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Crustal Velocity Anomalies in Costa Rica from Ambient Noise Tomography

E. NUNEZ,1’2’3 M. SCHIMMEL,1

Abstract—We derive group velocity maps for crustal Rayleigh
waves across Costa Rica and corresponding 3-D shear-wave
velocity structure from ambient noise cross-correlations between
56 seismic broadband stations. The daily inter-station cross-corre-
lations for the period 2010-2015 of 56 seismic broadband stations
are stacked and analysed to warrant a robust extraction of empirical
Green’s functions which then are used to measure fundamental
mode Rayleigh wave group velocities. Rayleigh wave dispersion
curves show consistent patterns within the different geological
domains in Costa Rica. Dispersion curves were evaluated in the
microseism band from 5- to 17-s period and inverted for group
velocity maps using iterative nonlinear travel time tomography.
The group velocities at each grid point were inverted for 1-D
profiles using a non-linear simulated annealing approach, and
transformed into the 3-D velocity structure. The final tomographic
model shows clearly the main velocity anomalies associated with
tectonic and volcanic activity in Costa Rica. Three localized neg-
ative velocity anomalies are seen at all periods (5-17 s) consistent
with deep-routed crustal-scale magmatic systems located beneath
the Rincon de la Vieja-Miravalles, Arenal-Poas and Turrialba-Irazi
volcanic systems, that showed activity over the last 100 years.
High velocities can be found beneath the Talamanca arc in
southeastern Costa Rica, where active volcanism stopped in the late
Miocene. Significant along-strike variations in the morphology of
the subducting Cocos plate are imaged consistently by velocity
variations in the forearc.

Key words: Ambient seismic noise, cross-correlations, crus-
tal structure, rayleigh-wave dispersion, 3-D surface wave
tomography, Costa Rica.
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1. Introduction

Costa Rica is located along the narrow part of the
Central American Isthmus between Nicaragua and
Panama. It is characterized by intense tectonic and
volcanic activity. The principal driving mechanism
for tectonics, volcanism and high topography of
Costa Rica is the active subduction of the Cocos plate
beneath the Caribbean and Panama plates at the
Pacific margin of the country. Subduction-related
volcanism from the volcanic arc of Costa Rica (Carr
1984), which extends from the North to the central
part of the country, including three large volcanoes
that are currently erupting: Rincén de la Vieja, Poas,
and Turrialba, and three more volcanoes that were
active since the 20th century, the Miravalles, Arenal
and Irazi volcanoes (e.g. Global Volcanism Program
2013).

Previous seismic and gravimetric studies in Costa
Rica (Protti et al. 1994, 1995; Husen et al. 2003;
DeShon 2003; DeShon et al. 2006; Arroyo et al.
2009; Dinc et al. 2010; Dzierma et al. 2010; Liicke
et al. 2010; Alfaro et al. 2018) constrain the hetero-
geneity of the lithospheric structure and show
significant variability along strike of the subduction
zone and, of the upper and lower crust beneath the
volcanic arc and the Cordillera de Talamanca (CTA)
in Costa Rica. Beneath the volcanic arc, low-velocity
anomalies in the upper and lower crust were related
to deformation, fluid release, and hydration (Dinc
et al. 2010), while high velocity anomalies were
found in the CTA (Husen et al. 2003) and in the
forearc shallow crust (Protti et al. 1995). However,
despite efforts to characterize the structure beneath
Costa Rica, some of these studies do not cover all
Costa Rica or have a poor resolution in the shallow
crust.
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Figure 1

a Simplified geological map of Costa Rica (modified from Tournon and Alvarado 1997) and (b) main tectonic features (modified from Husen

et al. 2003). White squares and red triangles mark the location of seismic stations and volcanoes, respectively. The different provinces are:

MAT Middle American Trench, CCRDB Central Costa Rica Deformed Belt, CVG Cordillera Volcanica Guanacaste, CVC Cordillera

Volcanica Central, CTA Cordillera de Talamanca, HGS Galapagos hot spot, CA Caribbean plate, CO Cocos plate, NZ Nazca plate, EPR East

Pacific Rise, CNS Nazca-Cocos Spreading centre, PFZ Panama fracture zone, BFZ Bolboa fracture zone, CFZ Coiba fracture zone. The

volcanoes are: OR Orosi, RV Rincén de la Vieja, MV Miravalles, TN Teneorio, AR Arenal, PL Platanar, PO Poas, BA Barba, IR Irazu, TU
Turrialba, BU Baru

The seismic network density (Fig. la) and the
geographic setting of Costa Rica between the Pacific
Ocean and the Caribbean Sea, and the narrow shape
of the country assures a broad azimuthal coverage
with potential ocean noise sources. A beam forming
analysis by Harmon et al. (2008) using the TUCAN
array in NW Costa Rica and SW Nicaragua confirms
the broad distribution of source azimuths for the
microseisms band that constitutes the main frequency
band for our study. All this provides good conditions
to perform ambient noise tomography (ANT) for
Costa Rica.

The main objective in this study is to obtain a
shear-wave velocity model of the shallow crust
beneath Costa Rica. To achieve this goal we invert
high-resolution tomographic images for fundamental
mode Rayleigh wave group velocities obtained from
the inversion of measured dispersion curves extracted

from the estimation of empirical Green’s functions
(EGF). The EGFs are based on stacks of daily cross-
correlations of continuous seismic noise recordings of
56 broadband from January 2010
December 2015.

stations to

2. Geology and Tectonic Setting

The tectonics of Costa Rica are mainly controlled
by the subduction of the Cocos Plate beneath the
Caribbean and Panama plates along the south margin
of the Mesoamerican Trench (MAT) in the Pacific
coast, with NNE-direction and a convergence rate
of ~ 85-90 mm/yr (Fig. 1b) (DeMets et al. 2010).
The convergent contact between the Panama plate
and Caribbean plate in southeastern Costa Rica is
known as the Northern Panama Deformed Belt
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(NPDB), where the Caribbean plate subducts beneath
the Panama plate, at a rate of ~ 7 + — 2 mm/yr
(Stefan et al. 1988; Silver et al. 1990). This belt
extends from the Uraba Gulf in Colombia to Puerto
Limon in the Caribbean coast of Costa Rica and
parallel to the Caribbean Panama coast. A diffuse and
wide zone of active faulting across central Costa
Rica, the Central Costa Rica Deformed Belt
(CCRDB) (Fig. 1b) forms the western boundary with
the Panama plate (Fan et al. 1993; Goes et al. 1993;
Marshall et al. 2000).

As inferred from magnetic anomalies (Werner
et al. 1999, Barckhausen et al. 2001), the young
oceanic crust of the Cocos plate is produced simul-
taneously at the ~ N-S trending East Pacific Rise
(EPR) and the ~ E-W trending Nazca-Cocos
Spreading centre (CNS), giving rise to a complex
pattern of anomalies and variable age of the litho-
sphere that is subducted at the MAT. The seafloor
shows important morphological changes, visible on
the bathymetry of the region. The spatial distributions
of the asperities towards the south and the seismic
activity along the MAT have shown that the sub-
duction of the Cocos plate can be subdivided in three
segments (Morell 2015). The segment at the Nicoya
Peninsula in northwestern Costa Rica is characterized
by smooth seafloor topography, an age of 24 Ma and
a steep dip of the subduction zone of about 80° (Protti
et al. 1994, 1995; Werner et al. 1999; Barckhausen
et al. 2001) (Fig. 1b). In the central part, a rather
abrupt transition is observed, with a bathymetry
dominated by seamounts with up to ~ 2 km eleva-
tion (Bilek et al. 2003; Wang and Bilek 2014). This
segment has a variable age of 14-19 Ma and dip of
about 60° (Protti et al. 1994, 1995, 2001). Towards
the south, the most prominent bathymetric feature in
the Cocos plate is the ~ 1000 km long Cocos Ridge,
a maximum crustal thickness of ~ 19 km (Sallares
et al. 2003) and with an age of ~ 15 Ma (Werner
et al. 1999; Barckhausen et al. 2001), in front of the
Osa Peninsula in southeastern Costa Rica (Fig. 1b).
The Cocos Ridge, as well as the adjacent seamount
segment, is the track of the Galapagos hot spot on the
Cocos plate.

South of the Osa Peninsula, the Cocos plate sub-
duction links with the Nazca plate at the Panama
fracture zone (PFZ), the PFZ is part of the border
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between both plates. The PFZ originates east of the
CNS, as an ocean fault with north direction and
transtensional motion between the two oceanic plates
(Morell 2015). In this zone, the Cocos, Nazca and
Panama plates conform the Panama triple junction
and the MAT disappears towards the southeast,
joining the PFZ and the boundary between the
Panama and Nazca plate.

Costa Rica is divided into three main mountain
ranges (Fig. 1b), the Cordillera de Talamanca (CTA)
to the south of the Costa Rica is a mountainous
system with the highest elevation of Central America,
the Chirripo hill with an altitude of 3820 m above sea
level (Tournon and Alvarado 1997; Alfaro et al.
2018). The presence of igneous rocks and intrusive
materials in the CTA (Fig. 1a) shows that it was part
of the volcanic arc and that it was active until the late
Miocene (Alfaro et al. 2018). Previous studies con-
sidered that the subduction of the Cocos ridge
produced changes in the tectonics (Montero 2001)
and in the geochemistry of the region (Hoernle et al.
2008; Gazel et al. 2009, 2011, 2015). This agrees
with the absence of recent volcamism (1 million
years or less) in the CTA (Alfaro et al. 2018). In the
central part is the Central Volcanic Mountain Range
(CVC) and to the north is the Guanacaste Volcanic
Mountain Range (CVG), these last two conform the
volcanic arc of Costa Rica. It has around 150 volca-
noes, three of them, Rincon de la Vieja, Poas and
Turrialba, are currently in eruption. Other volcanoes
such as Miravalles, Arenal and Irazd have been active
during the 20th century according to historical
records (Fig. 1b) (Global Volcanism Program 2013).

3. Data Processing and Analysis

3.1. Seismic Stations, Data Pre-Processing,
and Noise Cross-Correlations

The noise processing, from continuous vertical
component broadband data to estimated Empirical
Green’s functions (EGF), incorporates a total of 56
seismic stations (Fig. 1a). The vast majority of these
stations are permanent and belong to the Observatorio
Vulcanolégico y Sismoldgico of Costa Rica (OVSI-
CORI-UNA). The Laboratorio Sismico of Costa Rica
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operates two of the stations. To extend the ray
coverage over the study area, we also included data
from three stations in Nicaragua and one in Panama,
whose data have been downloaded from the Incor-
porated Research Institutions for Seismology (IRIS;
http://ds.iris.edu/ds/). We process 39,439 daily con-
tinuous recordings with at least 3 months per station
and daily data segments with duration greater than
22 h for the period between January 2010 and
December 2015. The mean and trend of the data were
removed and the effect of the instrument response
was corrected to obtain ground velocity. Polarity
reversals were checked and corrected after analysing
five teleseismic events. Lastly, the continuous
recordings were band-pass filtered between 0.02 and
0.33 Hz.

In the following, we utilized the MSNoise
program package by Lecocq et al. (2014) to normal-
ize the data (one-bit and spectral whitening) and to
finally compute daily cross-correlations for all station
pairs with inter-station distances between 36 and
445 km and time lags between — 250 and 250 s. This
minimum distance represents three times the wave-
length for a period of 5s and group velocity of
2.4 km/s.

3.2. Cross-Correlation Stacks and Convergence

The daily cross-correlations were stacked using a
linear stack as well as a time—frequency phase
weighted stack tf-PWS (Schimmel and Gallart
2007; Schimmel et al. 2011). The latter method
employs the S-transform (Stockwell et al. 1996) to
convert the cross-correlograms into the time—fre-
quency domain to finally use the phase-coherence to
attenuate incoherent signals in the time—frequency
domain during stacking. Transforms to the wavelet
domain can be used similarily (Ventosa et al. 2017).
The phase-coherence is obtained from the instanta-
neous phases of analytic signals in full analogy to the
time-domain phase weighted stacking (PWS, Schim-
mel and Paulssen 1997). The waveform similarity is
measured by the closeness of the instantaneous
phases, that are exactly the same for identical
waveforms, and is used as weight to attenuate
phase-incoherent signals. This procedure is often
used to increase the signal-to-noise ratio (SNR)
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(Haned et al. 2015; Poveda et al. 2018, among
others).

The EGFs are finally obtained after stacking all
daily cross-correlations per station pair. Considering
all station pairs with inter-station distance larger than
36 km we acquire a total of 1484 EGFs (a represen-
tative selection shown in Fig. 2). Most of our EGFs
are clearly asymmetric, which is a consequence of the
spatially asymmetric noise source distribution. For
the tomography we consider the symmetric empirical
Green’s function (SEGF) estimated by averaging the
time-reversed acausal (negative lag-time) parts and
the respective causal (positive lag-time) parts of the
cross-correlations.

The convergence of the cross-correlations to a
stable noise response is a useful quality indicator:
although this is not a guarantee of closeness to a
Green’s function, it indicates that the extracted
waveforms will not change anymore when adding
additional noise data. The amount of data needed to
achieve a robust noise response depends on factors as
frequency, inter-station distance, and relative position
to the noise sources, among others.

We analysed the waveform convergence for
different station pairs using as reference the wave-
forms obtained after stacking all the daily cross-
correlations. Figure 3 shows two examples for

500
450 W AN

Distance (km)

-250 -200-150-100 -50 O 50 100 150 200 250
Time (sec)
Figure 2

Representative selection of empirical Green’s functions (EGFs)
estimated as function of inter-station distance. EGFs were obtained
by stacking daily cross-correlations for each station pair and up to
6 years of vertical component ambient noise recordings. The
visible signals are fundamental mode Rayleigh waves
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Figure 3
Waveform convergence to the EGF obtained from stacking 6 years
of noise cross-correlations (a) for station pair JACO-RIFO (in
direction perpendicular to the coast) and (b) for station pair HZTE-
CDITO (parallel to the coast). The daily noise cross-correlations
are computed using the classical correlation method and are
stacked using the linear (blue dots) and tf-PWS (red dots) approach.
The convergence is measured through waveform similarity by
determining the classical cross-correlation at zero-lag

different directions, i.e., perpendicular to the coast-
lines of Costa Rica (SE-NW) and parallel to the coast
(SW-NE). We further compare different stacking
approaches, i.e., a linear stacking (blue dots) and a tf-
PWS (red dots). The waveform similarity is quanti-
fied as their zero-lag cross correlation. The daily
cross-correlations have been selected randomly.
Convergence is clearly faster when using tf-PWS,
compared to a linear stack. This confirms the benefits
of attenuating incoherent signals with tf-PWS during
the stacking. We also observe that about 1 year of
noise recordings are required to achieve a stable re-
sponse for station pairs aligned parallel to the coast.
Station pairs perpendicular to the coast require less
data, 250 days for this example, due to their closer
alignment with the propagation direction of ocean-
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generated noise. Further examples for other station
pairs are shown in the supplementary material
(Fig. S1).

3.3. Group Velocity Assessment

We measure the Rayleigh wave group velocities
in the extracted EGFs by tracking the group arrivals
in the time—frequency domain. To this end, the EGFs
were transformed using the S-transform (Stockwell
et al. 1996). The group arrivals were found as energy
maxima at a given frequency and the group velocity
was obtained using the inter-station distance and
group arrival time. This analysis was performed
employing an early version of the approach presented
in Schimmel et al. (2017) without data resampling.
Further, we considered an adaptive frequency band
where the minimum frequency corresponds to the
wavelength of one-third the inter-station distance and
where the maximum frequency is fixed to 0.33 Hz.
All dispersion curves were analysed manually and
frequency bands were further adjusted to keep the
dispersion curves free of ambiguous signals. Out of
1484 computed EGFs, only 780 dispersion curves
(52%) passed the visual quality control and were
retained for the determination of the group velocity
maps. Through the visual control we basically
identified station pairs that provided an unambiguous
dispersion curve within a realistic group velocity
window. Figure 4a, b, d, e show the EGFs and
corresponding dispersion curves for two station pairs
(parallel and perpendicular to the coast) and typical
data quality.

In analogy to the EGF convergence tests we also
determined the robustness of the dispersion curves as
function of frequency and number of daily cross-
correlations for several station pairs. Figure 4c, f
shows two examples. Plotted are the mean of absolute
values of relative differences between a reference
dispersion curve and dispersion curves obtained for
six subsidiary data sets as function frequency and
number of daily cross-correlations in the subsidiary
data sets. The reference waveforms (Fig. 4a, d) and
corresponding reference dispersion curves (Fig. 4b,
e) were obtained using all available data, while the
subsidiary data sets were constructed through a
random selection of daily noise cross-correlations
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Figure 4

a EGF for station pair CAO2-RIFO (perpendicular to the coast). b Rayleigh wave group velocity spectrum for the waveform shown in (a).

Amplitudes are normalized to unity for each frequency to track the group arrival. ¢ Frequency-dependent convergence to the dispersion curve

obtained from 6 years of data (waveform shown in a) as function of number of daily noise-correlations. Contoured are the mean of the

absolute relative differences between the dispersion curves measured for the partial and full data sets. d—f Same as (a—c), but for station pair
COVE-RIOS (parallel to the coast)

per year. The random sampling is used to attenuate
seasonal effects and the averaging over different
years to further stabilize the group velocity differ-
ences. It can be seen from Fig. 4c, f that the
dispersion curves are quite stable at mid-range
frequencies (0.05-0.15 Hz) after a couple of months,
while much more data is needed to obtain stable dis-
persion curves at both ends of our considered
frequency band. Noise sources below the primary
microseisms (< 0.05 Hz) are less energetic which
may explain the slower convergence. Near the high
frequency limit (> 0.15 Hz), less energy, a hetero-
geneous source distribution and other interfering
signals may explain the high variability in the
dispersion measurements.

To further assess the consistency and quality of
our data, we test whether the measured dispersion
curves show similar characteristics for different paths
within the same geological unit. For this purpose, we

delimit four larger areas with similar geology (Fig. 5,
lower panel) and plot the corresponding dispersion
curves for stations within these areas with the same
colour code (Fig. 5, upper panel). The black dots
mark the average Rayleigh wave velocities from a
1-D model as determined in a previous study by
Husen et al. (2003) and Quintero and Kissling (2001)
and hereafter labelled as CR-1D. It is visible from
Fig. 5 that our measured velocity curves cluster into
groups following the different geological regimes,
and that our measurements roughly follow the
average model CR-1D, validating the performance
of this model for Rayleigh wave propagation. The
differences with the CR-1D model, as well as the
variability of dispersion curves within each group, as
well as around the CR-1D model, are within range of
measurement errors and the imprint of three-dimen-
sional (3-D) wave speed heterogeneity over the study
area.
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Figure 5
Upper panel: Measured dispersion curves for different inter-station
paths, colour coded according to their geological domains (lower
panel). The red, black, blue and green-yellow lines correspond to
paths from Nicoya, Osa, Cordillera de Talamanca and Cordillera
Volcanica zone, respectively. Black dots mark the dispersion curve
for the average 1-D Costa Rica velocity model obtained by Husen
et al. (2003) and Quintero and Kissling (2001)

4. Group Velocity Inversion

So far we have shown the consistency and quality
of our dispersion measurements which we now use to
determine the seismic velocity structure beneath
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Costa Rica. We first consider group velocity maps
which then are inverted into 3-D velocity structure.
To obtain group-velocity maps we applied the Fast
Marching Surface Tomography (FMST) method
(Rawlinson 2005). This approach follows an iterative
nonlinear inversion scheme that takes advantage of
the Fast Marching Method (FMM) (Sethian
1996, 1999, 2001) to solve the forward problem of
each iteration, i.e. to newly determine the travel times
in the updated 2-D velocity model. FMM is an
eikonal solver, which uses finite differences to find
the wavefronts from the phase delays. One of the
advantages over ray tracing is that FMM provides the
minimum (or maximum) travel-time which one may
miss with ray tracing in the presence of multi-
pathing. FMM supplies stable and robust solutions in
heterogeneous media (Rawlinson and Sambridge
2004). The 2-D model is parameterized by 45 x 45
velocity nodes, which are regularly spaced by 0.1 deg
in latitude and longitude. Further, a constant initial
velocity was taken to start the inversion. The
covariance matrices were assumed to be constant
which means that we did not weight differently
individual measurements or model parameters.

4.1. Regularization Parameters

The regularization parameters were chosen after
repeated determination of the characteristically
L-shaped trade-off curves for fixed damping ¢ or
smoothing m (Fig. 6), following Rawlinson et al.
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Figure 6
Trade-off curves for the Rayleigh wave group velocity inversion at 12 s period. a RMS data-misfit with model roughness for damping factor
& = 100. b RMS misfit with model variance for smoothing factor n = 300. ¢ RMS data-misfit as function of number of iterations for damping
€ = 100 and smoothing = 300. The inversion converges after 3 iterations
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(2006). In a first step, we started from a fixed € = 1 misfit reduction and model roughness. In a next step
and explored the trade-off curve by varying m. n was fixed to 300 while € was varied. Here, € = 100

n = 300 was chosen as compromise between data was chosen as compromise between data misfit and
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<Figure 7
Group-velocity maps for periods of 5 s (a), 8 s (b), 12 s (¢) and
17 s (d). The respective ray path coverage is shown to the lower
left of each figure. White squares and blue triangles mark the
seismic stations and the active volcanoes of the last 100 years,
respectively. Variable color scale is used for different periods and
depths, to ensure that the Costa Rica 1D model corresponds to
yellow color (no anomaly)

model variance. Now the first step was repeated using
€ = 100 which confirmed n =300 as a reasonable
value. Figure 6a, b show the trade-off curves for
€=100 and m =300 for T=12s period and 3
iterations. The data misfit as function of number of
iterations is shown in Fig. 6¢ for € = 100, n = 300,
and T=12s. It is seen from Fig. 6¢c that the
inversion converges quickly after three iterations.
The obtained group velocity maps for selected
periods between 5 and 17 s are shown in Figs. 7
and S2, and are discussed further below. The final
group velocity maps can explain the data variance
reduces by about 77.5%.

4.2. Group-Velocity Maps

Figures 7 and S2 show the final group velocity
maps for selected periods between 5 and 17 s. The
group velocity maps are accompanied with the
corresponding ray coverage. It can be seen that the
ray coverage is high in the centre of Costa Rica,
including the volcanic arc, the Cordillera de Tala-
manca (CTA), Nicoya and Osa peninsula, and the
west coast of Costa Rica (Fig. 1b). Unfortunately, the
Caribbean Coast is not covered by crossing rays due
to the lack of stations to the southeast. Slower and
faster than average velocities are presented with
warmer and cooler colours. Yellow is assigned to the
constant velocity used to initiate the group velocity
inversions. The resolution of these maps is discussed
in the following section.

The results of the group velocity maps (Figs. 7
and S2) show three separate low-velocity structures
in the volcanic arc, which may be associated with
deep hydrothermal systems, magma chambers or
their feeding systems (Dzierma et al. 2010; Liicke
et al. 2010). These anomalies are particularly clear in
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the group velocity map at 8 s period. Other important
low-velocity anomalies are observed along the Pacific
coast and likely related to the subduction of the
Cocos Plate. The elongation of these anomalies is
mostly parallel to the subduction front, independent
from the dominant SW-NE ray directions. Inspite of
the lack of high resolution, the gross group velocity
variations along the Pacific margin reproduce the
changes in seafloor morphology in front of the trench
(Morell 2015): The smooth segment that subducts
beneath the Nicoya Peninsula is associated with
relatively high velocities, while Cocos Ridge sub-
duction beneath the Osa Peninsula is seen as
significantly lower velocities (e.g. Figure 8b), pre-
sumably related to higher fluid release. The
intermediate, seamount segment is associated with
smaller anomalies.

Additionally, we observe high-velocity anomalies
in the south and north of the volcanic arc, over a
broad period range (517 s). To the north, the high
velocities seem to include the entire southeastern part
of Nicaragua, although the resolution is relatively low
(see Sect. 4.3). The higher than average velocities are
likely related to the Yolania Mountains, which are
formed by dense Cenozoic volcanic rocks (Bun-
duschuh and Alvarado 2007). The high-velocities to
the south of the volcanic arc coincide with the
Talamanca Mountain Range, which matches the
velocity trends expected from the geological
structure.

4.3. Group-Velocity Resolution Analysis

The interpretation of any tomographic image re-
quires knowledge of the resolution. We determine the
resolution through synthetic test inversions where the
input model is a checkerboard of alternating high-
and low-velocity anomalies in two dimensions. The
checkerboard input models of two different length-
scales are shown in Figs. 8a, c and S3a. The synthetic
travel times were computed with the FMM for the ray
paths used in each field data inversion. We further
randomly contaminated the computed group arrival
times with noise of up to = 5% of the travel time for
the test inversion shown in Fig. S3. The added noise
causes data inconsistencies that may map into poorly
resolved areas. Further, the test inversions use the
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Figure 8
Checkerboard resolution test for group velocities. a Input model and (b) recovery at 7 s. ¢ Input model and (d) recovery at 17 s but for more
separated and larger anomalies. The same field data configuration and the actual inversion parameters were used. White squares mark station

locations
same regularization parameters as our field data respectively. It can be seen that the inversions
inversions. Figure 8b, d and Fig. S3b show the underestimate the amplitudes of the anomalies. This

recovered models for periods 5s, 17 s and 7 s, is normal and mainly caused by the regularization,
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i.e., through the employed damping and smoothing.
Location and extent of the anomalies are well
retrieved between 9.6 and 11° latitude, especially in
the centre and west of Costa Rica. To the north and
south of this area, one mainly observes elongated
anomalies, which tend to reproduce the dominant ray
paths and connect the diagonally organized anoma-
lies. Figure S4 shows input and recovery of isolated
anomalies which overcome the dependency on the
directions of the checkerboard mesh. The recovery
(Fig. S4b) confirms the good resolution in the center
of Costa Rica, with significant artifacts along the
interpreted anomalies.

We also performed field data inversions for
subsidiary data sets where we removed all data from
an individual station or group of stations (Fig. 9). The
corresponding inversion results permit to identify
anomalies which are caused by only one station and
likely due to some systematic measurement problem.
All here identified and interpreted anomalies robustly
appear in the group velocity maps. Figure 9c shows
an inversion result for T = 7 s where we removed all
volcanic stations. The number of stations is reduced
from 56 to 42 and ray paths are reduced from 712 to
460 in this image. It can be seen that all volcanic arc
anomalies are still mapped in the same positions,
although with slightly different geometry and ampli-
tudes inherent to the reduced data set and
corresponding coverage. The volcanic arc anomalies
are therefore robust anomalies that are not solely
produced by the volcanic arc stations, but that can be
obtained in a similar way from crossing rays alone.

Figure 9d demonstrates the inversion results
without stations in the Cordillera de Talamanca
(CTA) and stations to the south of Costa Rica. A
total of nine stations were removed to perform the
inversion for 514 inter-station paths. The higher than
average velocities of the central range and Cordillera
de Talamanca remain visible as well as the prominent
lower than average velocity anomaly at the Pacific
coast in the south of Costa Rica. In any case, the
gross features of both inversion results resemble well
with the anomalies presented in Fig. 9a, b and give us
the confidence of interpreting robust features. These
last field data inversions further confirm that our
group velocity maps are consistent and robust to
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permit subsequent inversion into a 3-D shear-wave
velocity model.

5. Shear-Wave Velocity Inversion

To obtain the 3-D shear-wave velocity (Vs)
structure, we invert the dispersion curves derived
from each grid point of the group velocity maps. The
model was parametrized with 20 homogeneous and
isotropic layers of 1 km thickness each. The inver-
sion algorithm finds Vs for each layer, in an interval
between 1.8 and 3.5 km/s. Trying to avoid over
parameterization, we assume a Poisson solid Vp =
V/3.0-Vs and density for each layer is computed
from the relation (Berteussen 1977)
p = 0.320.+ 0.77, where o is in km/s and p in g/cm?.

For inversion we use an optimized simulated
annealing scheme (Iglesias et al. 2001) to minimize
E:

E= ¢;<U9 —UP(By...)° (1)

where UY is the group velocity for the ith period, and
U? is the predicted group velocity for the ith period
and depending of the set of S-wave velocities for the
20 layers in our model.

In this scheme, the forward problem (predicted
group velocities) is solved using one of the subrou-
tines form the “Computer Programs in Seismology”
package (Herrmann 2013). Note that sharp disconti-
nuities cannot be resolved by the inversion of surface
wave dispersion curves alone, since the dispersion
properties depend on the integration over depths (see
group velocity depth kernels in Fig. S5). In conse-
quence, to avoid models with abrupt variations
between velocities in adjacent layers, along the
inversion, we do not accept perturbed models that
break the rule:

Bioa(l =) <B;<Bisy(1+yp),fori#1  (2)

where v is a smoothness factor between 0 and 1, and i
is the number of layer.

Since the simulated annealing method explores
the entire space of models (inside of a pre-established
range of values for each parameter), in order to
explore the sensitivity of each parameter, we do not
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problem. To assure the quality of results, we invert
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<«Figure 9
Field data group velocity inversion results using subsidiary data
sets to assess the robustness of velocity anomalies. Group-velocity
maps for periods of 7 s (a), 10 s (b). ¢ Inversion result for 7 s
period where we removed volcanic stations (red symbols in the ray
path coverage figure). The number of stations and station pairs
reduced from 56 to 42 and 712 to 460. d Inversion result for 10 s
period after removal of 9 stations from the Cordillera de Talamanca
(CTA) and to the south of Costa Rica

only the dispersion curves that are contained within
the area of ray coverage and combine all 1-D
velocity-depth models into the final 3-D shear
velocity model.

5.1. 3D Shear-Wave Velocity Depth Model

In the Figs. 10 and 11, we show horizontal slices
and depth profiles through our final 3D shear-wave
velocity model. The same major features are
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displayed as in the group-velocity maps (Fig. 7).
The principal anomalies correlate with the different
geological domains, the locations of volcanism,
mountain ranges and plains, among others (Fig. 1).
For instance, the volcanic arc with its northwest-
southeast trend is visible down to 5 km depth, with
velocities lower than mean velocity. Specifically,
these anomalies are strongest beneath the Turrialba-
Irazu, Arenal, and Rincon de la Vieja volcanoes as
can be seen from the shear-velocity map (Fig. 7a, b,
¢) and in the depth profiles B-B’ and C-C’ (Fig. 8b,
C).

Another important low-velocity anomaly is
imaged at the Pacific coast. The shear-wave velocity
maps (Fig. 10) and in the depth profiles A-A’, B-B’
and C'-C” (Fig. 11) show this anomaly down to 9 km
depth, that can be related to the subduction of the
Cocos Plate. The low forearc velocities on top of the
plate contact point to an origin due to fluid release
from the down going plate (Vannucchi et al. 2001).

Vs (km/s)

Figure 10
Shear-velocity maps at depth of 1 km (a), 3 km (b), 5 km (¢), 7 km (d), 9 km (e) and 11 km (f). The white triangles mark principle active
volcanoes
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Figure 11
Vertical cross-sections through the shear-wave velocity model: (a) A-A’, (b) B-B/, (¢) C—-C'-C” (d) Costa Rica’s map with the cross-sections.
The black triangles mark the volcano locations. CTA stands for Cordillera de Talamanca and the volcanoes are: RV Rincon de la Vieja, AR
Arenal, PO Poas, TU Turrialba

Variations in intensity of this anomaly along the
Pacific margin agree with the pattern in the group
velocity distribution (Fig. 7).

The Talamanca Mountain Range is imaged as a
prominent high-velocity anomaly over the entire
depth range of the inversion model, as seen in the
profiles A—A’ and C'-C” (Fig. 11a, ¢) and in all the
shear-velocity maps (Fig. 10). This geological struc-
ture was part of the volcanic arc but remains inactive

since the onset of subduction of the Cocos ridge,
which produced changes in the tectonics (Montero
2001) and in the geochemistry of the region (Hoernle
et al. 2008; Gazel et al. 2009, 2011, 2015). North of
the volcanic arc we observed a high-velocity anomaly
that extends over the entire southeastern part of
Nicaragua, similar to the observations made from
group-velocity maps (see Sect. 4.3).
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5.2. Shear-Velocity Depth Resolution

The resolution of the depth inversion of the
measured group velocities at each position is mainly
determined by the period range and the corresponding
group velocity depth-sensitivity kernels. Figure SS5e
shows the sensitivity kernels (T = 5-17 s) for S-wave
velocity perturbation, while Figs. S5a—d show the test
inversions for a positive and negative S-wave veloc-
ity perturbation (marked in red) at 8-11 km depth,
respectively. The best recovered model and corre-
sponding dispersion curve are shown in green.
Figs. S5a-b, demonstrate that the dispersion curves
of the recovered model fully fit the group velocity
curve for the input model and that thus both, input
and recovered model, explain equally well the input
data. Sharp discontinuities can not be resolved by the
depth inversion and this explains why the recovered
model appears to be a smoothed version of the input
model. Nevertheless, the input models are reasonably
well retrieved with some depth smearing which is in
the order of +1 km.

6. Discussion

6.1. Volcanic Arc Anomalies

One of the most prominent features in our group-
velocity maps is a lineament of strong low-velocity
anomalies, which follow the volcanic arc in northern
and central Costa Rica. The anomalies are observed
from the surface down to ~ 9 km depth on the
profiles B-B’’and C-C’ (Fig. 11b, ¢) and on the
horizontal depth slices (Fig. 10a, b, c, d, e). In group
velocity maps (Figs. 7, 9 and S2) the low-velocity
anomalies can be seen in a broad period range from 5
to 15 s, although the configuration of anomalies is
clearest at relatively short periods of 7 s—8 s, where
three principal anomalies can be distinguished
beneath the arc. The absolute V; velocities range
from 2.0 to 2.5 km/s. These anomalies match well
with the locations of the six volcanoes that were
active over the last 100 years and should be associ-
ated with active volcanism. Low velocities in the
volcanic arc may be attributed to temperature
anomalies and high fluid content, associated to deep
hydrothermal systems, magma chambers, and their
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feeding systems (Dzierma et al. 2010; Liicke et al.
2010).

The volcanic arc has been imaged before by local
P-wave earthquake tomography (Husen et al. 2003;
Arroyo et al. 2009) and our group velocity maps as
well as 3D shear wave model confirm their arc-
related lateral distribution of anomalies. Similar
anomalies are also shown by Harmon et al. (2008)
in their phase velocity map for T = 10 s period. Their
analysis covers mainly the Pacific coast of Nicaragua
and Costa Rica north of 10°N. In P-wave earthquake
tomography (Husen et al. 2003; Arroyo et al. 2009),
albeit variable resolution, the arc-related anomalies
are visible down to about 30 km. Note that we
observe the volcanic arc related anomalies with
slightly different geometry and amplitudes, which
we mostly attribute to data variability. The depth
extend of our inversion is restricted by the used
frequencies to the upper 15 km of the crust and we
can thus not confirm the presence of arc-related
anomalies down to about 30 km as postulated in
Husen et al. (2003).

At the southeasternmost edge of the volcanic arc a
low-velocity anomaly is located beneath the Turri-
alba-Irazu volcanoes, clearly visible in group velocity
maps over the full-analysed period range from 5 s up
to 17 s, and in the 3D model until depths of 10 km.
Our results agree with receiver function studies
(Dzierma et al. 2010), that identify the low-velocity
anomaly beneath the Turrialba-Irazu volcanoes, and
interpret it as a larger magma chamber or feeding
system, which in turn coincides with a gravimetric
low observed by (Liicke et al. 2010). Liicke et al.
(2010) interpreted this anomaly as a joint magma
reservoir that feeds the Turrialba-Irazu system.
Within the current resolution limits, our results
support this view.

At the Arenal and Poas volcanoes, the anomaly
appears weaker at long periods, and the low-velocity
structures vanish at 5 km depth beneath Poas, while
they remain stable until 9 km depth beneath Arenal.
The depth inversions (Figs. 10a—e, 11b, ¢) suggest
that the feeding system of Arenal is deeper than for
Poas, but it may also indicate that this volcanic
system is mainly fed from beneath the Arenal
volcano at deeper depths. At periods longer than
10 s and at depths below 5 km, the Arenal-Poas
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anomaly is difficult to identify in the images,
suggesting that the deep rooted feeding system may
be less developed than for the Turrialba-Irazu and
Rincon de la Vieja-Miravalles volcanic systems.

The northernmost low-velocity anomaly identified
beneath the volcanic arc is located at the Rincon de la
Vieja and Miravalles volcanoes, thus completing the
list of recently active volcanoes related to a crustal
scale signature of fluid ascent. Husen et al. (2003)
detected a low-velocity anomaly, although they
report it to be not very reliable due to poor resolution.
Ambient noise tomography shows a more homoge-
neous ray path coverage and good resolution in this
area, and clearly confirms the presence of this
anomaly over a period band from 7 to 17 s (Figs. 7
and S2). Following profile C-C’ (Fig. 8c) and the
shear-wave velocity maps (Fig. 10a—e) the feeding
system is observed from the surface down to 9 km
depth. Still, this anomaly is located close to the edge
of the network, and must be reconstructed from
relatively long ray paths. Hence the imaging is
affected by the removal of individual stations
(Fig. 9a).

6.2. Pacific Coast (Subduction Zone)

The Pacific coast of Costa Rica is marked by the
subduction of the Cocos plate underneath the
Caribbean and Panama plate along the MAT. Our
group velocity maps as well as the 3D shear-wave
velocity model show lower-than-average velocities in
the Pacific coast (Figs. 10 and 11). The anomalies
seem to be strongest and most continuous at periods
between 10 and 17 s (Figs. 7 and S2). In view of a
lack of sediments at the Pacific margin of Costa Rica
(e.g. Vannucchi et al. 2001) the low forearc velocities
on top of the plate contact point to an origin due to
fluid release from the downgoing plate. This hypoth-
esis appears consistent with ongoing fast subduction.

Fluid release is a common process in subduction
environments. The palaeo spreading direction of the
oceanic crust subducting into the trench in the East
Pacific Rise (EPR) is perpendicular to the margin,
while the Cocos-Nazca spreanding centre (CNS) is
parallel (Fig. 1b). During bending into the trench the
EPR crust produces normal faulting parallel to the
ridge strike while the CNS crust does not develop a
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visible faulting pattern (Ranero et al. 2003). Aniso-
tropy studies on the Juan de Fuca ridge indicate that
permeability increases parallel to ridge strike com-
pared to the perpendicular direction (Fisher et al.
2008). The anisotropy and normal faulting parallel to
the ridge strike could indicate that the EPR crust is
more permeable than the CNS crust and may
therefore permit high along-strike and low vertical
fluid transport into the upper plate. In contrast, fluids
in the CNS crust are expected to move along the
detachment into the upper plate (Audet and Schwartz
2013). Thus, the low-velocity anomalies observed
along the Pacific coast, may be reflecting the fluid
release from the underlying plate (the CNS crust) in
this particular environment.

Significant along strike variations in seafloor
morphology, dip angle and crustal thickness of the
subducting plate in front of the trench (Morell 2015)
are clearly reproduced by the group velocity distri-
bution (e.g. Figure 8b). Subduction beneath the
Nicoya Peninsula is associated with relatively high
velocities, in contrast with significantly lower veloc-
ities associated with subduction of the Cocos Ridge
beneath the Osa Peninsula and intermediate velocities
associated with subduction of the seamount segment
at the central Pacific margin. This variability may be
plausibly related to increasing fluid release from the
subducting plate from northwest to southeast. Previ-
ously, Audet and Schwartz (2013) performed a
waveform inversion of receiver functions and esti-
mate the P-S velocity ratio (or V,/V) for the Nicoya
Peninsula. Their results show a higher ratio in the
southeast (V,/Vs=2.6 £ 0.2) compared with the
northwest (Vp/Vg=2.3 & 0.3) in the forearc crust.
The higher V,/V, ratio to the southeast can be
explained by decreased S-wave velocities, which are
also observed in our group velocity maps. Further,
previous studies (Arroyo et al. 2009; DeShon et al.
2006; Husen et al. 2003; Dinc et al. 2010; Dzierma
et al. 2011; Hinz 1996; von Huene 1995; von Huene
et al. 2000; Ye et al. 1996) already support the
interpretation that the observed low-velocity anoma-
lies are related to the presence of high fluid content
within a highly fractured part of the margin wedge,
rather than by an accumulation of sediments.
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6.3. Talamanca Mountain Range

The Talamanca mountain range corresponds to a
strong high-velocity anomaly over the entire analysed
period range (see group velocity maps, Figs. 7 and 9)
and the entire depth range of the 3D shear-wave
velocity model (Figs. 10 and 11). This result indi-
cates an important transition in central Costa Rica,
coincident with the termination of the present
volcanic arc and the location of the Central Costa
Rica Deformed Belt (CCRDB). It also coincides with
a change in Moho depth (Dzierma et al. 2010). The
mountain range is formed mostly of intrusive and
mélange material, and high velocities can be inferred
at crustal scale. The presence of high-velocity
anomalies beneath the Talamanca range can be
deduced directly from the dispersion curves for
EGF paths along the strike of the range (blue station
paths in Fig. 5). Rayleigh waves in the CTA prop-
agate clearly faster than anywhere else in Costa Rica.
The checkerboard and peak models are reconstructed
reasonably well, with smearing occurring in the
dominant ray path direction parallel to the coast. The
removal from the inversion of nine strategically
selected stations in central Costa Rica and the Osa
peninsula (Fig. 10d) gives further support for the
location and amplitude of anomalies in southeastern
Costa Rica.

It is expected that extinction of volcanism in the
Talamanca range is related to the appearance of the
Cocos ridge in the subduction zone in the south of
Costa Rica, producing changes in the tectonics
(Montero 2001) and geochemistry of the region
(Hoernle et al. 2008; Gazel et al. 2009, 2011, 2015)
as well as the transference of compression into the
overriding plate, causing the growth of the Tala-
manca range and a compressive tectonic regime in
the backarc (Suarez et al. 1995; Morell 2015).
Volcanic activity in this part of the arc became
extinct in the late Miocene. High velocities are
consistent with a lack of fluids, in agreement with a
long-term absence of volcanism for about 8 Ma
(Morell et al. 2012). The transition between the active
and extinct parts of the volcanic arc comes along with
a change from an extensional stress regime in the
north (volcanic arc) to a high compression regime in
the south (CTA) of the central section (Quintero and
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Giiendel 2000). The high group velocities in this zone
may be related to the particular geodynamic setting of
the CTA.

7. Conclusions

Cross correlation of ambient noise at the seismic
broadband network of Costa Rica is able to provide a
reasonably homogeneous data coverage for surface
wave tomography across the entire country. Despite
the proximity to noise sources in the Pacific Ocean as
well as the Caribbean Sea, more than 1 year of cross
correlations were necessary to achieve robust EGFs
over the frequency band from 5 to 17 s, representa-
tive for crustal Rayleigh waves. The signal to noise
ratio and the convergence of EGFs improves clearly
by using a phase-weighted stack (tf-PWS), compared
to a linear stack. Average curves are in agreement
with predictions from established 1-D Earth models
for Costa Rica, while the variability of dispersion
curves follows consistent regional patterns, and
measured curves clearly cluster within the individual
geological units. Ambient noise tomography permit-
ted to obtain stable and consistent group velocity
maps. Subsequent 3D inversion confirm the inter-
pretation of the group velocity maps. Our results
improve the characterization of the shallow crust in
the study area, allowing to determine the depth dis-
tribution of velocity anomalies and contributing to
our understanding of crustal structure, volcanism and
subduction characteristics along the margin.

Tomographic images evidence a large variability
of shear wave speed in the Costa Rican crust. We
expect that this variability is mainly related due to the
presence of fluids in the Costa Rican subduction
system. Low-velocity anomalies are found along the
volcanic Arc, in agreement with the places of recent
eruption activity (Rincén de la Vieja-Miravalles,
Arenal-Poas and Turrialba-Irazi). Anomalies along
the Pacific coast suggest fluid release from the sub-
ducting Cocos plate into the forearc crust. The coastal
anomaly, within the limitations imposed by inferior
ray path coverage at the edge of the network, appears
to reproduce the well-known along-strike changes in
the Cocos plate lithosphere, from the EPR crust
subducting beneath the Nicoya Peninsula to the
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Cocos ridge, which is formed in the CNS crust and
subducted beneath the Osa Peninsula. In turn, the
Cocos ridge subduction could be the cause of the
high-velocity anomalies beneath the Talamanca
Mountain Range that constitutes the extinct, south-
eastern sector of the volcanic arc.
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