EPR crust subducts have

10.1029/2011GC003558

higher sa (geometric mean 3.6 MPa) than for events
located along the southern segments where the CNS
crust is subducted (geometric mean 1.0 MPa). This
factor of > 3 difference in sa persists even when
subdividing the region into smaller segments. Based
on these differences, we infer a reduction in fault
coupling strength as we move from north to south
along the Nicoya Peninsula.
[34] This large change in apparent stress and inferred

coupling is coincident with the change from EPR to
CNS origin Cocos Plate. This junction also marks a
change in Cocos Plate character, from smooth in the
north to seamount laden in the south. One possibility
is that this morphologic change leads to the change
in coupling, with the smoother EPR origin plate
allowing more continuous and stronger contacts to
develop. To the south, the heterogeneous distribution of seamounts might disrupt contact areas and/or
deform the overriding plate, producing weaker
average coupling between the Cocos and Caribbean
plates. At specific seamount–upper plate contacts,
strong coupling might be possible, but on average
the seamount region would be low coupling.
[35] There is also a change in heat flow and crustal

temperature across this boundary, with the northern
high sa area occurring on the colder EPR crustal
contact. A possible connection between temperature, plate coupling, and sa may be related to fluid
pressures. If the colder EPR portion has reduced
fluid pressures [Spinelli et al., 2006], this could
increase normal stress and possibly lead to stronger
plate coupling. These temperature differences may
also affect various diagenetic reactions that could
also cause the observed coupling variations.
[36] We can compare our results with estimates of

past displacements, or fault maturity as defined by
Choy et al. [2006], with large displacements indicating a higher degree of fault maturity than along
segments with less displacement in past events.
Rupture estimates for the M 7.7 1950 event encompass much of the southern portion of the peninsula
where the low sa events are located (Figure 6). The
northern extent of the 1950 rupture area, as well as
an estimate of the rupture zone for the 1978 event,
lie at the boundary between the EPR and CNS crust
and within an area of high sa from our data set. The
1950 event is described as one of the largest events
along the peninsula [e.g., Protti et al., 1995]. Estimates for the 1900 and 1916 events suggest smaller
magnitudes, M 7.2 and 7.4, respectively [Nishenko,
1991] and epicentral locations appear to be north
of the northern tip of Nicoya Peninsula [Tristan,
1916; Protti et al., 1995]. Based on these events,
10 of 15
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Figure 6. Apparent stress (sa) distribution for 94 well‐constrained events. The colors span sa range between 0.1 and
3.0 MPa; earthquakes with sa above 3.0 MPa (ranging up to 12.3 MPa) are shown as purple circles. The median sa is
3.2 MPa at the northern portion of the peninsula (block C), 2.1 MPa at the central portion of the peninsula (block B),
and 0.7 MPa at the southern portion of the peninsula (block A).

the southern portion of the peninsula may rupture in
larger events than the northern portion, thus having
more cumulative displacement and higher level of
maturity. Based on the connections between sa and
fault maturity proposed by Choy and Boatwright
[1995] and Choy et al. [2006], our lower sa values
are consistent with the higher degree of fault maturity in the south.
[37] We can also compare our apparent stress

results to other measures of interplate fault coupling
strength based on geodetic measurements along
the Nicoya Peninsula. Both Norabuena et al. [2004]
and LaFemina et al. [2009] used geodetic data collected at stations along the Nicoya Peninsula and
inland Costa Rica to estimate the coupling along
the plate interface. Here we compare our results to
LaFemina et al. [2009] because of their use of
additional years and stations in the solution, but in
both models, the general pattern included a moderately locked patch in the northern portion of the
Nicoya Peninsula with weaker coupling to the south
(Figure 7). Our region of higher sa along the
northern portion of the peninsula corresponds to the
LaFemina et al. [2009] patch of 50% interface
locking from their model 3. The southern portion of

the peninsula maintains somewhat weaker coupling
(locking values of 10–15%) in the regions of our
lower average sa events. Thus our sa results are
consistent with these geodetic results that indicate
along‐strike variations in plate coupling.
[38] Our estimates are also comparable to interface

locking estimates based on seismic b value (relative
frequency of small to large magnitude earthquakes)
calculations by Ghosh et al. [2008]. Variations in
b value within particular fault zones have been
linked to possible fault coupling variations, with
low b values in regions of high fault coupling or stress
[e.g., Schorlemmer and Wiemer, 2005]. Spatial variations of well resolved b value determined along
Nicoya using a much larger subset of the CR‐SEIZE
earthquake catalog indicate high b value (low
coupling) in the south and low b values (high
coupling) in the central portion of the peninsula
[Ghosh et al., 2008], consistent with our results of
increasing median sa northward along the peninsula.

6.3. Role of Seamounts
[39] There are a few events in our data set that

occur in the region of the 1990 Mw = 7.0 Nicoya
11 of 15
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Figure 7. Geodetic locking on the subduction zone interface using CR‐SEIZE GPS data (model 3 from LaFemina et
al. [2009]) compared to the sa distribution (circles). The light gray circles represent average sa values below 2.0 MPa.
The dark gray circles are of constant size and represent events with sa above 2.0 MPa (ranges up to 12.3 MPa).

Gulf earthquake, an event that has been related
to rupture of a previously subducted seamount
contact. Various models suggest that regions of
subducted seamounts are areas of strong coupling
[e.g., Cloos, 1992; Scholz and Small, 1997; Scholz,
2002] or alternatively areas of weak coupling [e.g.,
Mochizuki et al., 2008]. Examination of sa within
this portion shows median 0.6 MPa, which is about
the same as the rest of the southernmost segment A
(median 0.7 MPa, Figure 4). However, the event
with sa 12.3 MPa (depth 35 km) found in the
southern segment occurred just east of this area.
Thus, we suggest that these Nicoya Gulf events
provide support for the idea that subducted seamounts are areas of high fault strength, leading to
higher sa events.
[40] Mochizuki et al. [2008] note depth dependence
in coupling relative to seamount position within
the Japan Trench, with low coupling directly over
the seamount and higher coupling downdip. For the
seamount proposed in the Nicoya Gulf region, depth
estimates of this feature range from 20 to 30 km
based on tomography studies [Husen et al., 2002,
2003] and 20 km based on waveform inversion of
the 1990 earthquake [Protti et al., 1995]. Husen
et al. [2003] also relocate seismicity recorded by
local, on‐land permanent networks between 1984

and 1997, and find a dense cluster of events within
and directly above the low‐velocity feature they
identify as the subducted seamount, also suggestive
of high coupling at the seamount–upper plate contact. The high sa event in our data set that occurred
just east of the 1990 rupture area located at 35 km
depth, suggesting that it might be near the downdip
contact of the subducted seamount.

6.4. Depth Variations
[41] At greater depth along the subduction zone

interface, the normal stresses acting on the interface
increase, sediment compaction occurs, and the
amount of fluids decreases, which can result in
higher coupling strength along the interface. One
might expect an increase in sa with depth due to the
increased strengthening of the materials at the plate
contact. There is no suggestion of such increase on
either EPR or CNS crust, as after 15 km depth the
median values up to 40 km remain relatively constant (Figure 5).

7. Conclusions
[42] We compute apparent stress for 94 earthquakes

located along the plate interface on the western
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Costa Rica margin, focused on the Nicoya Peninsula.
We find geometric average sa values are higher than
global averages for subduction zones, and along‐
strike trends that suggest increased plate coupling
(higher sa) along the northern portion of the Nicoya
Peninsula where EPR origin crust subducts and
decreased plate coupling (lower sa) along the
southern portion where CNS origin Cocos Plate
subducts. These trends are consistent with other
seismic and geodetic estimates of plate locking for
the region, as well as with estimates of fault maturity
based on past displacements. One exception to the
decreasing along‐strike trend in sa is the high sa
event near the region of the 1990 Mw = 7.0 earthquake that may represent an area of seamount contact
with the upper plate. This suggests that seamount
contacts are zones of increased plate coupling similar to results in Japan.
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