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[1] The Central American subduction zone exhibits large variations in geochemistry, downgoing plate
roughness and dip, and volcano locations over a short distance along the arc. Results from joint inversions
for Vp, Vp/Vs, and hypocenters from the Tomography Under Costa Rica and Nicaragua (TUCAN)
experiment give insight into its geometry and structure. In both Costa Rica and Nicaragua, the
intermediate-depth seismic zone is a single layer no more than 10 to 20 km thick. Tomographic images
show that throughout Nicaragua and Costa Rica the slowest mantle P wave velocities appear below and
behind the volcanic front, indicating likely zones of highest temperature extending 80 to 120 km depth. A
sheet of high Vp/Vs, thought to be caused by melt, is imaged directly beneath the Nicaraguan volcanoes,
whereas a weaker, broader anomaly is imaged beneath the Costa Rican volcanoes, potentially indicating a
greater extent of melting beneath Nicaragua. Within the downgoing plate, anomalously low velocities
occur at least 20—30 km below Wadati-Benioff zone seismicity, to depths of 140 km beneath Nicaragua
and to 60 km depth beneath Costa Rica. They indicate 10—20% serpentinized upper mantle of the
downgoing plate beneath Nicaragua, similar to that inferred from refraction seaward of the trench, but
continuing to subarc depths. This unusually hydrated lithosphere may introduce more water into the
Nicaraguan mantle, initiating increased amount of melting and fluid flux to the arc.

Copyright 2008 by the American Geophysical Union 1 of 22



' Geosystems \

Pw-ggg;ﬁ,’;}é@try( Ij SYRACUSE ET AL.: CENTRAL AMERICAN SEISMIC TOMOGRAPHY 10.1029/2008GC001963

Components: 10,638 words, 15 figures.

Keywords: subduction; serpentine; melt; seismic velocities; slab.

Index Terms: 8180 Tectonophysics: Tomography (6982, 7270); 8170 Tectonophysics: Subduction zone processes (1031,

3060, 3613, 8413); 8185 Tectonophysics: Volcanic arcs.

Received 28 January 2008; Revised 5 May 2008; Accepted 9 May 2008; Published 30 July 2008.

Syracuse, E. M., G. A. Abers, K. Fischer, L. MacKenzie, C. Rychert, M. Protti, V. Gonzalez, and W. Strauch (2008), Seismic
tomography and earthquake locations in the Nicaraguan and Costa Rican upper mantle, Geochem. Geophys. Geosyst., 9,

Q07S08, doi:10.1029/2008GC001963.

Theme: Central American Subduction System

Guest Editors: G. Alvarado, K. Hoernle, and E. Silver

1. Introduction

[2] Volcanism occurs at the vast majority of subduc-
tion zones, but the processes that drive magma gener-
ation are not well known. Variations in plate
convergence velocity, slab dip, and slab age among
different regions lead to several predicted thermal
structures of the mantle wedge overlying the slab,
and a large range in the geometry of melt transport
[Davies and Stevenson, 1992; England et al., 2004;
England and Wilkins, 2004; Syracuse and Abers, 2006;
Cagnioncle et al., 2007]. The geochemistry of arc
volcanoes also varies greatly between regions, imply-
ing differences in the amounts of fluid derived from the
slab and slab-related sediments, degree of melting and
location of melting [ Plank and Langmuir, 1988, 1993].

[3] Seismic velocity tomography helps illuminate
subduction zone structure and variations in tem-
perature and fluid distribution. Velocities are sen-
sitive to temperature through reduction of the bulk
and shear moduli with increasing temperature [i.e.,
Hacker and Abers, 2004]. Melt or free water will
also reduce seismic velocities in different ways,
depending on pore geometries [7akei, 2002]. Ser-
pentinization, caused by the addition of water to
peridotite, will also reduce velocities, and is often
cited as the cause of low Vp, high Vp/Vs anomalies
in the cold mantle wedge corner [e.g., Hyndman and
Peacock, 2003; DeShon and Schwartz, 2004]. If
pervasive over large enough volumes, any of these
variations will affect seismic velocities in a way that
is detectable through body wave tomography.

[4] Southern Central America exhibits contrasts in
subduction zone output over an along-arc distance
as short as 500 km. Geochemical tracers in arc
lavas thought to represent contributions from the
downgoing slab and subducted sediment increase

from near-MORB values in Costa Rica toward glob-
ally high levels in Nicaragua gPatino etal.,2000]. For
example, in Costa Rica, 1“Be concentrations are
extremely low, while Nicaragua has the highest
'9Be concentration globally [Morris et al., 1990].
Melt inclusions also indicate that there is up to two
times more water in the source of Nicaraguan mag-
mas than in Costa Rican ones [ Wade et al., 2006]. The
incoming Cocos plate in Nicaragua shows extensive
faulting at the outer rise, which may allow additional
water to be incorporated as serpentine in the subduct-
ing mantle and released at depth [Riipke et al., 2002;
Ranero et al., 2003], an inference supported by
oxygen isotope studies of Nicaraguan arc lavas [Eiler
et al., 2005]. Still, the evidence for deep volatile
transport remains indirect, and the processes that
control variations in melting are poorly understood.

[s] We use data from the Tomography Under
Costa Rica and Nicaragua (TUCAN) experiment
(Figure 1) to obtain a three-dimensional seismic
velocity model in Vp and Vp/Vs for both Costa
Rica and Nicaragua to 200 km depth. Changes in
temperature, hydration, and the presence of melt
have strong but differing effects on Vp and Vp/Vs
[Takei, 2002; Karato, 2003]. We find low velocities
in the subducted plate, more so beneath Nicaragua
than Costa Rica, which may indicate hydration of the
subducted crust and upper mantle to 150 km depth. A
sheet of elevated Vp/Vs rises from the slab beneath
the volcanoes in Nicaragua, supporting the possibil-
ity of localized region of melt vertically connecting
the slab and the volcanoes.

2. Previous Seismic Studies

[¢] Past seismic tomography in Costa Rica and
Nicaragua has shown variations in the structure of
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Figure 1. Figure la shows stations, seismicity, and shot locations (D. Lizarralde and S. Holbrook, personal
communication, 2006) used in the inversion. The locations of the six cross sections referred to throughout the text and
figures are indicated. Figure 1b shows the grid nodes used in the inversions. Figure 1c highlights the upper plate
earthquakes. In all map views the sawtooth line indicates the location of the trench based on bathymetry.

the subduction zone, but studies have been limited
in spatial extent and seismic velocity resolution is
generally poor at depths greater than 50—100 km
[Protti et al., 1996; Husen et al., 2003; DeShon et
al., 2006]. Data from both local and teleseismic
earthquake catalogs show an increase from south to
north in slab dip and the depth at which seismicity
terminates, but the details differ (Figure 2). For
example, local earthquake locations beneath Nicar-
agua indicate that the slab is near vertical and remains
trenchward of the volcanic front [Protti et al., 1994],
whereas teleseismic earthquake locations [Engdahl et
al., 1998] indicate that the slab is on average 150 km
beneath the volcanic front [Syracuse and Abers,
2006]. In Costa Rica, where network coverage has
been better, differences between data sets are less
[Protti et al., 1994; Husen et al., 2003].

[7] Three-dimensional (3-D) velocity tomography
studies of this region have been largely focused on
the P wave velocity structure of north and central
Costa Rica. One one-dimensional (1-D) P wave
velocity study samples the sediment layer at depths
less than 2 km in central Nicaragua and to 50 km
depth northern Costa Rica [Matumoto et al., 1977],
showing a 43 km thick crust in northern Costa
Rica. Protti et al. [1996] produced a three-
dimensional P wave velocity model for central

Costa Rica with resolution to 50 km depth showing
below-average crustal velocities (4.0 to 4.8 km/s)
in the shallow crust beneath volcanoes and a high-
velocity slab (6.8 to 7.2 km/s) at 20—30 km depth
in the fore arc.

[s] Inversions extending to mantle depths have
been mainly limited to the fore arc and have
characterized the mantle wedge as a region of P
wave velocities decreased to less than 7.0 km/s
[Husen et al., 2003] (6.8—7.0 km/s [Husen et al.,
2003; DeShon and Schwartz, 2004; DeShon et al.,
2006]). Additionally, low P wave velocities
(~7.0 km/s) in parts of the slab beneath northwest-
ern Costa Rica at depths around 30 km and deeper
than 60 km [Husen et al., 2003] have been attributed
to a hydrated or gabbroic slab crust. S wave velocity
analysis has been limited to two studies [ DeShon and
Schwartz, 2004; DeShon et al., 2006] due to the
predominance of vertical component seismometers
in local networks. DeShon et al. [2006] find low Vp
(6.8 to 7.0 km/s) and Vp/Vs of 1.73—1.78 in the
mantle wedge, leading them to infer less than 10%
serpentinization in the fore-arc mantle near the
Nicoya Peninsula. Serpentine is characterized by
unusually high Vp/Vs [Christensen, 1996] and has
been proposed as a major store of water in fore arcs
[Hyndman and Peacock, 2003].
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Figure 2. A comparison between seismicity relocated
in this study (red and blue circles) and that of previous
earthquake catalogs (black and gray circles). Hypocen-
ters relocated in this study are separated into two groups
relative to the projection line to highlight that some of
the apparent width of the Wadati-Benioff zone is due to
changes in slab position relative to the projection line,
versus actual thickness of the Wadati-Benioff zone.
Hypocenters from local catalogs (INETER -catalog)
[Protti et al., 1994] are for the same earthquakes
relocated in this study. Both local and teleseismic
hypocenters [Engdahl et al., 1998; Syracuse and Abers,
2006] show a thicker Wadati-Benioff zone than is seen
from hypocenters relocated in this study. Depths and
velocities for this and Figures 3—5 and 7—15 have been
converted to a flattened earth [Mueller, 1971]. Volca-
noes are shown as orange triangles and the trench is
shown as red inverted triangles. See Figure 1 for the
locations of cross sections A and D.

[o] Teleseismic 3-D P wave tomography has
mainly focused on the structure of the slab.
Colombo et al. [1997] image the slab as a positive
velocity anomaly of up to 8% to 250 km depth with
a subvertical dip in northern Costa Rica and tear in
the slab leading to a shallower dip of about 60° in
central Costa Rica, with no evidence for a sub-
ducted slab in southern Costa Rica. They also
image a broad low-velocity region in the mantle
directly above the slab in northern Costa Rica,
possibly due to hydrated magmas and fluids.
Rogers et al. [2002] interpret tomographic images
of the slab and mantle wedge beneath Nicaragua
and northern Central America from Kdrason and
van der Hilst [2001] as evidence for a detached
slab at about 200—300 km depth. By this depth,
most local seismicity in the region has ceased.
They argue that the detachment may lead to in-
duced mantle flow across the slab gap and cause
uplift of the overlying Caribbean plate. However, it
is unclear how well the slab is actually sampled,
since there are few nearby stations and the slab tear
is below the seismicity.

[10] Receiver functions show thick crust in the
Nicaraguan back arc (44 km thick) and the Costa
Rican arc (38 km thick), and thinner crust beneath
the arc in Nicaragua (25 km thick), perhaps due to
crustal extension and thinning in Nicaragua
[MacKenzie et al., 2008]. Reduced amplitudes
from Moho conversions beneath the arc and fore
arc suggest the presence of fluids or melt in both
Nicaragua and Costa Rica.

3. Data

[11] The TUCAN array consists of 47 PASSCAL
broadband stations operating from July 2004
through March 2006 (Figure 1). Most stations were
distributed in four lines from northern Nicaragua to
central Costa Rica. Data at all stations were
recorded continuously at 50 sps. Disks containing
data were collected roughly monthly by members
of OVSICORI-UNA (Observatorio Vulcanologico
y Sismologico de Costa Rica, Universidad Nacio-
nal) and INETER (Instituto Nicargiiense de Estu-
dios Territoriales) and sent to Boston University,
where they were reformatted and submitted to the
IRIS Data Management Center.

[12] Waveforms corresponding to earthquakes
recorded in catalogs from OVSICORI-UNA and
INETER are analyzed by eye to identify earth-
quakes having at least 9 visible P arrivals and 1 S
arrival that are recorded at TUCAN stations. Prior
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Figure 3. A comparison of relocations in the final 3-D velocity model with CMT hypocenters [Dziewonski et al.,
1981]. Note the discrepancies in the location of thrust earthquakes near the trench between the CMT locations and
ours. Earthquakes that did not meet the minimum distance to a station are indicated in gray. See Figure 1 for the
location of cross section A. Volcanoes are shown as orange triangles, stations are shown as black inverted triangles,

and the trench is shown as red inverted triangles.

to picking, waveforms are filtered to correct the
FIR filters to causal onsets [Scherbaum, 2002]. P
and S arrivals are picked using a semiautomated
autoregressive onset estimator based on Pisarenko
et al. [1987] including uncertainties (S. Roecker,
personal communication, 2000). Blunders in arriv-
als and uncertainties are corrected by hand. In
cases where the S waves show differences between
components, the earlier horizontal-component ar-
rival is picked. Assuming the effects of shear wave
splitting contribute an average S wave travel time
split of 0.3 s [4bt et al., 2006] and the average S
wave travel time is 33 s, picking the earlier arrival
leads to a maximum bias of Vp/Vs of 0.5% relative
to isotropic velocities, compared with 3-7%
variations estimated from inversion. P arrivals are
picked from the vertical components. Additional P
arrivals from the OVSICORI-UNA and INETER
catalogs are also included, adding data from
48 stations, after network timing corrections are
estimated and accounted for.

[13] For several earthquakes in the thrust zone
offshore of Nicaragua there are large (>60 km)
discrepancies in hypocenter depth between our
initial locations and those from previous data sets
such as the INETER catalogs and the CMT catalog
[Dziewonski et al., 1981] (Figure 3). We suspect
this results from the lack of offshore stations. We
impose a restriction that all earthquakes used in
inversions must have at least one arrival from a
station within 0.75° of the earthquake in initial
locations, removing the earthquakes for which
there are the discrepancies in depth of more than

20 km compared to slab seismicity from the CMT
catalog, and thus eliminating the influence of
these poorly constrained offshore hypocenters and
downgoing raypaths. Smaller discrepancies also
exist between our initial locations and those from
teleseismic locations, but those can largely be
attributed to systematic biases of teleseismic hypo-
centers often associated with subduction zones
[McLaren and Frohlich, 1985; van der Hilst and
Engdahl, 1992; Syracuse et al., 2007]. This result-
ing data set contains 1348 earthquakes, 30970 P
arrivals, and 11833 § arrivals. These data are
supplemented by arrivals at TUCAN stations from
27 shots in central and northern Costa Rica from
February and July 2005 (D. Lizarralde and S.
Holbrook, personal communication, 2006), con-
tributing an additional 307 P arrivals and 120 S
arrivals (Figure 1).

4. Velocity Inversion Methods

[14] We use the method of Roecker et al. [2006],
summarized here, to invert P and S arrival times for
hypocenters and three-dimensional variations in
velocities. The sample volume is parameterized
as a 640 km x 420 km Cartesian grid with axes
rotated 35° clockwise from North, extending to
300 km depth with velocity node spacing of 20 km.
We calculate travel times from each point in the
volume to each station by using a finite difference
solution to the eikonal equation [Hole and Zelt,
1995; Vidale, 1990] calculated at 5 km grid spac-
ing. These calculations also provide velocity deriv-
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Figure 4. Initial V'p and Vp/Vs models from 1-D inversion. The black line shows the initial P wave velocities within
the crust and mantle wedge. The gray line shows the initial P wave velocities within the slab, where velocities have
been increased by 8%, and the Moho has been made shallower to accommodate for oceanic crust. Vp/Vs remains
constant at a given depth within the slab and the mantle. The bottom left panel shows the variance of S arrivals for
earthquakes greater than 100 km depth as a function of percentage of velocity increase within the slab using the above
mantle wedge velocity model. The bottom right panel shows the variance of S arrivals for the same earthquakes as a

function of mantle Vp/Vs with an 8% slab anomaly.

atives and allow fully nonlinear hypocenter esti-
mates, to high precision when supplemented by a
mesh-refining algorithm [Roecker et al., 2006].

[15] Our initial velocity model is derived from a
separate 1-D joint inversion for hypocenters, P
wave slowness (reciprocal of P velocity) and Vp/
Vs, solving for 10—20 km thick layers of constant
velocity to 50 km depth, and a half-space below
50 km depth. Since the velocity model is more
sensitive to P velocities than S velocities, eleven 1-
D inversions are completed in which Vp/Vs is held
fixed below 70 km depth at a range of values
between 1.70 and 1.80. The resulting velocity
models are interpolated to vertical nodes, and
corrected to Cartesian coordinates via an Earth-
flattening transform [Mueller, 1971]. A 3-D veloc-
ity model is created by adding an 8% fast slab to
the 1-D model (based on the results of Colombo et

al. [1997]) whose top surface is defined by the
preliminary earthquake locations. Though greater
than other estimates of slab velocities relative to
background mantle velocities [Lay, 1997], the
elevated slab velocity helps replicate realistic ve-
locity gradients at the top of the slab. Hypocenters
are then calculated in this slab velocity model,
discarding all arrivals with travel time residuals
greater than 1 s. The variance of travel time
residuals is calculated for each velocity model,
and the model that best fits the S arrivals from
earthquakes whose hypocenters are greater than
100 km depth is chosen as the starting model
(Figure 4). A similar test is completed for the
resulting best fit 1-D plus slab model, in which
the magnitude of the slab anomaly is varied from
2% to 10% faster than surrounding mantle. This
test shows that a 8% fast anomaly in the slab best
fits the S data (Figure 4); P data show less effect.
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[16] Each iteration of the inversion is linearized in
the standard manner [Menke, 1984], with the
forward model approximated as

w2 I

where G represents the matrix being inverted and
m are model parameters. G consists of submatrices
H containing hypocenter derivatives, S containing
P wave slowness and Vp/Vs derivatives, and D
containing smoothing constraints scaled by a scalar
1 to provide stability. The model parameter vector
m contains subvectors h containing hypocenter
perturbations and s containing P wave slowness
and Vp/Vs perturbations. The vector d contains
travel time residuals [Menke, 1984]. The matrix G
is inverted in the damped least squares sense with a
LSQR inversion [Paige and Saunders, 1982], so it
includes minimum-length damping whose damper
is determined from a tradeoff curve between model
length and misfit [Menke, 1984].

[17] Hypocenter derivatives are included in the
inverse problem in order to not bias results to the
initial hypocenters [Thurber, 1992; Roecker et al.,
2006]. The locations and origin times of shots are
held fixed. In practice, updated hypocenters are
calculated explicitly in the new velocity model
using the full grid search, rather than using the
approximate linearized perturbations.

[18] The smoothing submatrix, D, constrains the
roughness of the inverted model by minimizing the
gradients in slowness or Vp/Vs between neighbor-
ing grid nodes following Menke [1984]. The
smoothness constant is scaled by the factor g,
which we choose to be 5000 for the P wave
slownesses and 1000 for Vp/Vs, such that the norm
of s'D'Ds is of similar size for both P wave
slowness and Vp/Vs, and the model length is at
least 10% smaller than if no smoothing is applied.

[19] Data and model uncertainties are accounted
for in a variety of ways. Travel time residuals and
corresponding rows of G are weighted by 1/0;
where o; is the travel time uncertainty for the ith
observation, incorporating an assumed 0.1 s
uncertainty in theory, following Tarantola and
Valette [1982]. The derivatives in G are also scaled
by estimated a priori uncertainties in parameters, in
part to correct for differences in scale between
hypocenter, P wave slowness and Vp/Vs deriva-
tives [e.g., Tarantola, 1986]. Relative to P wave
slowness derivatives, hypocenter derivatives are

multiplied by 100, based on the ratio between
0.1 s/km uncertainty in initial P wave slowness and
10 km uncertainty in initial earthquake location.
The Vp/Vs derivatives are scaled by 10 to account
for differences between units of P wave slowness
and Vp/Vs perturbations.

[20] A total of five iterations are completed; with
further iterations, the misfit to the S wave arrival
times begins to increase. The first two iterations are
overdamped using a damping value that is 10 times
greater than the optimal value, in order to speed
initial convergence. For subsequent iterations we
use a damper determined from the misfit-model
length tradeoff curve. Station corrections are cal-
culated after the fourth iteration and are included in
the final iteration to account for near-surface ve-
locity anomalies at a spatial scale that is smaller
than that resolvable by the station and grid spacing.
The overall data variance is reduced from 0.0801 s*
in the initial 1-D model including a slab to
0.0430 s* in the final 3-D model, with a misfit
x* value of 1.55 for P waves and 0.83 for S waves,
indicating that the inversions explain the data to
within uncertainties.

[21] All V'p values and hypocenters shown here are
from inversions using the full data set, whereas the
Vp/Vs results are from a separate inversion in
which only raypaths with both P and S arrivals
are included. While this limits our Vp/Vs data set to
21414 P and S arrivals, it prevents differences in P
and S resolution from being mapped as Vp/Vs
anomalies [Saltzer et al., 2001].

5. Resolution Estimates

[22] In order to assess the spatial and amplitude
recovery of our data, we use two types of tests: a
checkerboard test [Zelt, 1998] and a variety of
recovery tests for anomalies resembling features
that are seen in the actual tomographic results. The
checkerboard test has the advantage of giving a
spatially uniform estimate of resolution throughout
the volume at different length scales. However, the
final result is susceptible to smearing along diag-
onals, suppressing horizontal and vertical smear-
ing, and requires separate tests at different scales.

[23] All resolution tests are conducted in the same
manner. A synthetic velocity model is created by
adding perturbations to the Vp and/or Vp/Vs part of
the initial velocity model. Synthetic arrival time data
is created for the final set of relocated hypocenters
and shots by finite difference. Gaussian random
noise proportional to travel time uncertainties is
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added to synthetic arrival times. After synthetic
travel times are calculated for the perturbed velocity
models, they are inverted once using the same
parameters as in the actual inversions.

[24] For the checkerboard tests, two cell sizes are
tested, 80 km and 40 km. P wave velocity anoma-
lies are perturbed between —0.5 km/s and +0.5 km/s
from the initial 1-D velocity model plus slab. Vp/Vs
ratios are perturbed between —0.08 and +0.08 from
the initial Vp/Vs model. Velocities vary sinusoidally
laterally and with depth. Semblance, a measure of
the similarity between the recovered and input mod-
els, is calculated for all points within the grid. A
semblance value of at least 0.7 is considered to
indicate a well-recovered portion of the model [Zelt,
1998]. However, the semblance may also be sensi-
tive to the exact locations of positive and negative
anomalies, so all results figures are shown with the
region sampled by 50 or more raypaths highlighted,
not the region of high semblance.

[25] The 80 km cell size model shows good recov-
ery of Vp anomalies between the earthquakes and
stations to 140—160 km depth for cross sections A
through D (Figure 5; cross section locations on
Figure 1). These cross sections also show good
resolution as deep as 40 km below seismicity, due
to long raypaths within the slab from earthquakes
in different parts of the model. Cross-sections E
and F display less resolution at larger depth, with a
semblance value of 0.7 extending to 80—100 km
depth beneath the volcanic front. At 40 km wave-
length, the region of well-resolved Vp/Vs extends
to 100—120 km depth beneath cross sections A
through D, with resolution to 10—40 km below the
slab surface. Vp/Vs resolution decreases to the
southeast, with resolution within the wedge extend-
ing to 80 km depth in cross section E, and no well-
resolved region in cross section F.

[26] The 40 km cell test shows that Vp anomalies
of this size are only resolvable shallower than
80 km depth in the center of the mantle wedge
for cross sections A through D. Anomalies of this
size cannot be recovered in cross sections E and F,
and nowhere can Vp/Vs anomalies of this size be
recovered satisfactorily. Other recovery tests are
discussed in the Results section.

6. Results

6.1. Hypocenters

[27] We observe that the maximum depth of seis-
micity occurs at 220-230 km depth near the

Nicaragua-Costa Rica boundary, and shallows to
100 km depth near the end of the volcanic front in
central Costa Rica (10°N), consistent with longer-
duration studies [Protti et al., 1994]. Upper-plate
seismicity occurs predominantly within the volca-
nic front in Nicaragua, with 95% of earthquakes
between 9 km and 17 km depth, and is more
diffusely distributed in Costa Rica, extending from
the fore arc to 140 km behind the arc, with 95% of
earthquakes between 2 and 16 km depth (Figure 1).

[28] Relocations from this study show a Wadati-
Benioff zone (WBZ) that is 12—19 km thick on
average depending on the location (Figure 2), part
of which could reflect scatter due to hypocentral
errors. Previous analyses of Central American
earthquakes have shown a Wadati-Benioff zone
as wide as 40 km thickness throughout the sub-
duction zone [Protti et al., 1994; Syracuse and
Abers, 2006], or as narrow as less than 20 km after
relocation [Husen et al., 2003].

[29] Errors in earthquake locations are determined
for each earthquake by calculating the probability
density function (PDF) of hypocentral coordinates
in a cube that is centered on the hypocenter. The
PDF describes the probability that an earthquake
occurred at any given location assuming travel time
errors and uncertainties described above [Tarantola
and Valette, 1982]. The marginal PDF and 90%
confidence interval is calculated in the x, y, and z
directions in the grid, corresponding to the across
arc, along arc, and vertical directions, respectively;
their Pythagorean average is reported. In the 50—
100 km depth range, the median uncertainty ranges
from 1.7 to 2.8 km; in the 100—150 km depth
range, the median uncertainty ranges from to 2.2 to
3.6 km; in the 150-200 km depth range, the
median uncertainty ranges from 3.0 to 3.8 km.
Within the upper plate in Nicaragua, 95% of earth-
quakes have uncertainties in all directions between
0.5 and 2.1 km. For Costa Rica, the formal errors
range from 0.6 to 4.3 km, with similar vertical and
horizontal uncertainties. In all cases, the uncertain-
ties decrease toward the center of the array. Given
these uncertainties and their potential contribution
to widen the apparent thickness of the Wadati-
Benioff zone, it is possible that the actual thickness
of the Wadati-Benioff zone is as narrow as 2—
10 km wide, whereas hypocenters from local
catalogs [e.g., Protti et al., 1996] for the same
earthquakes show a much larger thickness.

[30] Hypocenters in this study show little change in
overall slab geometry across the region between
10.5° N latitude and northwest Nicaragua, despite a
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Figure 5. Checkerboard test inputs and recovered velocity models for an 80 km cell size: Vp input anomalies with
respect to the initial 1-D velocity model plus slab (top left) and recovered model (middle and bottom left), and Vp/Vs
input anomalies with respect to the initial 1-D Vp/Vs model and recovered model (top right) and recovered model
(middle and bottom right). Note that the input checkerboard for cross section D has opposite values of that shown in
the top panels. The thick black line represents the 0.7 semblance value contour, and the dashed line outlines the
region sampled by 50 or more raypaths. The region within either of these contours is considered to be well resolved.
Earthquakes projected 40 km to the northwest of each cross section line are shown in white, and those within 40 km
to the southeast are shown in black. Symbols same as Figure 3.

large step in arc location. At the shift in the  though the sharpness of this contortion cannot be
volcanic front at 11°N, there is no more than a  resolved due to the limited data set in the area.
5—10 km shift in slab position and no change in

slab dip (Figure 6). Given the hypocentral errors, a  6.2. Tomographic Results

larger contortion in the slab would be seen if it
were present. Further southeast (~84.5°W), there
is evidence supporting the existence of a slab tear
or change in slab dip, previously identified as the
Quesada Sharp Contortion [Protti et al., 1994],

[31] The inversions show three systematic features:
reduced velocities beneath and behind the volcanic
front extending to depths as great as 140 km, a
slow layer deep within the downgoing slab beneath
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Figure 6. Plots of average slab dip and depth to the
top of the Wadati-Benioff zone, along the volcanic front,
updated from Syracuse and Abers [2006] using data in
this study. Slab dips are calculated as the average dip
between 50 and 100 km depth, 50 and 150 km depth, or
50 and 200 km depth as labeled. Location of section is
shown in top panel, along with arc volcanoes (triangles).

Nicaragua from the surface to 80—140 km depth,
and a vertically oriented sheet of high Vp/Vs in the
mantle wedge beneath the Nicaraguan volcanoes
(Figures 7, 8, 9, and 10). Each is discussed in detail
below. The Vp model is shown as absolute veloc-
ities and the Vp/Vs model is shown as perturbations
to the 1-D starting Vp/Vs model, because vertical
changes in the initial 1-D model dominate absolute
Vp/Vs values.

6.2.1. Wedge Vp

[32] The Vp model shows velocities of 7.6—
8.2 km/s at 60—160 km depth in the mantle wedge
beneath and behind the volcanic front in Nicaragua
and Costa Rica, similar to what is seen in most
other subduction zones [Gorbatov et al., 1999;
Nakajima et al., 2001; Conder and Wiens, 2006;
Reyners et al., 2006; Zhao et al., 2007] (Figures 7
and 9). The trenchward edge of the low-velocity
region follows the 40 km jump in the volcanic front
location at the Nicaragua-Costa Rica border. Re-
duced velocities (7.1—-8.0 km/s) also exist in some
parts of the fore-arc wedge between 40 and 60 km

depth, in the same areas that a “cold nose” is
observed in attenuation results (C. A. Rychert et
al., Strong along-arc variation in attenuation in the
mantle wedge beneath Costa Rica and Nicaragua,
submitted to Geochemistry, Geophysics,
Geosystems, 2008).

[33] A synthetic recovery test compares the ob-
served low wedge velocities to what might be
caused by a broad temperature anomaly (Figure
11). The wedge is simulated as a —0.35 km/s P
wave velocity anomaly and a +0.05 Vp/Vs anom-
aly, based on that predicted for a +300°C temper-
ature anomaly with a starting temperature of
1200°C and 5 mm grain size [Faul and Jackson,
2005]. The results of three inversions, completed
as described in section 5, show average recoveries
in regions sampled by 50 or more rays are 100% at
60 km depth in Nicaragua, 85% (0.3 km/s) at 60 km
depth in Costa Rica, and 85% (0.3 km/s) at 80 and
100 km depth in both countries. Thus, the higher
absolute Vp values beneath central Costa Rica in
the actual tomographic model is not likely to be
due to varying resolution along the arc.

6.2.2. Vp/Vs

[34] A sheet of elevated Vp/Vs extends to 140 km
depth beneath the volcanic front in Nicaragua
(Figures 8 and 10), with a maximum mantle Vp/
Vs value of 1.80, compared to 1.76 in the 1-D
starting model. At the Nicaragua-Costa Rica bor-
der, the distinct high Vp/Vs region transitions to
shallower, broader areas of positive Vp/Vs anoma-
lies beneath the arc in Costa Rica. Central Costa
Rica shows poor resolution below 80 km depth.
Low Vp/Vs (1.68—1.74) is observed in the Nicar-
aguan slab, as well as regions of low Vp/Vs (1.72—
1.74) in the Nicaraguan fore-arc wedge.

[35] To test the extent to which resolution influen-
ces the slope of the positive anomaly, two end-
member velocity models are tested (Figure 11). For
a model in which the entire mantle wedge has a
positive Vp/Vs anomaly of 0.05 (1.81 versus 1.76
mantle background), a broad region of elevated
Vp/Vs that extends into the back arc is recovered.
A model with a 40—50 km wide sheet of a positive
Vp/Vs anomaly of 0.07 (1.83 versus 1.76 mantle
background) that follows the volcanic front is also
tested. Three iterations are completed for these
tests to account for focusing effects. Beneath the
volcanic front, similar amplitudes are recovered
for both tests, but in the back-arc mantle, the
recovered anomalies are distinct between the two
input models. Thus, the data can distinguish a
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Figure 7. Cross sections through the final P wave velocity model. The model is shown for regions of the grid
containing 10 or more rays, with the white contour surrounding regions containing 50 or more rays. Earthquakes
projected 40 km to the northwest of each cross section line are shown in white, and those within 40 km to the
southeast are shown in black. The location of the trench is shown with red inverted triangles. Depths and velocities
are earth-flattened [Mueller, 1971]. See Figure 1 for the locations of cross sections. Symbols same as Figure 3.

sheet of elevated Vp/Vs from a broader region of
elevated Vp/Vs. Recovery of the synthetic anomaly
varies from 20% to 100% (1.77 to 1.83) along the
Nicaraguan arc, indicating that the strength of the
anomaly in that area may be in part due to better
resolution. However, in central Costa Rica, 40% to
80% of the anomaly is recovered, similar to
Nicaragua, indicating that the overall lack of an
observed high Vp/Vs region beneath the arc in
Costa Rica is robust (Figure 12).

6.2.3. Slab Velocity

[36] Decreased P wave velocities (4 to 6%) are
recovered in the top of the slab beneath Nicaragua,
despite the likely low temperatures there and the
inclusion a fast slab with velocities of increased by
8% from the 1-D reference model (Figures 7 and 9).
Note that the absolute velocity is dependent in the
magnitude of the initial slab anomaly, but the
percentage of decrease in velocity is robust, as
indicated by tests with a 5% fast slab. The slab is
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the same as in Figure 7. See Figure 1 for the locations of cross sections. Symbols same as Figure 3.

defined as the region below a reference surface  [37] To determine the minimum recoverable thick-
following the top of the WBZ. The observed slow  ness of this slow layer, several resolution tests are
V'p layer diminishes and velocities increase to theira ~ completed. For each test, the upper layer of the slab
priori values by 40 km beneath the reference sur-  is set to the initial 1-D reference model (black line,
face, where ray coverage for paths within the slab ~ Figure 4), while the lower layer remains set to the
becomes poor. The raypaths that sample the slab are  initial 1-D slab model (gray line, Figure 4). The
diving trench-parallel along-strike paths, so trade-  thickness of the upper layer is increased in 5 km
offs might exist between the thickness of the slow  increments from 10 km to 60 km relative to the
layer and velocity gradients. Hence, the actual  upper surface of the slab defined by WBZ seismic-
thickness of this slow layer may be biased by ity. The inversion follows that done with actual
smoothing and ray sampling. data, including the same raypaths and data errors,

with noise added. From cross sections in Nicaragua
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Figure 9. Maps of final P wave velocity model at various depths. Resolution limits the same as in Figure 7. White
circles indicate earthquakes within 10 km of the depth slice. Note the presence of the reduced velocities within parts
of the slab, and the broad region of reduced mantle velocities behind the volcanic front. Symbols same as Figure 1.

and Costa Rica, the recovered velocities are com-
pared to the input model and to the actual final
velocity model at 80 to 120 km depth by measuring
the distance of the 8.5 km/s contour from the WBZ

surface (Figure 13). The minimum layer thickness
that gives results similar to those in the actual final
velocity model is 35 to 40 km. For thicknesses
larger than this, only the upper 35 to 40 km can be
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Figure 10. Maps of Vp/Vs model at various depths. Resolution limits the same as in Figure 7. White circles indicate
earthquakes within 10 km of the depth slice. Note the continuous sheet of elevated Vp/Vs near the volcanic front

beneath Nicaragua. Symbols same as Figure 1.

recovered. Beneath Costa Rica, recovery of a
reduced velocity layer is similar, although no
reduced slab velocities are observed in the actual
data.

[33] However, these thicknesses are relative to a
reference slab surface that lies at the top of the
WBZ hypocenters, and to the extent that the WBZ
is widened by hypocentral error, this slab surface
may incorporate part of the overlying mantle
wedge [Syracuse and Abers, 2006]. Figure 13

shows histograms of hypocentral distances below
the surface measured normal to it. If all thickness
of the Wadati-Benioff zone is due to errors in
earthquake locations and all seismicity actually lies
along a surface with zero thickness, the seismicity
surface would lie on average 10 + 1 km deeper than
the digitized surface. Assuming that the seismicity
lies at the center of a 7 km thick layer of oceanic
crust and overlying sediments [Ranero et al.,
2003], the low-velocity layer in Nicaragua extends
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Figure 11. Resolution test for recovery of an input model with Vp reduced by 0.35 km/s (top left) and wedge Vp/Vs

increased by 0.05, either for the entire wedge (top middle) or in the form of a 40 km wide sheet in the wedge (top
right). Velocity perturbations follow the predictions for a 300°C increase in wedge temperature [Faul and Jackson,
2005]. See Figure 1 for the locations of cross sections. Resolution limits the same as in Figure 7. Symbols same as

Figure 3.

20 to 28 km below the slab surface including crust
and sediments, or 13 to 21 km into the mantle.

[39] These tests also indicate that there is equal
or better recovery in Costa Rica compared to
Nicaragua (Figures 12 and 13), showing that the
absence of a slow layer within the Costa Rican slab
is well constrained (Figures 7e, 7f, and 9). Even
though ray density varies considerably along strike,
the recovery for Vp is roughly constant throughout
the imaged study area, and small variations in
along-strike recovery of Vp/Vs do not correspond
to any imaged structure that we interpret as a
hydrated slab (Figure 12).

7. Discussion

7.1. Slab Geometry

[40] The lack of a break or contortion in the slab at
the shift in the volcanic front at the Nicaragua/
Costa Rica border (11°N) indicates that the shift

cannot be caused by changes in slab geometry, as
was previously hypothesized [Carr and Stoiber,
1977]. The shift in the volcanic front must be
caused by differences in the location of melting
within the mantle wedge, or by differences in
melt flow paths within the crust of the upper plate.
The Vp/Vs anomalies reflect melt distribution and
provide some insight.

7.2. Wedge Temperature and
Melt Distribution

[41] The effects of temperature on seismic veloci-
ties are reasonably understood. Taking into account
both anharmonic and anelastic effects on P wave
velocities, mantle velocities of 7.6—8.2 km/s be-
neath the Nicaraguan volcanic front and back arc
are consistent with dry olivine temperatures in the
range of 1050—1500°C, based on calibrations of
Faul and Jackson [2005] and assuming a grain size
between 1 mm and 10 mm and a frequency of 5 Hz.
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Figure 12. Resolution tests for recovery of a reduced velocity layer in the slab and a high Vp/Vs sheet in the wedge,
shown in map view at 80 km depth. The input to the Vp test (top left) has starting slab velocities set to initial mantle
wedge velocities for 50 km below the slab surface. The Vp/Vs test is the same as the 40 km wide sheet in Figure 11.
The recovered velocities are shown in the bottom two panels below the respective input models. Resolution limits the

same as in Figure 7. Symbols same as Figure 1.

The presence of water or melt lowers the temper-
ature estimates, as do decreases in grain size.
Mantle velocities beneath the Costa Rican volcanic
front and back arc are on average slightly higher,
however due to poorer resolution beneath Costa
Rica than beneath Nicaragua, this difference may
not reflect any difference in wedge temperatures.
The highest of these temperatures [Hirschmann,

2000] exceed the dry solidus, so water or melt are
probably present.

[42] In the “cold nose” of the wedge corner where
P wave velocities are 7.1-8.0 km/s, velocities may
be reduced despite cold temperatures (Rychert et
al., submitted manuscript, 2008) by the presence of
serpentine. The presence of serpentine in the
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Figure 13. Resolution test for recovery of a reduced velocity layer in the upper portion of the slab beneath
Nicaragua and Costa Rica. Points indicate the distance below the digitized slab surface where velocities of 8.5 km/s
are recorded in the input and recovered models. For each input model, the starting slab velocities are set to initial
mantle wedge velocities for a specified distance below the slab surface. Horizontal lines indicate the distance from the
slab surface at which the velocity in the actual tomographic model is 8.5 km/s. Histograms show the distribution of
earthquakes beneath the slab surface. If the actual slab surface lies at the center of seismicity, then the slab surface
derived using the top of seismicity is biased ~10 km into the overlying mantle. For example, for an input distance of
20 km, the slab is drawn 10 km too shallow based on the center of seismicity, and the input model therefore only has

reduced velocities 10 km into the actual slab.

wedge corner may cause the weakening of the
observed Moho signal in the fore arc, as seen in
receiver functions [DeShon and Schwartz, 2004,
MacKenzie et al., 2008]. A consistent analysis
incorporating attenuation (Rychert et al., submitted
manuscript, 2008) and velocities will provide
clearer temperature and fluid constraints for the
mantle wedge.

[43] If the region of elevated Vp/Vs that is observed
beneath the arc in Nicaragua were due to temper-
ature alone it should have the same geometry as the
low Vp region of the mantle wedge. By plotting V'p
versus Vp/Vs for individual nodes in the Nicara-
guan mantle wedge, two distinct trends emerge
(Figure 14). One follows a trend similar to that of
increasing temperature, following Karato [1993]
and assuming a O of oo, for a high-frequency
signal in which anelastic effects are negligible.
The second contains points within the high Vp/Vs
sheet and follows a trend similar to that obtained
by decreasing shear modulus alone, for constant

bulk modulus. Melting of a small fraction of
mantle could provide this effect through a number
of mechanisms [Takei, 2002; Faul et al., 2004].

[44] The effects of melt on Vp/Vs remain poorly
understood. From tests of olivine samples done
with similar grain sizes, temperatures, and frequen-
cies, Gribb and Cooper [2000] find that 5 wt. %
melt reduces Oy by a maximum of an order of
magnitude, whereas Faul et al. [2004] find that
only 1 vol. % melt has similar results. The resulting
drop in Vs through anelastic dispersion would vary
similarly [Karato, 1993]. Takei [2002] and
Hammond and Humphreys [2000] investigate
poro-elastic effects and find that melt decreases
Vs more than it decreases Vp due to a decrease in
shear modulus, but not bulk modulus, leading to an
increase in Vp/Vs as Vp decreases, particularly as
melt fractions increase above 1%. Pore geometry
also affects the magnitudes of changes in velocity
[Hammond and Humphreys, 2000; Takei, 2002].
These uncertainties, in addition to imperfect Vp/Vs
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Figure 14. Vp versus Vp/Vs for the Nicaraguan mantle
wedge for parts of the model with 50 or more rays. Stars
represent the starting Vp and Vp/Vs values for each
depth. Arrows indicate the slope along a path of
increasing temperature [Karato, 1993] and the slope
along a path of decreasing shear modulus, such as might
occur when increasing melt fraction [Hammond and
Humphreys, 2000].

anomaly amplitude resolution, make it difficult to
quantify the amount of melt that would be neces-
sary to cause the observed sheet of high Vp/Vs.
Given its location, however, it seems plausible that
it is due to melt, generated near the slab and
ascending nearly vertically to the arc. Similar
geometry is seen in numerical models of wet
melting beneath arcs [Cagnioncle et al., 2007].
By contrast, a tomographic image of Honshu
[Nakajima et al., 2001] shows a dipping region
of low Fp along the top of the slab, interpreted to
be melt rising to the arc. The difference between
the shape of the observed melting regions
in Honshu and Nicaragua may be due to the
comparatively steeper slab dip and higher water
flux beneath Nicaragua. The offset of 30 km from
the volcanic front seen in southern Nicaragua
(Figure 10) may be caused by focusing of melt in
the upper plate or just below the Moho by upper
plate structure [MacKenzie et al., 2008].

7.3. Slab and Serpentinization

[45] The reduced P wave velocities (4 to 6% below
the starting Vp) in the upper part of the slab
beneath Nicaragua are potentially caused by
hydration of the crust and upper mantle of the

slab, proposed to be initiated at the outer rise near
the trench [Riipke et al., 2002; Ranero et al., 2003].
Previously, a ~15% reduced velocity waveguide at
the top of the subducting plate that is 2.5-6 km
thick has been found [4bers et al., 2003], but the
reduced velocities here extend over a region at least
20 km thick. Serpentinization of mantle lithosphere
could produce these results. If these reduced man-
tle velocities are caused by serpentinization, ap-
proximately 10—-20 wt. % serpentine would be
necessary to explain the velocity reduction of 4
to 6% seen beneath Nicaragua [Hacker and Abers,
2004]. This is consistent with the findings from
a refraction study of the Cocos plate near the
trench at this latitude that show upper mantle
(Pn) velocities ~5% lower than typical of the
Cocos plate corresponding to 12—17% serpentini-
zation [Ivandic et al., 2008]. Thus, all of the
serpentinized subducting plate survives to 150 km
depth, as predicted from thermal and petrological
considerations [Peacock et al., 2005]. The presence
of a serpentinized mantle layer beneath Nicaragua
and not beneath Costa Rica correlates with geo-
chemical studies indicating unusual oxygen isotope
ratios in Nicaraguan magmas that suggest a serpen-
tine source for fluids there [FEiler et al., 2005] and
generally greater water in Nicaraguan arc magmas
than in Costa Rican ones [Wade et al., 2006].

[46] Regions of reduced Vp/Vs (1.68 to 1.74)
within and beneath the Wadati-Benioff zone may
also indicate the presence of free water. Pore spaces
may not be interconnected enough to allow water
to move rapidly out of the slab and into the mantle
wedge [Watson and Lupulescu, 1993], trapping
some free water within the slab. Disconnected
pores of compressible fluid provide a geometry
that could lead to low Vp/Vs [Takei, 2002].

7.4. Double Seismic Zones

[47] Double seismic zones have been detected in
several subduction zones, but it is unclear whether
these are rare features [i.e., Kao and Chen, 1994]
or common [Brudzinski et al., 2007]. Brudzinski et
al. [2007] find evidence of double seismic zones
between 70 and 150 km depth in almost all
subduction zones with spacing that correlated with
plate age, including a section of the Cocos plate
immediately to the north of the TUCAN array. For
a slab age of roughly 20 Ma, Brudzinski et al.
[2007] predict a double seismic zone separation of
3—11 km. To investigate the possibility of a double
seismic zone beneath Nicaragua and Costa Rica, a
line is fitted to earthquakes between 70 and 150 km
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Figure 15. Histograms and plots of earthquakes
rotated into downdip and slab-normal coordinates for
earthquakes between 70 km and 150 km depth,
following Brudzinski et al. [2007]. Each panel contains
earthquakes within 40 km along strike of the given cross
section. Histograms are shown as relative percentages of
earthquakes, and layer separation is calculated as the
distance between the two largest peaks in the histogram.
Note the strong bimodal distribution for cross section B.

depth within each cross section and the distance
from this line to each earthquake is calculated and
plotted (Figure 15) in the manner of Brudzinski et
al. [2007]. Histograms of earthquake distance to
the best fit line show a bimodal distribution for
cross section B with a layer separation of 11 km
fitted by eye. Other cross sections show weaker
bimodal distributions with smaller layer separa-
tions, ranging from 2 to 7 km (Figure 15), and
all seismicity could occur within the 7 km thick
subducting crust [Hacker et al., 2003]. Thus, a
double seismic zone is present in one region but
not clearly in others. This is similar to the vari-
ability seen in the eastern Aleutians [Hudnut and
Taber, 1987].

[48] A possible cause of the lower layer of seis-
micity within double seismic zones is dehydration
embrittlement after water is released from serpenti-
nized mantle [Peacock, 1991; Kirby et al., 1996].
Here, the region in which a double seismic zone is
most likely is also the region of strongest slab
serpentinization. However, the region of apparent
slab serpentinization extends over a broader area,
so some other condition must be necessary for
lower zone seismicity.

8. Conclusions

[40] The tomographic results and hypocenter
relocations from the TUCAN experiment have
illuminated the structure of the slab beneath Nicar-
agua and Costa Rica. Hypocenters indicate a
Wadati-Benioff zone that is less than 20 km thick
and less than 15 km thick in most places. All
seismicity could be inside subducted crust, given
hypocentral uncertainties, consistent with inferen-
ces made from guided-wave studies [Abers, 2005].
The slab dips 50—60° beneath most of Nicaragua
and Costa Rica, with no resolvable change in slab
geometry where the arc shifts 40 km at the Nicar-
agua-Costa Rica border, although slab dip does
decrease at the southeastern end of the array in
central Costa Rica.

[s0] The tomographic results have imaged the
cycle of water from subduction to release into the
wedge and initiation of melting, and link observa-
tions of hydration at the trench to arc output.
Seismic velocities in the subducting crust and
upper mantle of the Cocos plate are lower than
predicted beneath Nicaragua at 60—140 km depth,
indicating 10—20 wt. % serpentinization extending
20 to 28 km beneath the surface of the slab. The
reduced velocities are not present in the slab

19 of 22

85U0|7 SUOWILLIOD @A [FeR10 3|edl|dde ayy Aq peusenob are ssjolie VO ‘@SN Jo Sa|ni Joy Afeiq) 8UlUQ A8]IA UO (SUORIPUOD-pUB-SWB)ALI0D" A3 1WA e.q 1 Bu[UO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/20/0€] Uo Afeid)Tauluo A8]IM oty BIS0D 8UeIy00D Aq £96T000D8002/620T OT/I0p/L0d A3 1M AReiq 1 pul|uo'sgndnBe//sdny woly pepeojumoq 2 ‘8002 ‘£202SZST



. Geosystems \

Pw'ggg;ﬂ‘;ﬁﬁry( Ij SYRACUSE ET AL.: CENTRAL AMERICAN SEISMIC TOMOGRAPHY 10.1029/2008GC001963

beneath Costa Rica, probably reflecting lower
volatile transport by the slab and ultimately to the
mantle wedge. This change in slab hydration may
explain lower volatile and geochemical tracer out-
puts from Costa Rican volcanoes than from Nicar-
aguan volcanoes.

[s1] Within the mantle wedge, reduced P wave
velocities indicate temperatures of 1050—1500°C
beneath Nicaragua, based on dry, melt-free con-
ditions, with temperatures or water contents be-
neath Costa Rica possibly lower than Nicaragua. A
sheet of high Vp/Vs ratios beneath the volcanic
front in Nicaragua may be a sheet of melt, whereas
high Vp/Vs ratios beneath Costa Rica are broader
and weaker, caused by a less defined melt region.
Overall, Nicaragua can be characterized by a
hydrated slab, a hot wedge, and a well-defined
region of melt beneath the volcanoes, and Costa
Rica can be characterized by less pervasive hydra-
tion throughout the slab and wedge, a possibly
slightly cooler wedge, and a broader, less concen-
trated region of melt.

[52] Further seismic investigation of portions of
other subduction zones where there are large var-
iations in the location of the volcanic front over
short distances, would help improve the under-
standing of what causes these changes in the
location of magmatism. Are they all associated
with changes in the location of the hottest part of
the mantle wedge and varying upper plate struc-
ture? Tomography of subduction zones where
volcanoes have high water contents would also
assist in resolving whether subducted mantle ser-
pentinization is a unique feature to Nicaragua, or is
a common feature of many subduction zones.
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