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[1] The Central American subduction zone in northern Costa Rica shows along-strike variations in both the
incoming and overriding plates. By analyzing the subducting oceanic Moho (M1) and the upper plate Moho
(M2) with receiver functions, we investigate the variability in the hydration state of the subducting Cocos
Plate and the nature of crustal terranes within the overriding Caribbean Plate.We calculate high-quality P and
PPwave receiver functions using broadband data of the Global Seismology Network; Geoscope Project; and
the CRSEIZE, Pocosol, and Corisubmod experiments. In addition, we estimate the depth (H) and vertically
averaged Vp/Vs (k) to Moho and present a sensitivity study to explore the effects of a dipping interface on
receiver functions and the H and k estimates. Our results are consistent with a drier oceanic mantle
subducting beneath the southernmost part of the Nicoya Peninsula, as compared to a serpentinized oceanic
mantle subducting beneath the northern part. In the Caribbean Plate, we describe the nature of the Mesquito,
Nicoya, and Chorotega terranes by integrating new and published Vp/Vs estimates. Both the Nicoya and
Chorotega terranes display high Vp/Vs (1.80–1.92) consistent with their oceanic character. In contrast, the
oceanic Mesquito Terrane mostly displays lower Vp/Vs (1.62–1.80) more compatible with continental crust,
which may indicate that subduction zone magmatism is modifying the crust to display continental character.
Our estimates show that the deepest M2 (�42 km) is observed in the volcanic arc region whereas the
shallowest M2 (�27–33 km) is observed in parts of the fore-arc and back-arc regions.
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1. Introduction

[2] The Central American subduction zone in Cos-
ta Rica shows along-strike variations that are useful
for understanding subduction zone processes. In
the incoming Cocos Plate, there is along-trench
variability in the number and size of bathymetric
features, outer rise fault patterns, and crustal age
[e.g., von Huene et al., 2000; Barckhausen et al.,
2001]. Outer rise faults are thought to create path-
ways for seawater to hydrate the uppermost mantle;
therefore, heterogeneity in outer rise fault patterns
may control the hydration and thermal state of the
Cocos Plate segments [e.g., Ranero et al., 2005;
Ivandic et al., 2008]. In northern Costa Rica, the
trenchward location of the Nicoya Peninsula over
the fore arc makes it ideal to study the hydration
state of the subducting Cocos Plate using on-land
geophysical experiments.

[3] In the upper plate, the modern volcanic arc is
built upon the Chorotega and Chortis blocks. In
Costa Rica, the Chortis Block consists of the
oceanic Mesquito (or Siuna) Terrane [e.g., Rogers
et al., 2007; Baumgartner et al., 2008]. In addition,
the Nicoya Peninsula has been described as a
separate Nicoya Terrane [Di Marco et al., 1995].
There is no consensus on the location of the
boundary between these blocks and terranes
(Figure 1). The Chorotega-Chortis boundary has
been suggested to lie in southern Nicaragua
[MacKenzie et al., 2008], along the Costa Rica–
Nicaragua border [e.g., Dengo, 1985; Rogers et al.,
2007], and near the Nicoya Gulf [Hauff et al., 2000],
and has also been interpreted as a broad region,
where both blocks coexist at depth, bounded to the
south by the southwestward projection of the Hess
Escarpment into central Costa Rica [Baumgartner et
al., 2008].

[4] One of the intriguing aspects of the crust in
northern Costa Rica is that it displays a continental
character even though it is presumably composed
of terranes of oceanic origin. There are large-
volume silicic pyroclastic flows and ignimbrites

associated with the volcanic arc [Vogel et al., 2004,
2006] and the velocity structure and crustal thick-
ness have been suggested as indicators of conti-
nental crust [e.g., Drummond et al., 1995; Sallarès
et al., 2001; Vogel et al., 2004; MacKenzie et al.,
2008].

[5] Costa Rica has been the site of numerous
geological and geophysical studies and much prog-
ress has been made toward understanding the
lithospheric structure and tectonics [e.g., Sallarès
et al., 2001; DeShon et al., 2006; MacKenzie et al.,
2008; Baumgartner et al., 2008]. In this study, we
build upon previous work and analyze a larger data
set of receiver functions at stations in northern
Costa Rica. The main goals of this paper are to
describe the amplitude and azimuthal variation of
converted waves from both the subducting oceanic
Moho (M1) and the upper plate Moho (M2) and to
calculate the depth (H) and vertically averaged Vp/
Vs (k) to these interfaces. Our intention is to use
this information to investigate the variation in the
hydration state of the subducting Cocos Plate. By
integrating our new receiver function estimates
with published geological data and the receiver
function estimates from MacKenzie et al. [2008],
we describe the nature of crustal blocks and ter-
ranes (Mesquito, Nicoya, and Chorotega) within
the overriding Caribbean Plate and reexamine the
previously proposed boundaries between them.

[6] We present evidence of a drier oceanic mantle
subducting beneath the southernmost part of the
Nicoya Peninsula, as compared to a serpentinized
oceanic mantle subducting beneath the central and
northern parts. We also document a moderate to
low Vp/Vs in the fore arc and volcanic arc of
northern Costa Rica similar to the Vp/Vs of conti-
nental crust regions. In addition, by computing
synthetic receiver functions for simple velocity
models, we examine the bias that might be intro-
duced in the H and k estimates by a dipping
interface and study the azimuthal variation in P
to S wave conversions (Ps) and reverberations
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expected above the subducting Cocos Plate in the
Nicoya Peninsula.

2. Tectonic Framework

[7] Central America has been traditionally divided
into two main tectonic blocks (Figure 1). The
Chortis Block, to the north, is mostly underlain
by Paleozoic continental basement and/or accreted

oceanic rocks [Rogers et al., 2007]. The Chorotega
Block, to the south, has no crystalline Paleozoic
basement but instead consists of a �20 km thick
oceanic plateau known as the Caribbean Large
Igneous Province (CLIP), which formed �88–
91 Ma during a period of extreme volcanism
related to the initiation of the Galapagos hot spot
[Sinton et al., 1998; Hauff et al., 2000].

Figure 1. Major tectonic features of southern Central America. The age of the Cocos Plate shown in parentheses
corresponds to the age at the trench axis [Barckhausen et al., 2001]. Velocity plate vectors come from DeMets et al.
[1994], and bathymetry is from Ranero et al. [2005] and is available through the Marine Geoscience Data System.
Rectangle denotes close-up region shown in Figure 2. Inset map of Central America shows regional terrane
boundaries based on Rogers et al. [2007] and Baumgartner et al. [2008]. CCT, Central Chortis Terrane; CNS, Cocos
Nazca Spreading Center; ECT, Eastern Chortis Terrane; EPR, East Pacific Rise; SCT, Southern Chortis Terrane.
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[8] The Chortis Block has been traditionally de-
scribed as continental [e.g., Dengo, 1985]. How-
ever, recent studies have described it as composed
of terranes of both oceanic and continental origins
[Rogers et al., 2007]. The Central Chortis Terrane,
largely restricted to Honduras, is strictly continen-
tal (Figure 1). But, the southernmost part of the
Chortis Block, known as Siuna Terrane in Nicar-
agua [Rogers et al., 2007], or Mesquito Oceanic
Composite Terrane from El Salvador to northern
Costa Rica [Baumgartner et al., 2008], includes
deformed rocks of both Ocean Island Basalt (OIB)
and island arc affinities that were accreted to the
edges of the Central and Eastern Chortis Terranes

during Late Cretaceous [Rogers et al., 2007;
Baumgartner et al., 2008].

[9] The Nicoya Peninsula has been described as a
separate Nicoya Terrane [Di Marco et al., 1995],
where the Nicoya Complex is exposed (Figure 2a).
The Nicoya Complex represents a set of Creta-
ceous plateaus that intruded Jurassic–Early Creta-
ceous radiolarites between 139 and 83 Ma and has
been interpreted as fragments of the CLIP [Denyer
and Gazel, 2009, and references therein] as well as
Pacific pre-CLIP plateaus [Baumgartner et al.,
2008]. Along the Pacific coast, to the south of
the Nicoya Peninsula, there are exposures of youn-
ger (Late Cretaceous to Tertiary) igneous com-

Figure 2. (a) Simplified geologic map of northern Costa Rica [Denyer et al., 2003; Vogel et al., 2004] and contours
of the top of the slab (in km). MAT, Middle America Trench. (b) Location of recent broadband deployments in
northern Costa Rica. Yellow symbols represent stations analyzed in this study.
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plexes that consist of portions of seamounts and
aseismic ridges uplifted and/or accreted to the
margin but are related to the activity of the Gal-
apagos hot spot after the formation of the CLIP
[Hoernle et al., 2002].

[10] Costa Rica is located at the southern end of the
Middle America Trench (MAT) in a tectonic set-
ting controlled by the interaction of the Cocos,
Caribbean, and Nazca plates. The Cocos Plate is
subducting to the northeast underneath the Carib-
bean Plate at a rate of �83 mm/yr in northwestern
Costa Rica [DeMets et al., 1994]. The volcanic arc
is located �150 km to the northeast of the MAT.
Extensive silicic magmatism, dominated by rhyo-
litic ignimbrites, has occurred in the central and
northern parts of Costa Rica between �6 and
0.32 Ma. The ignimbrite deposits in the Guana-
caste region (Figure 2a) represent the most volu-
minous (>200 km3) silicic volcanic deposits in
Costa Rica [Vogel et al., 2004].

[11] In the incoming Cocos Plate, off the coast of
the Nicoya Peninsula, two different segments have
been identified (Figure 1). The northern segment is
characterized by a �5 km thick oceanic crust [e.g.,
Grevemeyer et al., 2007] that was created at the
East Pacific Rise (EPR). The oceanic crust is
24 Ma [Barckhausen et al., 2001] at the trench,
has exceptionally low heat flow (�14 mW/m2

[Langseth and Silver, 1996]), and displays perva-
sive normal faulting that presumably extends
through the entire oceanic crust and facilitates the
hydration of the uppermost mantle [Ranero et al.,
2003]. Furthermore, the oceanic mantle rocks show
anomalously low P wave velocities in tomographic
images, suggesting 12%–17% serpentinization
[Ivandic et al., 2008]. The segment located off the
coast of southern Nicoya is characterized by�7 km
thick oceanic crust created at an ancient Cocos-
Nazca Spreading Center (CNS1), has relatively high
heat flow (�110 mW/m2), displays only a few
small-offset faults in the outer rise, and exhibits
age variability along the margin, from 21 to 23 Ma
[von Huene et al., 2000; Barckhausen et al., 2001;
Ranero et al., 2003].

3. Previous Geophysical Studies

[12] A simplified picture of the margin in northern
Costa Rica has been constructed from local tomog-
raphy [e.g., Sallarès et al., 2000; Husen et al.,
2003; DeShon et al., 2006; Syracuse et al., 2008],
receiver functions [DeShon and Schwartz, 2004;
MacKenzie et al., 2008], and reflection and refrac-

tion studies [e.g., Ye et al., 1996; Christeson et al.,
1999; Sallarès et al., 1999, 2001; Bullock et al.,
2007; Grevemeyer et al., 2007]. The upper plate
has been divided into three levels tied to velocity
gradients instead of first-order velocity contrasts
[Sallarès et al., 2001]. The margin wedge has been
imaged as a region of high velocities compared to
those expected for an accretionary prism and has
been interpreted as the seaward extension of the
Nicoya Complex [e.g., Ye et al., 1996; Christeson
et al., 1999]. The uppermost mantle beneath the
fore arc displays reduced velocities (6.8–7.2 km/s)
and has been interpreted as evidence for 15%–25%
serpentinization [Sallarès et al., 2001; DeShon and
Schwartz, 2004; DeShon et al., 2006].

[13] The upper plate Moho (M2) has been identi-
fied at a depth range of 27 to 43 km, based on Pn
and Pg travel times [Matumoto et al., 1977;
Quintero and Kulhánek, 1998], seismic refraction
[Sallarès et al., 1999, 2001], and receiver functions
[DeShon and Schwartz, 2004; MacKenzie et al.,
2008]. M2 has been imaged as a region of low-
velocity contrast in the fore arc [DeShon et al.,
2006; Arroyo et al., 2009] and interpreted as a
transition zone [Sallarès et al., 2001]. Using
receiver functions, which are sensitive to disconti-
nuities, MacKenzie et al. [2008] were able to image
M2 as a relatively strong velocity contrast (�0.5–
1.0 km/s) beneath both the volcanic arc and back-
arc regions and describe a more complicated signal
in the fore-arc region. The intersection of the
subducting Cocos Plate with M2 (Figure 2a) occurs
at depths of 30–34 km beneath the western part of
the Nicoya Peninsula [Sallarès et al., 1999;
DeShon et al., 2006].

[14] The subducting Cocos Plate has been recog-
nized from Wadati-Benioff Zone (WBZ) seismicity
[e.g., Protti et al., 1994; Newman et al., 2002;
DeShon et al., 2006], seismic refraction [e.g.,
Christeson et al., 1999; Sallarès et al., 2001],
and seismic tomography [e.g., Husen et al., 2003;
DeShon et al., 2006; Syracuse et al., 2008], but has
not been previously imaged using receiver func-
tions. A narrow zone of low velocities paralleling
the top of the high-velocity subducting Cocos Plate
was recognized by Husen et al. [2003] and linked
to a cold and highly hydrated Cocos oceanic crust
that is subducting beneath northern Costa Rica.

4. Data and Methodology

[15] Receiver function analysis is a method used to
provide constraints on lithospheric structure by
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isolating Ps and its multiples (i.e., PpPs, PsPs, and
PpSs, Figures 3a and 3b) produced at interfaces
beneath a three-component receiver. This is accom-
plished by deconvolving the vertical P wave ener-
gy from the horizontal components under the
assumption that very little converted energy

appears on the vertical component for steeply
incident rays (distances >30�). The deconvolution
procedure removes both source effects and instru-
ment response, resulting in a time series that is
sensitive only to the lithospheric interfaces beneath
the seismic station where Ps occur [Langston,

Figure 3. (a) Raypath geometry and nomenclature of P to S converted waves recorded in receiver functions for a
model of a layer over a half-space with a flat Moho and (b) synthetic radial receiver function response. (c) Epicenter
distribution of teleseismic earthquakes used. Yellow star denotes the location of Costa Rica. (d) Example of a three-
component seismogram recorded at station JOC. The window used for the receiver function calculation is shaded in
gray and shown as (e) the band-pass-filtered signal (0.1–3 Hz) after the horizontal components were rotated.
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1979]. In this study, receiver functions were cal-
culated by applying an iterative time domain
deconvolution approach. This estimation is a least
squares minimization of the difference between the
observed horizontal seismogram and a predicted
signal generated by the convolution of an iterative-
ly updated spike train with the vertical component
seismogram [Ligorı́a and Ammon, 1999].

[16] P and PP wave receiver functions were cal-
culated using teleseismic events recorded by sta-
tions of the CRSEIZE Experiment from December
1999 to December 2001, Pocosol Network from
April 2005 to July 2006, and Corisubmod Project
from February 2005 to February 2007, as well as
Geoscope Project station HDC from March 1997 to
December 2005 and Global Seismology Network
station JTS from April 1995 to May 2008
(Figure 2b). The majority of these stations were
equipped with Streckeisen STS-2, Guralp CMG3T
and 40T, and Trillium seismometers.

[17] We calculated a total of 615 high-quality
receiver functions from 22 broadband stations.
The number of events for individual stations varies
from 1 to 111, depending on the length and quality
of recording. Stations HDC and JTS have the
largest number of high-quality receiver functions
documented for a single station in Costa Rica, with
85 and 111, respectively. We do not show results
for stations with less than nine high-quality receiver
functions (CRCZ, HOJA, VCR, and LCH0) and
stations HATA, CDL, and SAN, where shallow
structures and/or sedimentary basin reverberations
precluded interpretation. In order to increase the
number of traces and improve the signal-to-noise
ratio, stations close to each other were stacked, such
as PAPA and COND, PNCB and MOSD, and JOC
and TIR (Table 1 and Figure 2b).

[18] Earthquake locations were selected from the
U.S. Geological Survey National Earthquake In-
formation Center (NEIC) with magnitude >5.5 and
a distance range from 30� to 90� for calculating
P wave receiver functions and with magnitude
>6.0 from 90� and 180� for calculating PP wave
receiver functions. Our data are mostly composed
of events clustered in back azimuths of 140–340�,
especially from South America and the South
Pacific regions (Figure 3c).

4.1. Data Processing

[19] Each earthquake recorded on the Z, E–W, and
N–S components was band-pass-filtered (0.1–3 Hz
and 0.2–3 Hz) and the horizontal components were
rotated to the radial and tangential directions of the
great circle path, based on the NEIC hypocentral
locations. For the receiver function calculation we
applied an iterative time domain deconvolution
approach [Ligorı́a and Ammon, 1999] on a time
window of 120 s for each record, starting 20 s
before P or PP wave onset (Figures 3d and 3e) and
applied Gaussian filter width factors of 1.0 and 2.5
to remove high-frequency noise [e.g., Cassidy,
1992].

[20] For each event-station pair, we examined four
different receiver functions using a combination of
the aforementioned band-pass and Gaussian filters,
and selected the combination with the best signal-
to-noise ratio. For stations in the Nicoya Peninsula,
a band-pass filter of 0.2–3 Hz and a Gaussian of
2.5 was preferred. For the remaining stations, we
used a band-pass filter of 0.1–3 Hz and a Gaussian
of 2.5. Also, both absolute amplitude and normal-
ized to the maximum amplitude receiver functions
were calculated for the above combination of
parameters. To analyze the highest-quality results,
we rejected events with less than 80% match

Table 1. Results by Individual Station

Station Latitude Longitude Vpa Nb Depth to M1c Depth to M2c Vp/Vs to M1c Vp/Vs to M2c

GRAN 10.340 �85.846 6.0 14 26.8 ± 1.9d - 1.84 ± 0.06d -
HDC 10.002 �84.112 6.3 85 - 41.7 ± 2.3 - 1.92 ± 0.05
INDI 9.865 �85.502 6.0 10 21.8 ± 1.7d - 1.87 ± 0.05d -
JOC-TIR 10.925 �83.370 6.3 46 - 28.7 ± 1.4 - 1.85 ± 0.06
JTS 10.291 �84.952 6.5 111 - 36.7 ± 2.4 - 1.69 ± 0.05
MARB 10.063 �85.754 6.0 27 23.8 ± 1.3d - 1.80 ± 0.05d -
MOSD-PNCB 9.647 �85.083 6.0 26 24.8 ± 2.3d - 1.83 ± 0.06d -
PAPA-COND 10.590 �85.677 6.0 30 - 27.1 ± 2.0 - 1.62 ± 0.09
SARO 10.839 �85.609 6.3 9 - 32.9 ± 1.1 - 1.65 ± 0.03

a
Based on previous studies (see references in section 4.2).

b
Number of receiver functions with variance reduction >80%.

c
Depth in km. M1, oceanic Moho; M2, upper plate Moho. The uncertainty range is estimated as presented by Zhu and Kanamori [2000].

d
A poststack correction was applied as described in section 5.2.
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between the predicted and observed waveforms
produced via a comparison of the radial (or tangen-
tial) component seismogram with a convolution of
the vertical component seismogram and the receiver
function (i.e., variance reduction less than 80%).

4.2. Depth and Vp/Vs Calculations

[21] The depth (H) and vertically averaged Vp/Vs
(k) estimates to Moho were obtained using a
stacking algorithm that maps in the H-k domain
the weighted sum of the radial receiver function
amplitudes of each phase [Zhu and Kanamori,
2000]. The radial receiver function stack s(H, k)
is given by the equation:

s H ;kð Þ ¼ wPsr tPsð Þ þ wPpPsr tPpPs
� �

� wPpSsþPsPsr tPpSsþPsPs
� �

where w is the weight associated with the radial
receiver function r(t) of the Ps, PpPs, and PpSs +
PsPs phases (Figures 3a and 3b). The arrival times
(tPs, tPpPs, and tPpSs+PsPs) are predicted from the ray
parameter (p) and the depth and velocity structure
to Moho. During stacking, w is assigned to each of
the three phases such that the sum of w equals 1.0.
We tested several weighting schemes but we
present the results obtained from one that gives
equal weight to the three phases (wPs = 1/3 wPpPs =
1/3 wPpSs+PsPs = 1/3) to ensure equal importance to
each phase independent of their actual amplitude.

[22] Receiver functions were stacked for depth and
Vp/Vs ranges from 10 to 70 km and 1.6 to 2.1,
respectively. A point of maximum amplitude or
‘‘bull’s eye’’ occurs when the three phases are
stacked coherently and it denotes the most likely
solution for H and k. In order to constrain the
confidence in our results, we estimated uncertain-
ties based on the variance of the s(H, k) stack and
the flatness at the maximum, as proposed by Zhu
and Kanamori [2000].

[23] Since the time delay equations for Ps and
multiples hold for flat interfaces, we estimated H
and k to Moho using this algorithm only at stations
where the receiver function azimuthal behavior
suggests flat layers. For the dipping Cocos Plate,
H and k were approximated by applying a post-
stack correction to H and k based on synthetic data
(see section 5.2).

[24] Receiver functions were stacked assuming that
a standard Vp represents a reasonable average
crustal wave speed (Table 1). A crustal Vp of either
6.0 or 6.3 km/s was used for stations in the Nicoya
region based on DeShon and Schwartz [2004]. A

higher Vp of 6.3 km/s and 6.5 km/s was used for
JTS and Pocosol stations, respectively, based on
Sallarès et al. [2001]. For stations LCH0 and HDC
we used a Vp of 6.0 and 6.3 km/s, respectively,
based on Syracuse et al. [2008]. We do not expect
deviations from the assumed Vp to significantly
affect our results (see section 5.3).

[25] To discriminate between Ps and multiples
(PpPs, and PpSs + PsPs) we plotted the moveout
of phase arrivals as a function of ray parameter. Ps
arrivals exhibit positive moveout with respect to
the direct P wave arrival with increasing ray
parameter, while the ray geometry of multiples
produces a negative moveout. Thus, we compare
expected and observed moveout on receiver func-
tions in order to verify that the arrival of Ps phases
and multiple reverberations are produced at partic-
ular depths.

5. Sensitivity Tests

[26] By knowing the dip direction (�N40�E) and
dip angle (�13–35�) of the subducting Cocos
Plate beneath the Nicoya Peninsula [DeMets et
al., 1994; Christeson et al., 1999; Sallarès et al.,
2001], we examined the receiver function sensitiv-
ity to a dipping interface as a function of back
azimuth and amount of dip, as well as the assumed
Vp. This analysis was performed by calculating
synthetic receiver functions with no noise. Syn-
thetic seismograms were generated using RAY3D
[Owens, 1984], a 3-D ray tracing code based on
Langston [1977]. The P and S wave velocities,
density, strike, dip angle, and thickness were spec-
ified for each layer in the model. Synthetic vertical,
radial, and tangential seismograms were generated
by specifying a back azimuth and ray parameter for
an incident P wave at the base of the model.
Synthetic receiver functions were computed by
applying the deconvolution procedure (section 4.1)
on the synthetic responses.

5.1. Sensitivity to Back Azimuth

[27] In the presence of a dipping interface, stacking
to create an average receiver function risks misin-
terpretation of the structure as Ps and multiples
may show a strong azimuthal variation in timing,
amplitude, and polarity [e.g., Cassidy, 1992; Hayes
and Furlong, 2007] (Figure 4). We analyzed the
azimuthal behavior of synthetic receiver functions
to search for the direction at which the complica-
tions are minimized. We performed this analysis by
creating synthetic receiver functions using a dip-
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ping interface with the appropriate orientation for
our study region. We found that receiver functions
along the strike of the dipping interface are similar
to a flat interface case, particularly for the Ps phase
and the absence of PpPp phases that are observed
at other back azimuths (Figure 4a). In addition, the
Ps amplitude of receiver functions along the strike
is not very sensitive to changes in the dip angle
(Figure 4b). These observations motivated us to

stack our observed receiver functions along the
strike of the subducting Cocos Plate for individual
stations located in the Nicoya Peninsula, in order to
compare the Ps amplitude between stations.

5.2. H-k Sensitivity to Dip Angle

[28] Rossi et al. [2006] and Hayes and Furlong
[2007] developed a new method to estimate depth
and Vp/Vs to dipping interfaces by stacking receiver

Figure 4. (a) Azimuthal variation of the radial component of synthetic receiver functions for a model of a dipping
layer over a half-space. The model has an interface at 25 km depth, dipping 20� toward N40�E. We used Vp = 6.3 km/
s, Vp/Vs of 1.80, and a constant ray parameter of 0.06. Note the absence of the PpPp phase (shaded region) along the
strike of the dipping interface. (b) Along-strike receiver functions for the same velocity model in Figure 4a but varying
dip angle. Note that the Ps amplitude is not very sensitive to the dip angle.
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functions. We chose to use an alternative approach
to this problem by investigating the potential bias
introduced by a dipping interface in the H-k
stacking algorithm, similar to that presented by
Lombardi et al. [2008] for the Alps. We stacked
synthetic receiver functions calculated from mod-
els with varying interface depth and dip angle and
created a map of the differences between the
apparent results for H and k and the true model
values which are referred hereafter as ‘‘bias in
depth’’ and ‘‘bias in Vp/Vs.’’ The biases given in
Figures 5a and 5b are representative of receiver
functions from all back azimuths and ray parameter

of 0.06 whereas those in Figures 5c and 5d are
representative of the ray parameter and azimuthal
coverage of our data set.

[29] We found that when dealing with a dipping
interface, calculations are biased toward shallower
depths and higher Vp/Vs than true model parame-
ters. In the case of a full and evenly distributed
azimuthal coverage (Figures 5a and 5b), the depth
bias is small (<1 km) for an interface dipping <12�.
The bias in the Vp/Vs estimate could be as high as
0.08 for a 10 to 40 km depth interface dipping 12�.
If the interface depth varies from 40 km to 60 km

Figure 5. Bias in (a) interface depth and (b) Vp/Vs estimate from H-k analysis for models with varying interface
depth and dip angle. The contour map is based on synthetic receiver functions created using a model that intends to
represent the subducting Cocos Plate dipping towards the northeast, beneath a mafic crustal wedge with Vp = 6.3 km/s
and Vp/Vs of 1.80. (c and d) Same as Figures 5a and 5b but using synthetics computed with the azimuthal
coverage and ray parameters of our data set. Contours were constructed using a method of triangulation with linear
interpolation.
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and the interface dips <12�, the Vp/Vs bias is
<0.02. We recommend using the H-k stacking
algorithm with caution when the dip angle is
known to be greater than 12�, as the bias in Vp/
Vs could be geologically significant, especially if
the interface depth is >35 km.

[30] Beneath the Nicoya Peninsula, the depth to the
top of the �7 km thick Cocos crust varies from 15
to 35 km [DeShon et al., 2006] and its dip angle is
13� beneath the coastline [Christeson et al., 1999;
Sallarès et al., 1999, 2001]. For the ray parameter
and azimuthal coverage of our data set (Figures 5c
and 5d) and within the 10–35 km depth range, the
bias is likely to be <4 km in depth and <0.08 in Vp/
Vs for an interface dipping <14�. For a 13� dipping
oceanic Moho at 22 km depth, as expected beneath
the coastline in central Nicoya [Christeson et al.,
1999], the bias is on the order of 2 km in depth and
�0.05 in Vp/Vs. We used these values as a correc-
tion that we applied to our H and k estimates for
the coastal stations INDI, MARB, and PNCB.
Similarly, we applied a correction for station
GRAN (3 km and �0.09).
[31] For stations BANE, GUAI, and JUDI the
expected M1 depth and dip angle may be >30 km
and >30�, respectively. Even though our calcula-
tions suggest that Vp/Vs is higher than 1.80 for these
sites, we think the H-k stacking algorithm should
not be used as biases predicted from synthetic data

are too large (>8 km in depth and <�0.20 in Vp/Vs).
Similarly, high Vp/Vs (1.80–1.89) is suggested if
we accept the M1 depth based on previous studies
[Christeson et al., 1999; Sallarès et al., 2001;
DeShon et al., 2006] and determine the Vp/Vs by
migrating the Ps time of the receiver functions along
the strike of the subducting Cocos Plate. Unfortu-
nately, we cannot reliably estimate the Vp/Vs in this
way, as synthetic tests for a layer dipping >30�
predict that the Vp/Vs could be 0.08 higher than
the one estimated from the Ps time only.

5.3. H-k Sensitivity to the Assumed Vp

[32] The sensitivity of the H-k stacking algorithm
to the assumed Vp is examined by creating a map
of the bias for both the depth and Vp/Vs estimates
for a range of Vp values and interface depths. We
found that the H-k stacking algorithm is not
particularly sensitive to Vp. If the Vp deviation is
<0.4 km/s from the correct input value (i.e., Vp in
the model is 6.3 km/s and a value of 6.3 ± 0.4 km/s
is used instead in the H-k algorithm, Figure 6) the
Vp/Vs estimate differs from the initial model by
<± 0.02 in Vp/Vs and <± 3 km in depth, for models
with interface depths in the range from 10 to 45 km.
A larger bias in the depth estimate is expected for
models with interface depths >45 km. In this study,
we do not expect the assumed crustal Vp (Table 1)
to significantly affect the overall findings, as

Figure 6. Bias in (a) interface depth and (b) Vp/Vs estimated from H-k analysis for models with varying interface
depth and Vp (Vp = 6.3 km/s is the correct model value). The map of the bias is based on synthetic receiver functions
with a symmetric azimuthal coverage every 5� and a constant ray parameter of 0.06. We used Vp/Vs of 1.80 for a
model of a flat layer over a half-space. Contours were constructed using a method of triangulation with linear
interpolation.
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deviations greater than ±0.4 km/s in the assumed
Vp are unlikely.

6. Results and Discussion

6.1. Subducting Cocos Plate Beneath
the Nicoya Peninsula

[33] We detected M1 in the Nicoya Peninsula
region as a clear positive Ps at delay times from
3 to 5 s in the radial receiver functions (Figures 7
and 8). The following features of M1 are consistent
with a northeast dipping interface in agreement
with the direction of the subducting Cocos Plate:
(1) the arrival time of the Ps signal at different sites
increasing toward the northeast; (2) a polarity
reversal at 200–240� in the tangential component
of all stations, suggesting that the direction of
maximum dip is �N40�E; (3) a clear positive

arrival in the tangential component in the back
azimuth range from 300� to 340�; and (4) a
negative arrival in the tangential component in
the back azimuth range from 150� to 180� at most
stations. All these features were reproduced by
creating synthetic receiver functions using simple
models of a shallow northeast dipping interface
over a half-space (Figure 9). However, the com-
parison of observed and synthetic receiver func-
tions does not resolve the finer features and is
mostly confined to the first 10 s where complica-
tions of dipping structures are minimized.

[34] Our depth estimates (Table 1) are in agreement
with the location of M1, about 7 km deeper than
the top of the slab estimated from refraction
seismology [Christeson et al., 1999] and WBZ
seismicity [DeShon et al., 2006]. To explore the
possibility that the Ps corresponds to the top of the

Figure 7. Receiver functions binned over 10� for stations in the Nicoya Peninsula region. Receiver functions are
normalized to the maximum amplitude. Station name and number of receiver functions are given above each plot.
Positive and negative amplitudes are shaded red and blue, respectively. Black arrows mark the location of the signal
correlated to the oceanic Moho (M1), and yellow stars denote the location of the polarity reversal common to all
stations. Gray areas mark the radial receiver functions stacked along the strike of the dipping Cocos Plate shown in
Figure 8.
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slab, we calculated the Vp/Vs required for the Ps to
be migrated to that depth. We performed this
analysis assuming a constant crustal Vp for each
station (Table 1) and using only receiver functions

along the strike of the subducting Cocos Plate,
because complications in the stacking are mini-
mized in the strike direction (section 5.1, Figures 4
and 8). Sensitivity tests revealed that the bias in

Figure 8. Absolute amplitude receiver functions for CRSEIZE stations stacked along the strike of the subducting
Cocos Plate. Station name, number of receiver functions, and Vp and Vp/Vs ratio used for migrating time to depth are
given above each plot. M1 and M2 denote oceanic and upper plate Moho, respectively. The center map shows slab
contours (in km) to the top of the subducting Cocos Plate according to DeShon et al. [2006] and Protti et al. [1994]
and the location of the EPR-CNS1 suture at specified geologic times, based on Barckhausen et al. [2001]. Other
symbols and acronyms as in Figure 1.
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calculating the Vp/Vs using the Ps time of along-
strike receiver functions is only �0.01, for an
interface dipping 13�, as expected for M1 beneath
the coast line. We found that the Vp/Vs required for
the Ps conversion to be migrated to the top of the

slab is unrealistically high (�2.25). On the other
hand, a Vp/Vs of 1.80–1.85, which is in agreement
with our corrected Vp/Vs solutions from the H-k
algorithm, places the interface depth at 21–25 km,
which is the expected M1 depth. Hence, we inter-

Figure 9. Synthetic receiver functions for simple models recreating the subducting Cocos Plate beneath a mafic
crustal wedge over a (a–f) hydrated and (g–i) dry oceanic mantle. In the schematic velocity structures (Figures 9a,
9d, and 9g) the subducting Cocos crust is 7 km thick, dipping 15� toward N40�E, and the oceanic Moho (M1) is at
25 km depth. Synthetic receiver functions were calculated every 5� in back azimuth and with a constant ray parameter
of 0.068 (Figures 9b, 9e, and 9h). Black arrows at the top of the plots mark the location of the signal correlated to M1,
and yellow stars denote the location of polarity reversals. Gray areas mark the radial receiver functions stacked along
the strike of the dipping interface shown as an absolute amplitude stack (Figures 9c, 9f, and 9i).
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pret the observed Ps as produced at M1 and not at
the top of the oceanic crust.

[35] There are some receiver function features that
may correlate to the top of the oceanic crust but are
not consistent at all stations and back azimuths. For
example, receiver functions at stations INDI and
JUDI, in central Nicoya, show an additional pos-
itive arrival about 1 s earlier than M1 at some back
azimuths (Figure 7). If this signal corresponds to
the top of the slab, it would require an increase in
wave speed across the top of the oceanic crust. For
stations BANE and PNCB there is a negative
arrival about 1 s before the M1 Ps over a broad
back azimuth range, especially at PNCB (Figure 7).
A negative arrival is also present at some back
azimuths at stations MARB and GRAN (Figure 7).
In all these cases, the negative polarity arrival
characterizes higher to lower wave speeds with
increasing depth, indicating a low-velocity zone.

[36] A strong negative polarity reflection from the
top of the subducting Cocos Plate has been inter-
preted as caused by free water coming from dehy-
dration reactions of subducted clays [Ranero et al.,
2008]. Low-velocity anomalies parallel to the top
of the subducting plate and detected using receiver
functions have also been correlated with a hydrated
subducting oceanic crust in southern Alaska [e.g.,
Rossi et al., 2006], northeast Japan [e.g.,Kawakatsu
and Watada, 2007], and Cascadia [Nikulin et al.,
2009] subduction zones. As the observed negative
arrival is not consistent at all stations and back
azimuths, we are not able to discriminate whether
this feature indicates a hydrated subducting oceanic
crust or a hydrated base of the overriding plate.

6.2. Hydration State Variability
in the Subducting Cocos Plate

[37] The Ps amplitude observed at stations located
in the Nicoya Peninsula reveals a very interesting
pattern. The M1 amplitude from stations located in
the southernmost part of the peninsula (i.e., BANE
and PNCB-MOSD) is considerably larger com-
pared to that observed at stations located in the
central and northern parts (Figure 8). Because
the amplitude of receiver functions scales with the
velocity contrast at the interface, a larger impedance
contrast at the base of the oceanic crust (M1) is
likely for stations located in the southernmost part
of the Nicoya Peninsula.

[38] Oceanic crust generated at both the EPR and
CNS1 subducts beneath the northern and southern
half of the Nicoya Peninsula, respectively (Figure 1).

While both types of lithosphere are of similar age at
the MAT (21–24 Ma), there is a distinct thermal
change across the EPR-CNS1 suture. Heat flow
measurements in the 24 Ma EPR crust average
14 mW/m2 [Langseth and Silver, 1996], which is
exceptionally low when compared to the heat flow
of �100 mW/m2 expected for a 20–25 Ma oceanic
crust [Stein and Stein, 1992]. In contrast, heat flow
measurements in the similarly dated (21–23 Ma)
CNS1 crust have values of 105–115 mW/m2 which
are higher than the heat flow values expected from
global models [Fisher et al., 2003].

[39] The effective hydrothermal cooling of the
EPR-generated seafloor has been attributed to an
unusually high permeability facilitated by the pres-
ence of outer rise normal faulting [Grevemeyer et
al., 2005]. Seismic reflection images acquired in
the EPR-generated seafloor, offshore Nicaragua,
show a pervasive set of trenchward dipping fea-
tures that cross the crust and extend into the upper
mantle to depths of �20 km [Ranero et al., 2003;
Grevemeyer et al., 2007]. In this region, tomo-
graphic images revealed anomalously low Vp in
the uppermost mantle, suggesting 12%–17% ser-
pentinization [Ivandic et al., 2008]. This observa-
tion supports the idea that pervasive bending-related
normal faulting in the subducting slab is creating
pathways for seawater to hydrate upper mantle
rocks [Grevemeyer et al., 2007; Ivandic et al.,
2008] and it is also consistent with the hypoth-
esis that the stronger slab signal in the volcanic arc
geochemistry inland of the EPR segment is reflect-
ing greater amounts of fluid released from dehy-
dration of a more extensively serpentinized EPR
mantle [Rüpke et al., 2002]. In contrast, the CNS1-
generated seafloor displays only a few small-offset
faults in the outer rise [Ranero et al., 2003].

[40] Figure 8 shows the location of the EPR-CNS1
suture zone, at present time and 1 and 2 Ma, based
on Barckhausen et al. [2001]. Assuming that the
current plate velocity vectors have remained con-
stant during the last 2 Ma, we expect that the
oceanic lithosphere visible beneath the southern-
most part of the Nicoya Peninsula has CNS1
origin. In contrast, the oceanic lithosphere beneath
stations in central and northern Nicoya corresponds
to EPR origin, with the exception of station INDI,
which likely originated near the EPR-CNS1 suture
region.

[41] We created synthetic receiver functions for
simple models involving hydrated and dry oceanic
crust and upper mantle, to recreate the subduction
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of EPR and CNS1 lithospheres (Figure 9). As
expected, the Ps amplitude is considerably larger
in the presence of a hydrated oceanic crust over a
dry upper mantle (Figures 9g–9i) and smaller if the
oceanic mantle is serpentinized (Figures 9a–9c).
Differences in the hydration state of the subducting
oceanic crust may account for the amplitudes
observed at some back azimuths at INDI and JUDI
(Figures 9d–9f). In order to reproduce the Ps
amplitude observed in our receiver functions, a
Vs contrast of 0.3–0.5 km/s is required at M1 for
stations located above the EPR segment and a
much larger Vs contrast of 1.7 km/s is required
for the CNS1 segment.

[42] The observed Ps conversions in the Nicoya
region are then consistent with a hydrated oceanic
crust and a drier oceanic mantle being subducted
beneath the southernmost part the Nicoya Penin-
sula, as compared to a variably hydrated oceanic
crust and serpentinized EPR oceanic mantle sub-
ducting beneath central and northern Nicoya. Per-
vasive bending-related normal faulting in the EPR
segment may extend through the entire oceanic
crust and facilitates the hydration of both the
oceanic crust and upper mantle, as opposed to the
CNS1 segment, where hydration may occur only
within the oceanic crust, resulting in a low-velocity
layer beneath the southernmost part of the penin-
sula. Hence, our receiver function observations are
in agreement with previous studies which suggest a
serpentinized EPR oceanic mantle and a drier
CNS1 oceanic mantle; based on outer rise fault
patterns [Ranero et al., 2005] and the thermal state
[Fisher et al., 2003] of both Cocos Plate segments,
as well as volcanic arc geochemistry [Rüpke et al.,
2002].

6.3. Upper Plate Moho (M2)
and H-k Estimates

[43] We identified M2 for individual stations be-
neath the fore-arc (JTS, PAPA-COND, and SARO),
volcanic arc (HDC), and back-arc (JOC-TIR)
regions (Figures 10 and 11a). The M2 Ps amplitude
is consistent with Vs contrasts of 0.5–1.0 km/s.
Combining our results with those presented by
MacKenzie et al. [2008] (Figure 12a), we see that
the deepest M2 is observed in the volcanic arc
region (�40–42 km) and the shallowest M2 in parts
of the fore arc (29–33 km, Papagayo Gulf region)
and back arc (27–33 km, Nicaragua border region).

[44] In the fore-arc region, beneath station JTS, we
identified the M2 Ps at 4 s from northwest (back
azimuth 235–330�) and northeast (40–135�) direc-

tions and at 5 s from southern (135–235�) direc-
tions (Figure 10a). Moveout analysis for each back
azimuth subsets revealed that the signal observed is
a Ps and not a multiple. We calculated synthetic
receiver functions based on simple models and
concluded that the complex azimuthal behavior of
the M2 Ps in the region sampled beneath JTS
(Figure 11b) is difficult to reproduce and may
reflect a complex Moho topography or a combina-
tion of factors including dip, a significant azimuth-
al variation in the crustal Vp/Vs on a local scale,
and/or seismic anisotropy. If exposures of oceanic
assemblages at Tortugal (Figure 11b), for which
high Vp/Vs are expected, continues at depth in the
region south of JTS, they may account for the Ps
time delay from the southern direction. Our more
robust H and k estimates for JTS come from the
northwest subset, for which we calculated a Moho
depth of 36.7 ± 2.4 km and crustal Vp/Vs of 1.69 ±
0.05 (Figure 11a), similar to previous estimates of
41 ± 7.3 km and 1.78 ± 0.06 using 24 receiver
functions [MacKenzie et al., 2008] and 36 ± 4 km
determined by best fitting synthetic and observed
receiver functions [DeShon and Schwartz, 2004].

[45] In the central segment of the volcanic arc
region, beneath station HDC, M2 is observed as
a clear positive Ps at �6 s, and is particularly clear
in the back azimuth range from 290� to 360�
(Figure 10a). We observed a well-developed M1
PpPs multiple as well as a negative conversion at
3 s, which represents a low-velocity layer in the
midcrust (Figure 10b). Our more robust H-k esti-
mates come from a northwest subset (290–360�,
Figure 11a) for which we obtained 41.7 ± 2.3 km
and 1.92 ± 0.05 (Table 1). MacKenzie et al. [2008]
obtained 37.0 ± 2.3 km and 1.87 ± 0.08 for a
station (HDC5) located at HDC by using 20
receiver functions that spanned the duration of
the TUCAN deployment.

[46] In the back arc, beneath stations of the Pocosol
network (JOC-TIR), we observed a coherent M2
Ps at �4 s (Figure 10a) and a well-developed PpPs
multiple (Figure 10b). Our more robust solution
comes again from a northwest subset (260–360�)
for which we obtained 28.7 ± 1.4 km and 1.85 ±
0.06 (Table 1).

6.4. Crustal Terranes in Northern
Costa Rica

6.4.1. Mesquito Terrane

[47] We link the crustal Vp/Vs ratios observed in
the Costa Rica–Nicaragua border region (1.82–
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1.88), Papagayo Gulf region (1.62–1.67), and
Nicoya Gulf and northern volcanic arc segment
(1.68–1.80) to the Mesquito Terrane (Figures 12
and 13). The Mesquito Terrane is composed of a
collage of Pacific oceanic terranes that includes both
enriched OIB and depleted arc rocks [Baumgartner
et al., 2008] and may represent the Late Cretaceous
basement upon which fragments of the CLIP were
accreted during Late Cretaceous-Miocene, as
interpreted for the Santa Elena–Tortugal area
(Figure 13a) by Denyer and Gazel [2009].

[48] The high Vp/Vs (1.82–1.88) in the Costa
Rica–Nicaragua border region is consistent with

mafic lithologies and/or partially serpentinized
peridotites [e.g., see Rudnick and Fountain, 1995;
Horen et al., 1996; Carlson and Miller, 1997;
Christensen, 2004]. Serpentinized peridotites
(Figure 13a) are found in the Santa Elena Peninsula
(i.e., Santa Elena Nappe), El Castillo, and in the
Tonjibe borehole as a �200 m thick layer at �2 km
depth [Astorga, 1992; Pizarro, 1993]. In the Santa
Elena Peninsula, these rocks have an island arc
affinity and have been interpreted as an uplifted
mantle wedge of the Chortis subduction zone
[Hauff et al., 2000]. Other lithologies that may be
correlated to the Mesquito Terrane are the alkaline
basalts of the Tortugal Suite, located east of the

Figure 10. (a) Receiver functions binned over 10� for the specified stations at the top of each plot. (b) Amplitude
plots of the radial component of receiver function as a function of ray parameter for the specified stations. Color bars
at the top of each plot denote the scale of normalized amplitude receiver function. Black lines show the predicted
moveout of Ps conversions and multiples for the slab (M1?) and upper plate Moho (M2) using the specified depths
(shown in parentheses) and Vp/Vs obtained from the H-k algorithm (Figure 11a).
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Nicoya Gulf (Figure 13a), as well as those exposed
in the Santa Elena Peninsula (i.e., Santa Rosa
Accretionary Complex). These basalts have OIB
affinity without Galapagos signature [Hauff et al.,
2000]. If partially serpentinized peridotites together
with mafic lithologies are widespread in the mid-
crust and/or lower crust, these rocks could account
for the high Vp/Vs ratios observed in the Costa
Rica–Nicaragua border region.

[49] Within the Mesquito Terrane, there is a pro-
gressive decrease in the crustal Vp/Vs from higher

(1.82–1.88) in the back arc near Lake Nicaragua to
lower (1.74–1.79) in the volcanic arc to even lower
(1.68–1.74) near the Nicoya Gulf (Figure 12b)
[MacKenzie et al., 2008]. As silicic rocks have
low Vp/Vs [Christensen, 1996], this pattern may
imply a transition from a mafic/ultramafic crust in
the back arc to a more quartz-rich felsic crust in the
inner fore arc. The global Vp/Vs averages for the
continental and oceanic crusts are 1.78 and 1.87,
respectively [Zandt and Ammon, 1995;Christensen,
1996]. Then, the Vp/Vs in the Papagayo and Nicoya

Figure 11. (a) Amplitude H-k stacks for specified stations. Depth to M2 and crustal Vp/Vs ratio for each maximum
are given above each plot. Black contours delineate regions with 85%, 90%, and 95% of the maximum amplitude.
Color bars at the top of each plot denote the amplitude scale for the stacked receiver functions. (b) Map of the
predicted location of points piercing M2 for the specified stations and depths in Figure 11a.
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Gulf regions, as well as in the northern volcanic arc
segment, are more compatible with lithologies con-
stituting continental crust rather than mafic oceanic
crust. These Vp/Vs values are somewhat surprising,
given that most studies agree that the modern
volcanic arc in Costa Rica is built either on the
Chorotega or theMesquito terranes [Baumgartner et
al., 2008, and references therein].

[50] Interestingly, extensive silicic magmatism,
dominated by rhyolitic ignimbrites, has occurred

in the Guanacaste region (Figures 2a and 13a)
since the Miocene, suggesting the formation of
new continental crust [Vogel et al., 2004]. Addi-
tional evidence for continental crust formation is
given by Sallarès et al. [2001], who obtained
velocity-density relationships for the lower crust
and upper mantle comparable to continental island
arcs. Moreover, the crustal thickness in Costa Rica
is nearly double the average for theCLIP [MacKenzie
et al., 2008]. We suggest that the low to moderate

Figure 12. (a) Map of Moho depth (in km). Gray lines represent contours to M1, and red dashed line denotes the
slab-M2 intersection based on DeShon et al. [2006]. (b) Map of the crustal Vp/Vs. Estimates for red crosses were
calculated in this study. The remaining estimates come from MacKenzie et al. [2008]. Note that symbol size scales to
uncertainties, as defined on the right side of each map. (c) Vp/Vs by geographic regions as described in section 6.4.
See Figure 2 for station names and explanation of symbols. NG, Nicoya Gulf.
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Vp/Vs in the fore-arc and volcanic arc regions of
northern Costa Rica, together with the record of
voluminous silicic magmatism, seismic velocities,
and crustal thickness support the idea of new con-
tinental crust formation. Perhaps the addition of
silicic magma to the crust, together with the removal
of the mafic/ultramafic residues and cumulates from
the base of the crust, as has been proposed for other

regions [e.g., Zandt et al., 2004], have lead to the
modification of this crust over time into a more
continental-type crust.

6.4.2. Chorotega Block

[51] The high Vp/Vs ratios (1.85–1.92, Figure 12b)
in the central Costa Rica volcanic arc segment are
consistent with mafic lithologies constituting the

Figure 13. (a) Generalized interpretation of terrane boundaries integrating results from this study, Hauff et al.
[2000], and Baumgartner et al. [2008]. (b) Generalized interpretation along the X–Y cross section shown in Figure 13a
integrating results from this study, MacKenzie et al. [2008], Sallarès et al. [2001], and DeShon and Schwartz [2004].
Depth estimates are shown as yellow circles with error bars. Depth and Vp/Vs for station INDI correspond to the oceanic
Moho (M1), while the remaining estimates correspond to the upper plate Moho (M2). A possible M2 interpretation is
sketched as a dashed red line. Inverted triangles represent broadband stations located <13 km from cross section. Station
JTS, located 30 km from the profile, was also projected onto the cross section. Note vertical scale is three times the
horizontal scale. Terranes, as interpreted at surface, are shown at the top of the plot. The orientation of terrane boundaries
at depth is unknown. Colors represent crustal regions with distinct vertically averaged Vp/Vs.
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CLIP. The very high Vp/Vs found at station HDC
could be also explained by the presence of partial
melts in the midcrust and/or beneath this part of the
volcanic arc, as we observed a negative conversion
at 3 s, which represents a low-velocity layer in the
midcrust (Figure 10b). In the Nicoya Peninsula
(Nicoya Terrane), the Vp/Vs varies from 1.80 to
1.87 (Figure 12b and Table 1), which is similar to
the average Vp/Vs for ophiolite exposures in the
world; for example, the Samail (Oman) and the
Newfoundland (Canada) ophiolites have average
Vp/Vs of 1.88 and 1.89, respectively [Christensen,
1996]. This suggests that the entire crustal wedge
beneath the Nicoya Peninsula may be composed of
mafic lithologies, as has been previously suggested
for the margin wedge [Ye et al., 1996; Christeson et
al., 1999].

6.4.3. Terrane Boundaries

[52] In northern Costa Rica, within the region
correlated to the Mesquito Terrane, Vp/Vs is highly
variable (see Figure 12) and thus it is difficult to
correlate Vp/Vs changes with terrane boundaries.
An additional complication is that the Mesquito
Terrane may be partly thrust-faulted over the Cho-
rotega Block, as demonstrated by the large-scale
nappe emplacement in the Santa Elena Peninsula
[Geldmacher et al., 2008]. At Tortugal (Figure 13a)
there are exposures of both the Nicoya Complex and
alkaline basalts with no Galapagos signature sim-
ilar to those in the Santa Elena Peninsula [Hauff
et al., 2000]. The structural relationship between
these exposures is not well known and may indicate
that the basement is composed of both the CLIP and
the Mesquito Terrane as proposed by Baumgartner
et al. [2008]. In addition, magmatic processes may
be modifying the crustal Vp/Vs, making it more
difficult to identify terrane boundaries at surface.

[53] The traditionally accepted Chortis-Chorotega
boundary interpreted along an east–west suture
zone joining the Santa Elena and El Castillo
peridotites with the Hess Escarpment [e.g., Dengo,
1985] (Figures 1 and 13a) is not visible from
crustal Vp/Vs estimates. In addition, serpentinized
peridotites at the Tonjibe borehole [Astorga, 1992],
in central Nicaragua [Baumgartner et al., 2008],
and off the coast of El Salvador [Geldmacher et al.,
2008] suggest that peridotites may be regionally
widespread within the basement, as opposed to
restricted to this narrow suture zone. Another
possible Chortis-Chorotega boundary was inferred
by MacKenzie et al. [2008] in southern Nicaragua
(Figure 1) based on the transition in the crustal

Vp/Vs between two stations in the back-arc region.
However, this boundary would place the Mesquito
Terrane exposures of El Castillo and Tonjibe as part
of the Chorotega Block. We suggest that this Vp/Vs
transition may reflect a compositional changewithin
the Mesquito Terrane.

[54] We favor the Chortis (Mesquito)-Chorotega
boundary as the southwestward projection of the
Hess Escarpment into central Costa Rica, as pro-
posed by Baumgartner et al. [2008] (Figure 13a).
This boundary does not conflict with geology and
Vp/Vs estimates. In general, Vp/Vs is higher on the
Chorotega side, although more Vp/Vs data will be
needed to determine if its location is visible from
Vp/Vs changes. We suggest that this boundary
continues on the western margin of the Nicoya
Gulf, separating the Mesquito and Nicoya Terranes
(Figures 12 and 13) and following the boundary
suggested by Hauff et al. [2000] who consider the
Nicoya Peninsula as part of the Chorotega Block
and both the Tortugal and Santa Elena areas as part
of the Chortis Block (i.e., Mesquito Terrane).

7. Conclusions

[55] We identify the upper plate Moho (M2) as a
relatively strong Vs contrast (0.5–1.0 km/s) be-
neath the fore-arc, volcanic arc, and back-arc
regions. In the Nicoya Peninsula, M2 was not
recognized but instead we observe a signal that is
consistent with a dipping interface which we inter-
pret as the dipping oceanic Moho (M1) of the
subducting Cocos Plate. The deepest M2 is ob-
served in the volcanic arc region (�42 km) and the
shallowest M2 in parts of the fore arc (27–33 km,
Papagayo Gulf region) and back arc (29 km, Costa
Rica–Nicaragua border region). The strong azi-
muthal variation of the M2 Ps at JTS may reflect a
complex M2 topography in the fore-arc region.

[56] Our receiver function observations are consis-
tent with variability in the hydration state of the
incoming Cocos Plate as was proposed in previous
studies based on outer rise fault patterns, thermal
state, and volcanic arc geochemistry [Rüpke et al.,
2002; Fisher et al., 2003; Ranero et al., 2005]. We
conclude that the observed Ps amplitude is consis-
tent with a drier CNS1 oceanic mantle being
subducted beneath the southernmost part of the
Nicoya Peninsula, as compared to a serpentinized
EPR oceanic mantle subducting beneath central
and northern Nicoya. Our observations may imply
that pervasive bending-related normal faulting in
the EPR segment extends throughout the entire
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oceanic crust and facilitates the hydration of both
the oceanic crust and upper mantle, as opposed to
the CNS1, where hydration may occur more ex-
tensively only within the oceanic crust, resulting in
a low-velocity layer that is visible beneath the
southernmost part of the peninsula.

[57] By integrating our new receiver function esti-
mates with published geological data and the
receiver function estimates from MacKenzie et al.
[2008], we describe, in terms of crustal Vp/Vs
estimates, three different crustal terranes: Mes-
quito, Nicoya, and Chorotega. The Mesquito Ter-
rane shows variable Vp/Vs, suggesting mafic and
ultramafic lithologies beneath the Costa Rica–
Nicaragua border region, where Vp/Vs estimates
are high (1.82–1.88), and more silicic content in
the Papagayo Gulf region and northern volcanic
arc segment, where Vp/Vs are moderate to low
(1.62–1.80) and resemble those of the continental
crust. We conclude that the low to moderate Vp/Vs
in the fore arc and volcanic arc regions, together
with the record of voluminous silicic magmatism,
seismic velocities, and crustal thickness, may indi-
cate that the midcrust and upper crust have been
profoundly modified by emplacement of silicic
melts. The Chorotega Block is characterized by
high crustal Vp/Vs (1.85–1.92) consistent with
mafic lithologies constituting the CLIP. The Nic-
oya Peninsula is also a region of high crustal Vp/Vs
(1.80–1.87), which is consistent with mafic rocks,
like those from the Nicoya Complex exposed at
surface.

[58] Through a sensitivity study, we found that
when dealing with a dipping interface, the H and

k calculations are biased toward shallower depths
and higher Vp/Vs estimates than true model param-
eters. Our synthetic tests indicate that the H-k
stacking algorithm should be used with caution
when the dip angle is known to be greater than 12�,
as the bias in Vp/Vs could be geologically signif-
icant, especially if the interface depth is greater
than 35 km. In addition, we found that the H-k
stacking algorithm is not particularly sensitive to
the assumed Vp. We found that the Ps phase of
receiver functions in the region along the strike of a
dipping interface is very similar to a flat-interface
case, and may be used when available to facilitate
the interpretation of structures in regions with
known dipping layers.
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Implications for the tectonic and biological evolution of
the Americas, Geology, 30(9), 795–798, doi:10.1130/0091-
7613(2002)030<0795:MHMOTG>2.0.CO;2.

Horen, H., M. Zamora, and G. Dubuisson (1996), Seismic
waves velocities and anisotropy in serpentinized peridotites
from xigaze ophiolite: Abundance of serpentine in slow

spreading ridge, Geophys. Res. Lett., 23(1), 9 – 12,
doi:10.1029/95GL03594.

Husen, S., R. Quintero, E. Kissling, and B. Hacker (2003),
Subduction-zone structure and magmatic processes beneath
Costa Rica constrained by local earthquake tomography and
petrological modeling, Geophys. J. Int., 155, 11–32,
doi:10.1046/j.1365-246X.2003.01984.x.

Ivandic, M., I. Grevemeyer, A. Berhorst, E. R. Flueh, and
K. McIntosh (2008), Impact of bending related faulting on
the seismic properties of the incoming oceanic plate offshore
of Nicaragua, J. Geophys. Res., 113, B05410, doi:10.1029/
2007JB005291.

Kawakatsu, H., and S. Watada (2007), Seismic evidence for
deep-water transportation in the mantle, Science, 316(5830),
1468–1471, doi:10.1126/science.1140855.

Langseth, M. G., and E. A. Silver (1996), The Nicoya
Convergent Margin—A region of exceptionally low heat
flow, Geophys. Res. Lett., 23(8), 891–894, doi:10.1029/
96GL00733.

Langston, C. A. (1977), The effect of planar dipping structure
on source and receiver responses for constant ray parameter,
Bull. Seismol. Soc. Am., 67(4), 1029–1050.

Langston, C. A. (1979), Structure under Mount Rainier,
Washington, inferred from teleseismic bodywaves, J. Geophys.
Res., 84(B9), 4749–4762, doi:10.1029/JB084iB09p04749.

Ligorı́a, J. P., and C. J. Ammon (1999), Iterative deconvolution
and receiver function estimation, Bull. Seismol. Soc. Am., 89,
1395–1400.

Lombardi, D., J. Braunmiller, E. Kissling, and D. Giardini
(2008), Moho depth and Poisson’s ratio in the western-
central Alps from receiver functions, Geophys. J. Int.,
173(1), 249–264, doi:10.1111/j.1365-246X.2007.03706.x.

MacKenzie, L., G. A. Abers, K. M. Fischer, E. M. Syracuse,
J. M. Protti, V. Gonzalez, and W. Strauch (2008), Crustal
structure along the southern Central American volcanic front,
Geochem. Geophys. Geosyst., 9, Q08S09, doi:10.1029/
2008GC001991.

Matumoto, T., M. Ohtake, and J. Umana (1977), Crustal
structure in southern Central America, Bull. Seismol. Soc.
Am., 67, 121–134.

Newman, A. V., S. Y. Schwartz, V. Gonzalez, H. R. DeShon,
J. M. Protti, and L. M. Dorman (2002), Along-strike varia-
bility in the seismogenic zone below Nicoya Peninsula,
Costa Rica, Geophys. Res. Lett., 29(20), 1977,
doi:10.1029/2002GL015409.

Nikulin, A., V. Levin, and J. Park (2009), Receiver function
study of the Cascadia megathrust: Evidence for localized
serpentinization, Geochem. Geophys. Geosyst., 10,
Q07004, doi:10.1029/2009GC002376.

Owens, T. J. (1984), Determination of crustal and upper mantle
structure from analysis of broadband teleseismic P wave-
forms, Ph.D. thesis, 146 pp., Univ. of Utah, Salt Lake City.

Pizarro, D. (1993), Los pozos perforados en Costa Rica:
Aspectos litológicos y bioestratigráficos, Rev. Geol. Am.
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Seismic tomography and earthquake locations in the
Nicaraguan and Costa Rican upper mantle, Geochem. Geo-
phys. Geosyst., 9, Q07S08, doi:10.1029/2008GC001963.

Vogel, T. A., L. C. Patino, G. E. Alvarado, and P. B. Gans
(2004), Silicic ignimbrites within the Costa Rican volcanic
front: Evidence for the formation of continental crust, Earth
Planet. Sci. Lett., 226, 149–159, doi:10.1016/j.epsl.2004.
07.013.

Vogel, T. A., L. C. Patino, J. K. Eaton, J. W. Valley, W. I. Rose,
G. E. Alvarado, and E. L. Viray (2006), Origin of silicic
magmas along the Central American volcanic front: Genetic
relationship to mafic melts, J. Volcanol. Geotherm. Res.,
156, 217–228, doi:10.1016/j.jvolgeores.2006.03.002.

von Huene, R., C. R. Ranero, W. Weinrebe, and K. Hinz
(2000), Quaternary convergent margin tectonics of Costa
Rica, segmentation of the Cocos Plate, and Central American
volcanism, Tectonics, 19(2), 314– 334, doi:10.1029/
1999TC001143.

Wessel, P., and W. H. F. Smith (1998), New improved version
of the generic mapping tools released, Eos Trans. AGU, 79,
579, doi:10.1029/98EO00426.

Ye, S., J. Bialas, E. R. Flueh, A. Stavenhagen, R. von Huene,
G. Leandro, and K. Hinz (1996), Crustal structure of the
Middle American Trench off Costa Rica from wide-angle
seismic data, Tectonics, 15(5), 1006–1021, doi:10.1029/
96TC00827.

Zandt, G., and C. J. Ammon (1995), Continental crust compo-
sition constrained by measurements of crustal Poisson’s ratio,
Nature, 374, 152–154, doi:10.1038/374152a0.

Zandt, G., H. Gilbert, T. J. Owens, M. Ducea, J. Saleeby, and
C. H. Jones (2004), Active foundering of a continental arc
root beneath the southern Sierra Nevada in California,
Nature, 431, 41–46, doi:10.1038/nature02847.

Zhu, L., and H. Kanamori (2000), Moho depth variation in
southern California from teleseismic receiver functions,
J. Geophys. Res., 105(B2), 2969–2980, doi:10.1029/
1999JB900322.

Geochemistry
Geophysics
Geosystems G3G3

linkimer et al.: nature of the crust in northern costa rica 10.1029/2009GC002795

24 of 24



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


