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[1] The Cocos plate experiences extensional faulting as it bends into the Middle American Trench (MAT)
west of Nicaragua, which may lead to hydration of the subducting mantle. To estimate the along strike
variations of volatile input from the Cocos plate into the subduction zone, we gathered marine seismic
refraction data with the R/V Marcus Langseth along a 396 km long trench parallel transect offshore of
Nicaragua and Costa Rica. Our inversion of crustal and mantle seismic phases shows two notable features
in the deep structure of the Cocos plate: (1) Normal oceanic crust of 6 km thickness from the East Pacific
Rise (EPR) lies offshore Nicaragua, but offshore central Costa Rica we find oceanic crust from the northern
flank of the Cocos Nazca (CN) spreading center with more complex seismic velocity structure and a thickness
of 10 km. We attribute the unusual seismic structure offshore Costa Rica to the midplate volcanism in the
vicinity of the Galapagos hot spot. (2) A decrease in Cocos plate mantle seismic velocities from ~7.9 km/s
offshore Nicoya Peninsula to ~6.9 km/s offshore central Nicaragua correlates well with the northward
increase in the degree of crustal faulting outboard of the MAT. The negative seismic velocity anomaly reaches
a depth of ~12 km beneath the Moho offshore Nicaragua, which suggests that larger amounts of water are
stored deep in the subducting mantle lithosphere than previously thought. If most of the mantle low velocity
zone can be interpreted as serpentinization, the amount of water stored in the Cocos plate offshore central
Nicaragua may be about 2.5 times larger than offshore Nicoya Peninsula. Hydration of oceanic lithosphere
at deep sea trenches may be the most important mechanism for the transfer of aqueous fluids to volcanic
arcs and the deeper mantle.
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1. Introduction

[2] The subduction of oceanic lithosphere causes
flexural bending of downgoing plates near deep
sea trenches. Analyses of bathymetry and gravity
profiles show that bending stresses can exceed
the strength of the oceanic lithosphere, causing a
reduction of the flexural rigidity near convergent
plate boundaries [Caldwell et al., 1976]. Com-
pression in the lower half of the subducting plate
may manifest itself as ductile shortening [McNutt
and Menard, 1982], whereas extension of the
more brittle oceanic crust leads to normal faulting
[Chapple and Forsyth, 1979; Ranero et al., 2005]
that can be mapped on the seafloor outboard the
trenches [Masson, 1991]. In seismic reflection
images across the Middle American Trench (MAT),
Ranero et al. [2003] showed that these faults extend
from the seafloor into the oceanic upper mantle.

[3] The new faults that break the oceanic crust at
the outer rise and trench of subduction zones pro-
vide pathways for seawater into the crust and
underlying mantle. In this setting, hydrothermal
circulation [Langseth and Silver, 1996] facilitates
chemical reactions that form water rich rocks such
as serpentinite [Ranero and Sallares, 2004]. Since
serpentinite is much weaker than the peridotite it
replaces [Escartin et al., 2001], hydration of the
lithosphere will lower its mechanical strength near
the trench axis [Faccenda et al., 2009]. Deeper in
the subduction zone, the presence of water influ-
ences slip behavior near the plate interface [Davis
et al., 1983; Moore and Saffer, 2001], and it is
critically important for arc magmatism [Stolper and
Newman, 1994; Schmidt and Poli, 1998]. The depth
at which volatiles are discharged from a subducting
slab will depend on the pressures and temperatures
they encounter during the descent [Peacock et al.,
2005]. Since the oceanic mantle of the subducting
plate is relatively insulated from the overlying, hot
mantle wedge, it is likely that much of the water
that is stored deep in the downgoing slab will be
released at arc magmatic depths or deeper in the
mantle [Hacker, 2008; van Keken et al., 2011].

[4] In recent years, marine seismologists have
gathered more evidence for deep fracturing and
hydration of the oceanic lithosphere near the trench
axis. Imaging of the deep structure offshore Central

America [Grevemeyer et al., 2007; Ivandic et al.,
2008, 2010] and South America [Ranero and
Sallares, 2004; Contreras-Reyes et al., 2008a]
with ocean bottom seismometer (OBS) refraction
profiles has shown that seismic wave speeds are
reduced in both the oceanic crust and upper mantle
between the outer rise of the subduction zone and
the trench axis. Although the depth of serpentini-
zation in the downgoing lithosphere may not be
well constrained yet by these studies, we now have
compelling evidence from these geophysical studies
that it is caused by bending and fracturing of the
subducting plate.

[5] The MAT offshore Nicaragua and Costa Rica is
one location where we can investigate the pro-
cesses of brittle deformation and hydrothermal
alteration of the oceanic lithosphere during sub-
duction (Figure 1). In the north, the Cocos plate
dips steeply beneath Nicaragua [Protti et al., 1994],
the seafloor outboard of the trench is pervasively
faulted [Ranero et al., 2003], and the strike of these
faults corresponds well with the orientation of
nodal planes of local earthquake focal mechanisms
[Ranero et al., 2005]. Fault scarps are not as prom-
inent on the seafloor southward along the trench
axis, suggesting that a fault controlled mechanism
of crustal and upper mantle alteration should be
less effective offshore central Costa Rica.

[6] The apparent difference in faulting and hypoth-
esized fault related hydration of the incoming plate
between central Nicaragua and central Costa Rica
should have an effect on magmatic processes in the
overlying mantle wedge. A seismic low velocity
zone on top of the subducting slab beneath Nicaragua
is interpreted as direct evidence of water release
into the mantle wedge beneath the arc [4bers et al.,
2003]. Tomographic images of Vp/Vs [Syracuse
et al., 2008] and seismic attenuation [Rychert et al.,
2008] suggest that the devolatization of the wet
slab beneath the mantle wedge of Nicaragua leads
to more hydrous melting here than beneath Costa
Rica. Geochemical indicators, such as Ba/LLa and
B/La ratios from arc lavas [Noll et al., 1996; Patino
etal.,2000; Carr et al., 2003], are consistent with a
larger input of slab derived fluids beneath Nicar-
agua than beneath Costa Rica, but the true origin
of these geochemical trends is still debated [Carr
et al., 2007].
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Figure 1. Elevation map of our study area, the Pacific margin of Nicaragua and Costa Rica. Shown on land are depth
contours (labeled dashed lines) of the surface of the subducting slab [Syracuse and Abers, 2006] and three geochemical
indicators of slab signature in arc lavas, averaged for individual volcanic centers: Blue circles show the Ba/La ratios
[Carr et al., 2003], yellow squares show 60'® in %o [Eiler et al., 2005], and red diamonds indicate B/La [Leeman et al.,
1994]; symbol size is proportional to values. Offshore, yellow dashed lines mark the rough-smooth boundary (RSB),
Farallon Breakup (FB) trace, and the ridge jump (RJ) between the CNS1 and CNS2 segments of the Cocos-Nazca
spreading center. White dashed lines indicate seafloor ages according to Barckhausen et al. [2001]. NP, Nicoya
Peninsula; HS, Hernando Scarp; FR, Fisher Ridge; QP, Quepos Plateau. The red line shows the ship track with air gun
shots for line SERP. Yellow circles are the positions of OBSs used for this seismic refraction study.

[7] In this study we present an analysis of marine
seismic refraction data acquired on the Cocos plate
offshore Costa Rica and Nicaragua. The resultant
seismic velocity model shows that the oceanic
lithosphere is likely more faulted and hydrother-
mally altered offshore Nicaragua than offshore
Costa Rica. In addition we image thicker than nor-
mal oceanic crust offshore central Costa Rica, which
indicates that the Galapagos hot spot has caused
excess volcanism over a wide area on the Cocos
plate. The effects of midplate volcanism and bend-

ing related faulting of the Cocos plate may explain
some of the first order differences in subduction
zone geometry and arc lava geochemistry between
Costa Rica and Nicaragua.

2. Geological Setting

2.1. Seafloor Spreading History

[8] The history of seafloor spreading offshore
Costa Rica and Nicaragua is fairly well constrained
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by magnetic anomalies on the adjacent Cocos plate
[Barckhausen et al., 2001] and on conjugate sec-
tions of oceanic crust elsewhere in the Pacific
[Lonsdale, 2005; Barckhausen et al., 2008]. Oce-
anic crust of the Farallon plate formed at the EPR
west of Central America until about 23 Ma ago,
when an east west fissure started to break this plate
into the modern Cocos plate to the north, and the
Nazca plate to the south. This tear in the litho-
sphere, marked by the Farallon breakup (FB) dis-
continuity (Figure 1), propagated eastward from the
EPR to the Galapagos hot spot track, probably
exploiting it as a zone of weakness [Barckhausen
et al., 2008]. The fissure eventually reached the
MAT, by ~19.5 Ma according to Barckhausen et al.
[2008], fully separating the Cocos and Nazca plates.
The Cocos Nazca (CN) spreading center that initi-
ated in the wake of the rupture has changed its
orientation a few times in its subsequent history
[Meschede et al., 1998], but overall it has accreted
Cocos plate crust in a northward direction [Hey,
1977]. The seafloor spreading history explains the
variations in the age and character of the subducting
Cocos plate along the strike of the MAT between
central Nicaragua and central Costa Rica. Offshore
northern Costa Rica and Nicaragua lies ~24 Ma old
oceanic crust that was produced at the EPR, which
is slightly older than the age of breakup of the
Farallon plate [Barckhausen et al., 2001]. The EPR
crust is bending into the MAT in the paleospreading
direction, such that bend faulting reactivates the
abyssal hill fabric [Ranero et al., 2005]. The Her-
nando Scarp, which lies at the southeastern bound-
ary of the EPR segment near the trench (Figure 1),
is thought to be an old flank of the Farallon plate
fissure [Lonsdale, 2005]. Southeast of this bound-
ary lies an 80 km wide segment (CNS1 in Figure 1)
with southwest northeast trending magnetic anoma-
lies, which is consistent with accretion of oceanic
crust at a spreading center parallel to the eastward
propagating fissure. Lonsdale [2005] and Barckhausen
et al. [2001] give somewhat different ages for the
CNS1 crust offshore Nicoya Peninsula, but they
agree that by 19.5 Ma the Cocos Nazca spreading
center reoriented to a more north south spreading
direction (CNS2 in Figure 1).

[9] The seafloor of the CNS2 segment decreases in
age from ~19.5 Ma south of Nicoya Peninsula to
less than 15 Ma offshore Osa Peninsula. Seamounts
and larger volcanic plateaus, which are common
here, date to ~14 Ma [Werner et al., 2003], consid-
erably younger than the underlying oceanic crust.
The presence of these volcanic highs is generally
attributed to the passage of the Cocos plate over the

Galapagos hot spot, which produced the ~19 km
thick Cocos Ridge in its trace [Sallares et al., 2003;
Walther, 2003]. Over the last 20 Ma, the center of
the Galapagos hot spot was never far from the CN
spreading center [Sallarés and Charvis, 2003], so
excess magmatism may have produced thicker than
normal oceanic crust at the CN spreading center in
addition to off axis underplating of young CN crust.

2.2. Arc Geochemical Trends

[10] Lavas from the Central American arc exhibit
systematic variations in fluid mobile isotope and
trace element abundances over distances of a few
hundred kilometers along the convergent margin.
For example, Ba/La ratios are as large as 101 = 8 in
northwestern Nicaragua, but they decrease to 9 & 2
in central Costa Rica [Carr et al., 2003] (Figure 1).
Similar large scale trends can be observed in B/La
[Leeman et al., 1994; Noll et al., 1996], '°Be10/°Be
[Tera et al., 1986; Morris et al., 1990] and §'%0
[Eiler et al., 2005]. The rich inventory of trace
elements and isotopes in marine sediments of the
incoming plate has a large influence on arc lava
geochemistry [Plank and Langmuir, 1998]. The
sediment cover on the Cocos plate offshore Central
America is almost uniformly 400 m [Shipboard
Scientific Party, 1979, 1998], but '°Be/’Be ratios
from the volcanic front show that a larger portion
of the near surface sediments is subducted offshore
Nicaragua than offshore Costa Rica [Cardace and
Morris, 2009]. Perhaps the fault scarps that form
by bending of the Cocos plate offshore central and
northwestern Nicaragua help to entrain more sedi-
ment [Kelly, 2003]. The carbonates and hemi-
pelagic sediments of the downgoing plate are also
rich in Ba and B, which helps explain the increase
of Ba/La and B/La in arc lavas from Costa Rica to
Nicaragua [Patino et al., 2000] (Figure 1). How-
ever, between central and western Nicaragua vol-
canic rocks the B/La ratio increases considerably
more than Ba/La, which Patino et al. [2000] attri-
bute to the mobilization and recycling of boron
from altered oceanic crust of the Cocos plate.

[11] If most of the pore water in the underthrusting
sediments and upper crust is expelled from the
downgoing plate beneath the forearc of Costa Rica
[Ranero et al., 2008; Sahling et al., 2008; Van
Avendonk et al., 2010], hydrous fluids stored in
the slab mantle may be the primary agent by which
fluid mobile elements are transferred from marine
sediments to the overlying mantle wedge [ You et al.,
1996; Tenthorey and Hermann, 2004]. The break-
down of serpentinites from the subducting slab
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under increasing temperature and pressure likely
delivers large amounts of water to the plate bound-
ary at arc magmatic depths [Schmidt and Poli, 1998;
Hacker et al., 2003b]. There may therefore be a
causal relationship between the degree of serpenti-
nization in the oceanic mantle of the Cocos plate
near the trench and the abundance of '°Be, Ba and B
in arc lavas of Costa Rica and Nicaragua [Riipke
et al., 2002]. Measured values of §'*0 along the
volcanic front of southern Central America may be
inversely correlated with slab hydration, since water
released from subducted serpentinites is diluted in
80 [Eiler et al., 2005].

[12] The along arc geochemical trends are consis-
tent with a relatively wet slab beneath Nicaragua
[Abers et al., 2003], but there are other factors to
consider: 1) The steeper slab beneath Nicaragua
would be expected to discharge its volatiles in
a relatively narrow column beneath the volcanic
front, leading to more concentrated hydrous fluxing
of the mantle wedge here than beneath central
Costa Rica, even if the total amount of released
H,O does not vary along the plate boundary [Carr
et al., 2007; Bolge et al., 2009]. 2) Regional var-
iations in element ratios such as Ba/La and B/La
may be influenced by La heterogeneity in the subarc
mantle [Morris and Hart, 1983]. A strong decrease
in La abundance from central Costa Rica northward
toward Nicaragua may be the result of enrichment
of the mantle wedge beneath Costa Rica under the
influence of the Galapagos hot spot [Carr et al.,
1990, 2007]. 3) Arc extrusives account for only
about 13% of the total magmatic and volatile flux
[Sadofsky et al., 2008] in southern Central Amer-
ica, so the abundance of fluid mobile elements in
arc volcanic rocks would not have to correlate
strongly with H,O input from the downgoing slab.
Recent studies of olivine fluid inclusions from the
Central American arc [Wade et al., 2006; Sadofsky
et al., 2008] confirm that Ba/La and B/La ratios
correlate well with H,O content of parental magmas,
but for the above reasons Sadofsky et al. [2008] do
not claim evidence for a large regional difference in
the total H,O budget between the Costa Rican and
Nicaragua arc segments. To test the relationship
between these geochemical indicators and the H,O
supply to the Central American subduction zone
we need better constraints on along strike varia-
tions in the hydration of the subducting Cocos
plate.

[13] Some isotopic and trace element concentra-
tions in the volcanic arc of Central America cor-
relate well with the composition of oceanic crust,
seamounts and plateaus of the subducting Cocos

plate [Feigenson et al., 2004; Hoernle et al., 2008].
For example, La/Yb ratios are >10 in both the
modern Galdpagos province and in central Costa
Rica, but they are less than 4 in Nicaragua [Gazel
et al., 2009]. Subduction of Cocos Ridge, the
prominent trace of the Galdpagos hotpot on the
Cocos plate, has left an ocean island basalt (OIB)
imprint on the arc geochemistry of central Costa
Rica [Hoernle et al., 2008] over at least the last
8 Ma [Gazel et al., 2009]. The seamounts and
plateaus northwest of Cocos Ridge, such as Quepos
Plateau and Fisher Ridge, also have distinct OIB
geochemical characteristics [Werner et al., 2003;
Sadofsky et al., 2009] that may be reproduced in
arc lavas of northwestern Costa Rica [Gazel et al.,
2009] and in the backarc region as far as the
southern Nicaragua Rise [Janousek et al., 2010;
Gazel et al., 2011]. The dispersion of the OIB sig-
nature northwest from central Costa Rica toward the
Nicaragua segment of the volcanic arc may be
facilitated by asthenospheric flow along the plate
boundary [Herrstrom et al., 1995; Hoernle et al.,
2008]. To understand the arc parallel transport of
this OIB component we must have a good definition
of the lateral extent of Galapagos hot spot volca-
nism on the Cocos plate.

3. Seismic Data

[14] In the Spring of 2008 we conducted a multi-
channel seismic (MCS) reflection and OBS refrac-
tion experiment with the R/V Marcus Langseth to
characterize the structure of the Cocos plate near
the MAT. Previous seismic refraction studies of the
Cocos plate have shown compelling evidence for
serpentinization offshore Nicaragua [e.g., Ivandic
et al., 2010] and thickened oceanic crust offshore
central Costa Rica [e.g., Sallarés et al., 2003], but
the resultant seismic refraction lines were too short
to investigate structural variations in the subducting
plate along the strike of the margin over several
hundred km. We therefore acquired a 396 km long
transect, referred to as SERP, parallel to the MAT
between Costa Rica and Nicaragua (Figure 2). The
northern 260 km of this seismic line lies near the
24 Ma isochron on crust of the EPR segment, at a
distance of 15-20 km from the trench axis. The
southern portion of the line lies on crust with ages
between 22.7 and 18 Ma that was produced at
the CNS1 and CNS2. The paleospreading direction
here is approximately parallel or oblique to the
seismic transect (Figure 1). Key objectives for the
analysis of transect SERP are 1) the fracturing and
alteration of the Cocos plate lithosphere near the
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Figure 2. Gray scale bathymetry map with older (green) and new TICOCAVA (light blue) seismic refraction profile
locations, which also includes line SERP (red). Yellow circles are labeled OBS locations in this study. Published OBS
seismic refraction profiles are W2000 [Walther et al., 2000], pS0 [Ivandic et al., 2008], p302 [Grevemeyer et al.,
2007], p01 and p02 [Ivandic et al., 2010], 101 [Christeson et al., 1999; Sallarés et al., 2001], 200 [Ye et al.,
1996], WF2002 [Walther and Flueh, 2002], and Paganini2 [Sallareés et al., 2003; Walther, 2003].

MAT, and 2) differences in crustal structure between
the EPR, CNS1 and CNS2 segments.

[15] We used two ships to acquire the seismic
reflection and refraction data for transect SERP. The
R/V New Horizon deployed 21 instruments from the
U.S. OBS Instrument Pool (OBSIP) with an average
spacing of 18 km. No OBSs were deployed on the
southern 45 km of SERP, so we do not have
reversed data coverage there. The R/V Marcus
Langseth deployed its 108 L air gun array to shoot
the refraction line with a 500 m spacing, which
corresponds to an average shot interval of 200 s.
This large interval was sufficient to reduce the
previous shot noise at very large source receiver
distances [Christeson et al., 1996]. The R/V Marcus
Langseth also towed an 8 km long streamer, even
though the shot spacing was not appropriate for
detailed seismic reflection imaging.

[16] During the acquisition of seismic transect
SERP, which was carried out from southeast to
northwest, we encountered two minor problems:
Soon after the start of the shoot, the R/V Marcus
Langseth made a deviation of ~2 km from the
planned SERP transect to avoid a fishing vessel
south of instrument OBS 1 (Figure 2). Later in the
experiment, on a 17 km wide stretch in the vicinity
of instrument OBS 5, we ramped down the air gun

array of the R/V Marcus Langseth due the presence
of sea turtles. After the seismic shoot, all OBSs
were recovered, and they recorded data on four
components for the duration of the experiment.
Unfortunately, only the hydrophone data were of
sufficient quality to interpret in this study. The signal
to noise ratio on the three orthogonal seismometers
was consistently lower than on the hydrophone
channel. Perhaps as a result we have very few
observations of shear waves, but we recorded
useful compressional waves from our air gun shots
on all instruments.

[17] The 21 OBS receiver gathers on line SERP
gave us a total of 5777 travel time picks, consisting
of 2244 crustal turning compressional waves (Pg),
300 reflections from within the oceanic crust (PiP)
of the CNS1 and CNS2 segments, 913 Moho
reflections (PmP), and 2320 mantle refraction (Pn)
arrival times. The gather of instrument OBS 14
(Figure 3) shows how we identified crustal and
mantle arrivals in the hydrophone data. All travel
times and their uncertainties were picked visually
in the OBS record sections. We used seafloor
multiples to verify the arrival times of long offset
refractions, and we checked reciprocity with other
source-receiver pairs in our data set. We recorded
Pg arrivals to distances of 25 km to 45 km on most
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Figure 3. Example of seismic refraction data from line SERP. (a) Hydrophone record from OBS 14, which is located
at 114 km from the northwest on line SERP. The vertical axis is reduced by 7 km/s. At near offsets the direct wave
from air gun shots to the OBS can be seen at 2.7 s. At larger offsets we identify the crustal turning wave Pg travel
times (blue), Moho reflections PmP (green) and mantle refractions Pn (red). The labels show the assigned travel time
uncertainties, which increase with source-receiver offset. Orange boxes indicate insets. (b) Detail of seismic refraction
data shot northwest of OBS 14. (c) Detail of data shot the southeast.

OBSs, and Pn arrivals at larger offsets. Near the
Pg/Pn crossover distance we also observed PmP
arrivals and PiP arrivals on CN crust. The travel time
uncertainties increase significantly with source-
receiver distance, from 30 ms within 20 km of
the instruments to 200 ms over offsets larger than
100 km (Figure 3). The distribution of travel time
picks over different source-receiver offsets peaks at
25-30 km (Figure 4) because we observe most PmP
arrivals at these distances, in addition to Pg and
Pn arrivals. At larger offsets we have fewer travel
time picks, and these long-offset arrival times
have larger uncertainties due to their lower signal-
to-noise ratio.

4. Results

4.1. Tomography

[18] The seismic structure of the Cocos plate crust
and upper mantle along line SERP is constrained
with wide-angle seismic travel times from our
21 OBS:s. In this section we describe the inversion

600
Traveltime uncertainties

a

o

o
|

D with o < 200 msec

with 6 < 160 msec

N

o

S
|

with 6 < 100 msec

with 0 < 80 msec
300

.

with o0 < 50 msec

200

Number of OBS traveltime picks

100

Source-receiver distance (km)

Figure 4. Histograms show the distribution of source-
receiver offsets for all OBS refraction travel times. The
range distribution is shown for travel time picks within
error bounds (see color legend). The histograms show
that travel time picks at large offsets generally have
larger uncertainties.
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of the travel time data for a 2-D seismic velocity
profile along our seismic transect. We calculate the
resolution and covariance matrices to determine the
quality of different parts of our model. Last, we
discuss variations in seismic structure of the Cocos
plate along seismic transect SERP.

[19] As a first step in our analysis of the data from
line SERP we determine the depth of the top of the
basement. The seafloor of the Cocos plate offshore
Costa Rica and Nicaragua is covered by carbonates
and hemipelagic sediment, punctuated by a few
seamounts and ridges. We can constrain the thick-
ness of the sediment layer with the streamer shot
gathers recorded by the R/V Marcus Langseth dur-
ing the seismic refraction experiment. Because of
the large shot spacing (500 m) we do not stack the
streamer data. Instead we estimate the depth of
basement beneath air gun shots by forward model-
ing of basement reflections in shot gathers. Our
analysis confirms earlier marine seismic studies
[Shipley and Moore, 1986] and drilling [ Coulbourn
et al., 1982; Shipboard Scientific Party, 1998]
which have shown that the thickness of this sedi-
ment cover is uniformly 350 m to 400 m along the
MAT, with seismic velocities of 1.7 to 2.0 km/s.

[20] To find a seismic velocity model that fits our
OBS data we alternate between ray tracing and
linear inversions of the travel time residuals. We
trace raypaths and calculate travel times between
the air gun shot and OBS locations with the shortest
path method [Moser, 1991] and ray bending [Moser
et al., 1992; Van Avendonk et al., 2001]. Subse-
quently we scale travel time residuals with pick
uncertainties, and invert them for a new seismic
velocity model. Each linearized inversion gives us
an update in seismic velocities and the depth of
model boundaries. We repeat ray tracing and linear
inversions until the model perturbations have
become small, and the travel time misfit is within

an acceptable range [Van Avendonk et al., 1998,
2004].

[21] Since the interpretation of crustal and mantle
phases in our travel time data set (see previous
section) is a fairly subjective step [Zelt et al., 2003 ],
we first carry out an inversion of 4564 first-arriving
phases (Pg and Pn). With the travel times of first-
arriving turning waves we can create a smooth
image of the seismic velocity structure beneath the
basement surface. In Figure 5 we show the result of
this preliminary inversion, where we achieve a
root-mean-square misfit of 80 ms for the first-
arriving travel time picks. The resultant seismic
velocity model shows a clear lateral change in the
lithospheric structure at the FB discontinuity, which
crosses our profile at 260 km. To the northwest,
where the seafloor is produced at the EPR (Figure 1),
the seismic velocities increase rapidly with depth
from 4 km/s near the basement to 6 km/s at 2 km
beneath the basement. At larger depth we see a
steady decrease of seismic velocities to the north-
west. Southeast of the FB discontinuity, where the
crust formed at the incipient CN spreading center,
seismic velocities are generally lower. Possibly the
crust is thicker here, although the Moho is not
defined in this model. To constrain the Moho
boundary we need to use PmP travel times.

[22] To incorporate the observed PiP and PmP
phases in our inversion, we define a model with
Moho discontinuity across our entire model and a
midcrustal boundary southeast of the FB disconti-
nuity (Figure 1). The PiP arrivals in our OBS data
suggest a two-layer crust along the CN segment to
the southeast, whereas no such midcrustal phases
were observed on EPR crust to the northwest. Our
inversion of wide-angle reflection and refraction
travel times simultaneously constrains the seismic
velocities and boundary depths along the profile of
transect SERP. After fifteen iterations of ray tracing
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all OBSs along line SERP. Seismic velocities and shading as in Figure 5. Gray lines are the midcrustal reflector at the
southeast end of the line and the Moho, which were both adjusted in the inversion.

and linear inversion we obtain a layered seismic
velocity model (Figure 6) that fits our 5,777 OBS
travel time picks with a root-mean-square misfit of
61 ms, and a normalized x> misfit of 0.7. The very
good data fit indicates that our assignment of travel
time picking uncertainties may have been too
conservative.

[23] Our final tomographic model achieves a very
good average data fit, particularly for the crustal
refractions (Pg). These crustal turning waves pro-
vide good ray coverage for the crustal layer in our
seismic velocity model (Figure 7). Some of the
long-offset PmP and Pn phases show a data misfit
of 150-200 ms (Figure 7), which is consistent with
the larger travel time pick uncertainty that we
assigned to these arrivals (Figure 4). We show the
travel time fits and ray diagrams for a number of
individual OBS records in Section 1 of the Text S1
of the auxiliary material."

4.2. Resolution

[24] Although the quality of our seismic refraction
data from transect SERP was fairly consistent, the
coverage of our seismic velocity model is not even.
The crustal layer is largely covered with raypaths
from Pg and deeper phases (Figure 7). The Pn arri-
vals sample the mantle of the EPR segment (between
0 km and 260 km in Figure 7) to depths of 25 km
below sea level, but coverage of the mantle of the
CNS1 and CNS2 segments is much sparser and
it does not extend far beneath the Moho. We can
quantify the ray coverage with the derivative weight
sum (DWS), which represents the influence of all
data on each model parameter in our final inversion

' Auxiliary materials are available in the HTML. doi:10.1029/
2011GC003592.

[Toomey and Foulger, 1989]. In our profile of
transect SERP, the DWS is generally higher in the
crust than in the mantle (Figure 8) owing to the
smaller uncertainties in crustal refractions. The Moho
is sampled more evenly on the EPR segment than
on the CN portion of our seismic transect. The
midcrustal boundary in the CN crust is better
defined than the Moho beneath the thick CN crust
at 300 km in our model.

[25] The DWS gives a good first indication of the
ray coverage in different parts of our preferred
model, but the ability of our inversion to constrain
seismic structure is better expressed with the res-
olution matrix, which we derive from the general-
ized inverse [Van Avendonk et al., 2004]. In parts
of our model that are well covered by raypaths we
expect that the resolution matrix approaches the
identity matrix [Menke, 1984], which means that
the velocity image is not much distorted. In areas
where ray coverage is poor, the resolution matrix
should show that our imaged seismic velocity
structure is averaged over large distances.

[26] Given the increase in travel time uncertainties
with source/receiver distance on all our OBS records
(Figure 4), we expect much better resolution in the
oceanic crust of the Cocos plate than in the under-
lying mantle. In our first resolution test we investi-
gate how well our data can resolve model features
of 8 km wide by 3 km high. In a second test, we
increase the size of this averaging window to 16 km
wide by 6 km high. In each of these two tests, we
slide an elliptical window of fixed dimensions over
our model to see how well this object is imaged
(Figure 9) [Van Avendonk et al., 2004]. Values
between 0.0 and 1.0 indicate that this structure is
either poorly or well resolved. We would consider
a value of 0.5 a fairly good result, although the
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our ray-tracing program.

magnitude of seismic velocity anomalies may be  the exception of the lower crust around 300 km,
underestimated. and toward the southwestern end of our model
(Figure 9, top). The lower oceanic crust between
290 km and 320 km represents a low-velocity
anomaly with poor ray coverage. The uppermost

[27] Our first test shows that seismic velocity
anomalies of 8 km by 3 km in the oceanic crust
along transect SERP are adequately resolved, with

northwest southeast

0 br-20—1g—18 7161514131211 —1g—to g 7 e gy g L
~ PR R R E R e o
£ 10 SN i
<
A B SO oo B
(T e B
[a)] 30 -

|
0 50 100 150 200 250 300
Distance (km)

| I

: : :m
15 25 40 70 100 130 160 190 220 250 280 320

erivative weight sum of velocity parameters

O oo

. . . . ° . ° L] °
1 2 4 8 16 32 64 128 256
Derivative weight sum of interface depth parameters

Figure 8. Derivative weight sum (DWS) for the last iteration of the travel time inversion. The largest ray densities
are achieved in the crustal layer, and in the vicinity of the OBSs. The DWS is lowest deeper in the mantle due to low
ray densities and larger travel time uncertainties for the large offset raypaths that sample the lower portion of the
model. DWS coverage of the reflecting boundaries in the inversion is shown with blue dotted lines. As the scale
indicates, the thicker blue lines represent denser coverage of the reflecting boundaries.
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mantle shows adequate resolution at this small
length scale due to the coverage with Pn head
waves, but deeper in the mantle the resolution values
are small. Variations in crustal thickness over dis-
tances of 8 km are mostly poorly resolved, although
some crustal boundaries at the southeast end of our
velocity model can be recovered (Figure 9, top).

[28] Lateral variations in the seismic velocity of the
Cocos plate upper mantle may be resolved better
on a scale of 16 km (horizontal) by 6 km (vertical).
With this larger averaging window, it appears that
in the upper 10 km of the mantle, mostly between
depths of 10 km to 20 km, we obtain resolution
values near 0.5. We therefore assume that our
model (Figure 6) is a good representation of the
seismic structure of the Cocos plate along transect
SERP, though seismic velocities in the mantle
represent averages over approximatelyl0 km to
20 km. We computed the a posteriori covariance
matrix [Menke, 1984] for our final inversion
(Section 2 of Text S1 of the auxiliary material),
which indicates that the uncertainty in Moho depth
may be as large as 1.3 km, but seismic velocities
are generally resolved with a standard deviation
less than 0.1 km/s.

4.3. Seismic Velocity Structure

[29] The seismic velocity model of the crust and
upper mantle along line SERP shows a number of

features that are not typical of fast spreading oce-
anic lithosphere. The crustal thickness of the EPR
segment is approximately 6 km, which is compa-
rable to other studies here [/vandic et al., 2010], but
the crust of the CNS1 segment, which is bounded
by the FB and RJ magnetic age discontinuities
(Figure 6), has a poorly constrained thickness of
9 km to 11 km. Farther southeast, the crust of the
CNS2 segment may be 8-9 km thick. Unfortu-
nately, our wide-angle data coverage of line SERP
southeast of 360 km is unreversed, so this portion
of the model is not well constrained.

[30] As Grevemeyer et al. [2007] and Ivandic et al.
[2008] have reported previously, the seismic
velocities in the Cocos plate offshore Nicaragua are
lower than average for ~24 Ma EPR lithosphere
[White et al., 1992]. A comparison of 1-D seismic
profiles from our SERP model with three 1-D pro-
files from seismic refraction lines across the MAT
[Christeson et al., 1999; Walther et al., 2000;
Ivandic et al., 2008] shows that we image the lowest
seismic velocities in the EPR segment of the Cocos
plate parallel to the MAT (Figure 10). This appar-
ent azimuthal variation in mantle seismic velocity
could be caused by intrinsic anisotropy inherited
during the formation of oceanic lithosphere [Hess,
1964]. Alternatively, we must consider that the
orientation of transect SERP along the MAT was
more favorable for constraining the magnitude of
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Figure 10. Comparison of 1-D vertical velocity pro-
files from the EPR along transect SERP with other seis-
mic velocity models from the Cocos plate at the MAT.
For the location of all seismic transects see Figure 2.
Solid lines represent profiles extracted from our SERP
model, while dotted lines are 1-D profiles extracted from
seismic lines across the MAT. The refraction transect of
Walther et al. [2000] offshore northwestern Nicaragua
(black), line p50 [Ivandic et al., 2008] offshore south-
western Nicaragua (red), and line 101 [Christeson et al.,
1999] offshore Nicoya Peninsula (red) resulted in seis-
mic velocities that are lower than our SERP model. The
trench-parallel seismic line p01 [Ivandic et al., 2010]
offshore northwestern Nicaragua (black dashed line)
resulted in seismic velocities that are fairly similar to our
SERP model.

the seismic low-velocity anomaly, which may be
relatively narrow perpendicular to the trench. The
studies of Christeson et al. [1999] and Walther et al.
[2000] covered only a small portion of the Cocos
plate across the MAT, so they probably did not
record sufficient long-offset arrivals on the down-
going plate to image its deep structure. Even the
seismic refraction line p50 (Figure 2) shows seismic
velocities between 7.6 and 7.8 km/s (Figure 10)
in the shallow mantle beneath the MAT offshore
southwestern Nicaragua [[/vandic et al., 2008],
where we obtained mantle seismic velocities as low
as 7.2 km/s. The trench-parallel OBS refraction line
of Ivandic et al. [2010] found seismic velocities of
~7.3 km/s offshore northwestern Nicaragua, which
is more similar to our result (Figure 10).

[31] Our inversion of reflection and refraction
arrivals (Figure 6) confirms our observation from
the first-arrival inversion (Figure 5) that the seismic
velocities of CN crust is significantly lower than
the velocities of the EPR crust. Between 260 km
and 320 km, our tomographic inversion produced a
low seismic velocity anomaly in the lower crust of
the CNS1 segment using reflection and refraction
travel times (Figure 6). However, the first-arrival
inversion (Figure 5) does not show as much vari-
ation of seismic velocity with depth in the upper
10 km. Imaging a negative velocity gradient with
surface-to-surface seismic data is generally very
difficult, because raypaths largely diffract around
regions of low seismic velocity (Figure 7). Our
resolution analysis (Figure 9) also indicates that we
should be careful interpreting this low-velocity
anomaly in our reflection and refraction tomogra-
phy model. The true nature of the crust of the
CNS1 segment may be more complex than the
seismic velocity structure imaged between the FB
and RJ discontinuities in our two models (Figures 5
and 6).

[32] According to our SERP model, the 8-9 km
thick crust of the CNS1 segment of the Cocos plate
has a low vertical velocity gradient (Figure 6). A
1-D velocity profile at 360 km in our model of
transect SERP (Figure 11) shows a fairly linear
increase from 4.0 km/s near the basement surface to
roughly 5.8 km/s at 3 km depth. In the lower crust
the seismic velocity gradually increases to ~6.8 km/s.
Previous seismic refraction studies in this area [Ye
et al., 1996; Sallares et al., 2003; Walther, 2003]
are largely consistent with our results. Compared to
our good constraints on the mantle seismic struc-
ture of the EPR segment, we only sample mantle
seismic velocities in the first ~2 km beneath CN
crust (Figure 11). The mantle seismic velocities of
~7.8 km/s here are comparable to those imaged by
Walther [2003].

5. Discussion

5.1. Crustal Accretion of the Cocos Plate

[33] Our seismic velocity model of transect SERP
shows a contrast between the crust produced at the
EPR and CN oceanic spreading centers (Figures 6
and 11). The EPR crust is normal in thickness
and structure, which suggests that the process of
seafloor spreading at this mid-ocean ridge prior to
the breakup of the Farallon plate was not signifi-
cantly different from the mode of crustal accretion
at the modern, fast spreading EPR. In contrast, the
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Figure 11. Vertical velocity profiles from southeast
end of transect SERP near instrument OBS 1 (black line)
and nearby published seismic velocity models from the
CNS2 segment. For the location of seismic transects
see Figure 2. The 1-D profile at the seaward end of
line 200 [Ye et al., 1996] (red line) lies just 30 km east of
line SERP. In approximately the same location we have
1-D profiles from the northwest end of the Paganini2
OBS transect, which has been interpreted independently
by Sallarés et al. [2003] (blue dashed line) and Walther
[2003] (blue solid line).

crust of the CNS1 segment has a thickness of 10—
11 km, and the seismic velocity of its lower crust
(6.3 km/s) is very unusual for oceanic crust. An
OBS seismic line just 20-25 km farther from the
trench [Walther and Flueh, 2002] (WF2002 in
Figure 2) also showed thicker oceanic crust and a
low-velocity lens beneath 22-22.5 Ma old seafloor
of the CNSI1 segment (Figure 1). A comparison
with line SERP shows that their low-velocity
anomaly is much smaller than in our model, but it
is similarly located at the base of the oceanic crust
(Figure 12). Walther and Flueh [2002] suggest that
the anomaly is a relict magma chamber, rather than
a section of serpentinized mantle, because the
outline of the lens is well constrained by wide-
angle seismic refractions. Our OBS refraction data
cannot rule out the possibility that this low-velocity
anomaly on transect SERP is either an igneous
body or a portion of serpentinized mantle.

[34] If the low-velocity lens in the CNS1 segment
is part of the lower oceanic crust, it would have a

composition that is much more felsic than what we
find at a normal mid-ocean ridge. Since the anom-
aly lies just southeast of the ~23.5 Ma FB discon-
tinuity [Barckhausen et al., 2008], Walther and
Flueh [2002] proposed that a short-lived magma
chamber may have formed it at the southeastern
edge of the ruptured EPR lithosphere. Although
felsic rocks have only been found in small quanti-
ties in mid-ocean ridge systems, anatexis of gab-
broic crust under hydrous conditions could produce
silicic melts [Koepke et al., 2007]. Perhaps the
infiltration of seawater during the rupture of Farallon
lithosphere facilitated melting and differentiation
of the lower crust before the new CN spreading
center was established. Alternatively, the low-velocity
anomaly may be a section of mantle that was ser-
pentinized during breakup of the Farallon plate.

[35] The seismic structure of the CNS2 segment is
not well resolved in our profile of line SERP,
mainly because the OBS refraction data at the
southwest end of the profile are not reversed
(Figure 7). The 8 km thick oceanic crust of the CNS2
segment near Fisher Ridge appears quite similar
to the seismic structure of the Quepos plateau on the
Paganini2 profile (Figure 11) [Sallareés et al., 2003;
Walther, 2003]. Since the oceanic crust here formed
in the vicinity of the Galdpagos hot spot, plume
melts may have migrated to the young CN ridge axis
to form thicker crust, such as can be observed at the
modern Galapagos spreading center [Canales et al.,
2002]. The crust of the CNS2 segment may also
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Figure 12. (a) Detail of our velocity model of line
SERP across Farallon breakup trace (FB), with low-
velocity anomaly in lower crust to the southeast. White
triangles are OBS locations. Seafloor ages according to
Barckhausen et al. [2001]. (b) Seismic velocity model
of Walther and Flueh [2002] on a subparallel seismic
transect (Figure 2).
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have thickened significantly off axis. The seafloor
offshore central Costa Rica is characterized by sea-
mounts and fairly large plateaus, whose age is
mostly 14 Ma [Werner et al., 1999], while the
underlying seafloor is thought to be a few million
years older [Barckhausen et al., 2001]. Seismic
reflection images show layering of the igneous
basement near the seamounts [von Huene et al.,
2000], which may represent flood basalts that pre-
sumably were emplaced off axis.

[36] The seismic velocity of the uppermost mantle
beneath the CNS1 and CNS2 segments appears to
be 7.7-7.8 km/s (Figures 6 and 11), which is lower
than for normal oceanic mantle. Walther [2003]
found the same low mantle velocity on line Paga-
nini2 (Figure 2) across Quepos Plateau, so this
feature may be widespread on the CNS2 segment.
Two possible explanations for such low mantle
seismic velocities may be a small amount of mantle
serpentinization or melt retention beneath the oce-
anic Moho. Both processes have been documented
mostly in studies of ocean crust produced at cool,
slow-spreading ridges [Lizarralde et al., 2004].
The CNS2 spreading center formed new crust at a
half rate of 35 mm/yr [Barckhausen et al., 2001],
which could be considered an intermediate to fast
spreading rate. Melt may have been retained in the
shallow mantle near the Galapagos hot spot if melt
production outpaced melt extraction during the
early history of the CNS2 segment. Walther [2003]
found similarly low mantle seismic velocities beneath
the north flank of Cocos Ridge, which he also
interpreted to be the result of melt retention during
interaction between Galapagos plume and the young
CN spreading center. The oceanic mantle northwest
of the Cocos Ridge may also be enriched [Hoernle
et al., 2000], which could lead to lower mantle
seismic velocities, though such an effect is assumed
to be small [Schutt and Lesher, 2006]. Alterna-
tively, it is possible that bending of the Cocos plate
causes serpentinization, even as far as 30 km or
40 km outside the MAT, although the bathymetry
(Figure 1) does not suggest that the lithosphere at
the south end of transect SERP is faulting under
bending stresses (Section 5.2).

5.2. Bending and Fracturing of the Cocos
Plate

[371 We discuss how the degree of faulting and
embrittlement of the incoming plate may vary
along transect SERP. Bending of an oceanic plate
near a trench can lead to a reduction in the seismic
velocities through two different processes [e.g.,

Contreras-Reyes et al., 2008b; Ivandic et al., 2008]:
1) Extension of the upper lithosphere in the outer
rise and seaward footwall of the trench will lead to
fracturing, increasing the rock porosity, and 2)
opened cracks provide pathways into the lithosphere
for seawater, which will then hydrate relatively dry
lower oceanic crust and upper mantle. To distin-
guish between these two mechanisms we would
need good constraints on the shear wave velocity
[Contreras-Reyes et al., 2008b], which our data
unfortunately do not provide (Section 3). We there-
fore consider both explanations in our interpretation
of the compressional seismic velocity structure of
transect SERP (Figure 6).

[38] The bathymetry of the EPR segment of the
Cocos plate clearly shows trench-parallel faults,
some as long as 50 km [Grevemeyer et al., 2005],
outboard of the MAT (Figure 1). The magnetic
anomalies of the EPR crust are nearly parallel to
the trench as well, so its abyssal hill fabric can be
reactivated during plate bending [Masson, 1991;
Mclintosh et al., 2007]. The swath of the seafloor
that is clearly affected by bend faulting increases
from southeast to northwest along the MAT, from
less than 20 km offshore Nicoya Peninsula to more
than 50 km offshore northwestern Nicaragua [Ranero
et al., 2008]. Much of this change in the seafloor
faulting occurs along a ~120 km wide section of
transect SERP between OBS sites OBS 9 and OBS
15 (Figure 1). The along-strike variation in the
amount of brittle extension of the seafloor correlates
well with the dip of the slab beneath the forearc
[Protti et al., 1994; Syracuse and Abers, 2006].

[39] In contrast to the EPR segment, there is no
good indication that the seamount-studded CN
crust has developed significant bending-related
faults near the MAT offshore central Costa Rica
(Figure 1). The shallow subduction dip angle of the
Cocos plate here does not require much bending. In
addition, reactivation of normal faults is not as
likely on the CNS1 and CNS2 segments as on the
EPR segment, because the abyssal hill fabric is not
aligned well here with the bending axis [Ranero
et al., 2008]. Fault blocks that formed during
seafloor spreading at the CN spreading center are
oriented almost perpendicular to the adjacent
MAT, and they appear relatively undisturbed in the
trench outer wall [von Huene et al., 2000]. Even if
bending of the Cocos plate offshore central Costa
Rica leads to faulting, transect SERP would not
capture much of this process because the track line
diverges from the MAT by approximately 50 km at
the south end (Figure 1).
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Figure 13. Comparison of three 1-D upper crustal seis-
mic velocity profiles (black lines) from the EPR segment
of our model (Figure 6) with vertical seismic profiling
(VSP) and OBS refraction studies at ODP Hole 405B
(blue) and IODP Hole 1256D (red). The VSP study at
Hole 504B (blue solid) [Little and Stephen, 1985] and at
Hole 1256D (red solid) [Swift et al., 2008] presumably
show the vertical seismic velocity gradient in the upper
oceanic crust with better resolution than the coincident
OBS studies of Detrick et al. [1998] (dashed blue) and
Expedition 309/312 Scientists [2006] (dashed red) at
these sites. The upper crustal seismic velocity at 16 km,
134 km, and 231 km in our SERP model (Figure 6) are
clearly reduced compared to the structure of unaltered
oceanic crust produced at the EPR.

[40] The seismic velocities that we imaged in the
upper crust of the EPR segment of the Cocos plate
near the MAT are relatively low for mature oceanic
crust produced at a fast spreading mid-ocean
ridge (Figure 13). For example, near Hole 504B,
which sampled pillow basalts and a transition
zone between pillows and sheeted dikes, a borehole
seismic study found compressional velocities
increasing from 4.0 km/s to 5.5 km/s in the top
1.0 km [Little and Stephen, 1985]. A similar study
at Hole 1256D, which mostly drilled through lava
flows in the upper crust, gave almost the same
result [Swift et al., 2008]. These gradients are
considerably higher than what we imaged in the
upper oceanic crust of the EPR segment on transect
SERP (Figure 13). The difference between the
seismic velocities in our model and those obtained at
Hole 504B and 1256D is largest, roughly 1.2 km/s,
at ~1.5 km depth beneath the basement surface. At
these shallow depths, seismic velocity is con-
trolled more by porosity than lithology [Wilkens

et al, 1991]. We therefore assume that plate
bending induced brittle failure of the upper oceanic
crust near the MAT, which then increased the
Macroporosity.

[41] The seismic velocity of the lower oceanic crust
imaged on the EPR segment of transect SERP
(Figure 6) is lower than average for mature EPR
lower crust [White et al., 1992]. This discrepancy
in seismic velocity is on the order of 0.2-0.5 km/s,
clearly less than in the upper crust on transect
SERP (0.8-1.2 km/s). The downward decrease in
this low-velocity anomaly is probably due to a
coincident decrease in the rock porosity [Carison
and Herrick, 1990]. The lateral decrease in seis-
mic velocity of the lower oceanic crust from the
southeastern end of the EPR segment to north-
western end of our seismic line coincides with
more pervasive faulting of the seafloor (Figure 14).
This correlation suggests that crustal faults break
from the surface into the lower oceanic crust near
the MAT, increasing its porosity and the degree of
chemical alteration.

[#2] We imaged mantle seismic velocities lower
than 8 km/s to depths of 18-25 km below sea level,
or 7-14 km beneath the Moho, on the EPR segment
of our transect (Figure 6), which is comparable to
the depth of seismic reflections from normal faults
imaged in the Cocos plate by Ranero et al. [2003]
offshore southwestern Nicaragua. The low veloci-
ties here may be attributed mostly to serpentiniza-
tion of the mantle rock [e.g., Christensen, 2004;
Grevemeyer et al., 2007], which suggests that
hydration of the mantle was limited to the upper
portion that experienced extensional faulting. We
can obtain a second indication of the depth of
faulting in the Cocos plate from the depth and focal
mechanisms of earthquakes. Recent seismicity studies
offshore Nicaragua [Lefeldt and Grevemeyer, 2008;
Lefeldt et al., 2009] indicate that the neutral plane
between focal mechanisms of extensional and
compressional seismic events lies at a depth of just
12 km beneath the seafloor, or 6 km beneath the
Moho, which is 1 km to 8 km shallower than the
depth of the 8 km/s contour in our seismic velocity
model of transect SERP (Figure 6). Possibly, the
resolution of tomographic inversion (Figure 9) is
not sufficient to determine the precise depth of this
mantle low-velocity anomaly. Alternatively, the
depth discrepancy may be explained by temporal
stress variations in the subducting plate between
large interplate earthquakes. Lefeldt et al. [2009]
suggest that the Cocos plate was in a coupled,
compressive state when they recorded their seis-
micity data, and that extensional stresses may reach
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Figure 14. Comparison of seafloor relief and seismic velocities of the EPR segment. (a) Shaded bathymetry map of
the MAT and a portion of transect SERP (red) with OBS locations (yellow circles). HS, Hernando Scarp. (b) Averages
of seismic velocity from model SERP in the oceanic lower crust (red) and upper mantle. The solid red line represents
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ity in that same depth bracket. The solid blue line is the average seismic velocity in the upper 3 km of the oceanic
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mantle.

deeper in the subducting slab after the stress drops
during a megathrust event. We propose that normal
faults in the 24 Ma old Cocos plate outboard of the
trench offshore central and northwestern Nicaragua
have reached to depths of 7 km to 14 km beneath
the Moho over time.

5.3. Water Storage in the Cocos Slab

[43] Since the seismic velocities of the oceanic
lower crust and upper mantle are affected by the
degree of hydration [Carison, 2003; Christensen,
2004], we can use our model of transect SERP
(Figure 6) to estimate the flux of hydrous fluids
from the deeper portions of the slab to the over-
lying mantle wedge and into the lower mantle. A
portion of the deep water cycle comes from marine
sediments and upper oceanic crust [Riipke et al.,
2004; Hacker, 2008]. However, we cannot esti-
mate this contribution from the seismic velocity
structure of the Cocos plate near the MAT. The
seismic velocity in the sediments and shallow oce-

anic crust is controlled more by porosity than
by lithology [Berge et al., 1992], so our seismic
velocity model is not useful to estimate the amount
of structural water (H,O") that subducts beyond the
forearc. Water stored in pore space and exchange-
able water (H,O") in clays and zeolites of the upper
oceanic crust [Staudigel et al., 1995] is mostly
expelled beneath the accretionary prism and the
outer forearc [Silver et al., 2000; Sahling et al.,
2008]. Crystal bound H,O" is more abundant in
the deeper sheeted dikes (~3%) than in the shal-
lower extrusives (~1%) at Hole 504B [Alf et al.,
1996], and we use these values to estimate the
flux of water from the Cocos plate slab to the
overlying mantle wedge in our study area.

[44] The amount of structural water of unaltered
gabbroic lower crust may be as low as 0.5% by
weight [Carlson, 2003; Carison and Miller, 2004],
although Hacker et al. [2003a] assume that alter-
ation to about 1.3% is common. On the EPR seg-
ment of the Cocos plate, strong hydrothermal

16 of 23



- " Geochemistr

| Geosystems |

j * Geophysics Y Ij VAN AVENDONK ET AL.: COCOS PLATE STRUCTURE AND HYDRATION 10.1029/2011GC003592

& NW SE
g0 e e ) Y
£
10004 N N -
‘?9 800 2 Mo o “.In the oceanic mantle
g o0 N5
o - A -
L 400 In the oceanic crust \/
£ 200 =
5 i
s otV 7777
50 100 200 250

150
Distance (km)

10
£
§20
o
30
50 1 150 200 250
Distance (km) —> upper crust is shaded
I T T
T T T T
00 05 10 15 20 25 30 35 40 45 50
H20 by weight %
0+ | L e L o o e o 1 o o ¢ 4 1 s g
10
=4
a 20
[
a]

w
o

150 250
Distance (km)

0 4 8 12 16 20 24 28 32 36 40
Inferred serpentinization (%)

100 150 250
Distance (km)

T T
T T T T —
5 40 50 60 70 75 80 85

Compressional velocity (km/s)

—
6 2

?
1.0

-

Figure 15. Estimate of structural water mass stored in
the oceanic lithosphere of the Cocos plate along the
EPR segment of transect SERP. (a) Detail of the final seis-
mic velocity model of our study. (b) Estimate of the
amount of serpentinization of the oceanic mantle using
Christensen’s [2004] empirical relationship between
seismic velocity and serpentinization. (c) Estimated per-
centage of crystal bound H,O by weight, based on
empirical relationships for the lower crust and upper
mantle [Carlson, 2003; Carison and Miller, 2003]. The
upper oceanic crust is shaded because seismic velocity
here is mostly controlled by porosity [Swift et al., 2008],
hence we do not have control on the crystal bound (H20™")
water in the upper crust. (d) Estimates of chemically
stored water in the subducting oceanic crust and mantle
lithosphere between northwestern Nicaragua (NW) and
Nicoya Peninsula (SE).

circulation far from the MAT [Hutnak et al., 2008],
as well as fracturing of the crust during bending
near the MAT [Grevemeyer et al., 2005], may have
produced hydrous minerals such as chlorite and
amphibole that would add substantially to the H,O"
inventory of the lower oceanic crust. The low
heat flow near the MAT [e.g., Harris et al., 2010]
suggests that the temperature at the Moho has

cooled to 150°C [Harris and Wang, 2002]. It is
therefore likely that the lower crust of the EPR
segment has been exposed to seawater penetrating
along faults under a wide range of temperatures,
which in turn resulted in different hydrothermal
alteration products [McCollom and Shock, 1998].
To get an upper limit for the amount of water
stored in hydrous minerals we apply the relationship
of Carilson [2003], assuming that bending frac-
tures in the lower crust are not directly responsible
for the low seismic velocities. Given that seismic
velocities in the lower crust along transect SERP
offshore Nicaragua are as low as 6.5-6.7 km/s
(Figure 14), we estimate that the water content by
weight in the lower crust is around 1% (Figure 15¢).

[45] Serpentinite in the mantle of the incoming
plate is believed to be of major importance to the
deep water cycle in subduction zones [Riipke et al.,
2004]. Marine seismic refraction studies may pro-
vide the best quantitative estimates for the degree
of serpentinization, although we must again con-
sider the possibility that besides chemical alter-
ation, mantle seismic velocity structure may also be
influenced by intrinsic seismic anisotropy [Hess,
1964] and extensional fractures in the mantle
near the trench [Faccenda et al., 2008]. A seismic
refraction study near the Chilean trench [Contreras-
Reyes et al., 2008b] showed that the Poisson’s ratio
in this setting is high, which indicates that serpen-
tinization is largely responsible for the low mantle
seismic velocity [Christensen, 2004]. A second
problem in the interpretation of the deepest section
of our seismic velocity model (Figure 6) is the fact
that the spatial resolution of our tomographic
inversion is low at depths larger than 15 km below
sea level (Figure 9). The smoothness constraints that
we applied in the tomographic inversion give us a
spatial average of the seismic velocity structure, and
the distance over which velocities are averaged will
increase when the ray coverage is poor. Fortunately,
we were able to image seismic velocities larger than
8 km/s at depths larger than 25 km below sea level
(Figure 6), so we believe that we can estimate the
amount of serpentinization in the incoming plate
(Figure 15b). The boundary between altered and
unaltered mantle must be sharper than our model
suggests. Mantle seismic velocities lower than 7 km/s
offshore central and northwestern Nicaragua indi-
cate that the uppermost mantle is about 30% ser-
pentinized [Christensen, 2004] if all of the velocity
reduction is attributed to serpentization. This corre-
sponds to an average water content of about 3.5%
[Carlson and Miller, 2003]. Mantle seismic veloci-
ties at the southeastern edge of the EPR segment
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offshore Nicoya Peninsula are much closer to
8 km/s, so they require a water content of just 1-2%
in the upper 3 km of the incoming mantle (Figure 15).

[4] Despite the limitations of imaging deep seis-
mic velocity structure of the incoming Cocos plate
with OBS seismic refraction data, and the ambiguity
in its interpretation, two results from our analysis
of the EPR segment stand out (Figure 15d): 1) We
estimate that the amount of structural water in the
mantle of the subducting slab is about 2.5 times
larger offshore central Nicaragua (to the northwest)
than offshore Nicoya Peninsula (to the southeast).
2) In the southeast of the EPR segment, the amount
of water carried by the oceanic mantle is comparable
to the amount of water in the subducting oceanic
crust, but to the northwest the integrated mass of
structurally bound water in the mantle is potentially
4 times larger. Our seismic velocity model cannot
constrain the contribution of chemically bound water
in the extrusive upper oceanic crust (Figure 15c).
However, if the data for altered oceanic crust at Hole
504B apply here [Alt et al., 1996], we do not expect
that fracturing and alteration of the oceanic crust
significantly increases its H,O input into the deeper
subduction zone.

5.4. Cocos Plate Seismic Structure and Arc
Geochemistry

[47] Our interpretation of the seismic velocity
structure of the EPR segment of transect SERP
suggests a strong variation along the Central
American arc in the input of water from the oceanic
mantle of the Cocos Plate (Figure 15). The depth at
which H,O is released from the slab depends on
the stability of hydrous minerals and the tempera-
ture structure of the subduction zone [Ulmer and
Trommsdorff, 1995; Schmidt and Poli, 1998]. A
geodynamic modeling study of the subduction zone
of Costa Rica and Nicaragua [Peacock et al., 2005]
found that mantle rock in the downgoing slab may
not heat up fast enough to dehydrate. Such models
are quite sensitive to the fine structure of mantle
flow in the outer mantle wedge [van Keken et al.,
2002; Kelemen et al., 2003; Conder, 2005], so
observations such as those presented by our study
help to test the assumptions on which these
numerical models are based. The seismic velocity
[Syracuse et al., 2008] and attenuation [Rychert
et al., 2008] images of the mantle wedge in Costa
Rica and Nicaragua provide compelling evidence for
a larger discharge of hydrous fluids beneath Nicar-
agua compared to Costa Rica. Since seismic veloci-
ties of oceanic crust offshore Nicaragua are not

dramatically reduced (Figure 14) and the water con-
tent of oceanic lower crust is normally low [Carison,
2003], we expect that the large along-arc variation in
mantle wedge hydration is due to the breakdown of
serpentinites several kilometers beneath the Moho of
the Cocos plate (Figure 15). According to laboratory
data [Ulmer and Trommsdorff, 1995] this would
require temperatures larger than 600°C in the sub-
ducting slab mantle beneath Nicaragua.

[48] As we noted in Section 2, the linear trend in
Ba/La and B/La between the central Costa Rican
and northwestern Nicaragua arc lavas has been
attributed to a larger volume of serpentinite break-
down in the Cocos plate beneath Nicaragua [Riipke
et al., 2002] or an enrichment of incompatible ele-
ments in the mantle beneath central Costa Rica
[Carr et al., 2007]. The results of our study are
consistent with both models to some degree. Our
seismic velocity model suggests that the mantle of
the Cocos plate offshore central and northwestern
Nicaragua carries about 2.5 times more water than
offshore Nicoya Peninsula (Figure 15), which cor-
relates very well with the trend in Ba/La and B/La
ratios of arc lavas [Carr et al., 2003]. However, the
Ba/La ratio decreases farther to the southwest
from 43 to 47 in northwestern Costa Rica to 17-23
in central Costa Rica (Figure 1). The EPR mantle
subducting beneath Nicoya Peninsula can only be
lightly hydrated, because the sub-Moho seismic
velocities in our model here (at 220 km in Figure 6)
approach 8 km/s. It is therefore plausible that the
decrease in Ba/La and B/La between northwestern
Costa Rica and central Costa Rica is due to OIB
enrichment [Gazel et al., 2009]. The thick oceanic
crust of the CNS1 and CNS2 segments (Figure 6)
indicates that the Galapagos hot spot has influenced
the composition of the Cocos plate up to the FB
discontinuity (Figure 1), which can explain the very
low Ba/La values in central Costa Rica (Figure 1).

6. Conclusions

[49] We acquired and analyzed OBS seismic
refraction data along the 396 km long transect SERP
on the Cocos plate parallel to the MAT to image
variations in crustal and upper mantle structure of
the subducting lithosphere between central Costa
Rica and northwestern Nicaragua. Our seismic
velocity model shows a distinct difference between
oceanic crust produced at the EPR and CN spreading
centers. We also use this seismic velocity model to
estimate the effect of bend faulting on the deep
structure of the Cocos plate near the MAT. We can
draw the following conclusions:
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[s0] 1. The crustal seismic velocity structure of the
CNS1 and CNS2 spreading segments is much more
complex than the structure of the crust produced
at the EPR. The CN crust is 8-11 km thick, with
intracrustal seismic reflections and seismic veloci-
ties that are lower than normal for oceanic crust.
Our seismic reflection and refraction tomographic
inversion (Figure 6) even shows evidence for a
low-velocity (~6.3 km/s) lower crust in the vicinity
of the Farallon breakup (FB) trace. The anoma-
lous seismic structure at the southeastern portion
of transect SERP may be a record of the igneous
processes in the early history of the CN spreading
center and subsequent interaction with the Galapagos
hot spot. The EPR crust that formed near the trench
24 Ma ago is normal 6 km thick oceanic crust,
typical of fast spreading mid-ocean ridges.

[51] 2. The mantle seismic velocities beneath the
EPR segment of the SERP transect decrease to
the northwest from ~7.8 km/s near the FB dis-
continuity to less than 7.0 km/s offshore central
and northwestern Nicaragua. This seismic velocity
trend correlates well with the degree of faulting on
the seafloor (Figure 14), which gives more evi-
dence that the mantle lithosphere of the Cocos plate
subducting beneath Nicaragua is more serpenti-
nized than the Cocos plate offshore Costa Rica.
Our estimate of the water content of the downgoing
oceanic mantle indicates that the water intake off-
shore central Nicaragua is about 2.5 times larger
than offshore Nicoya Peninsula (Figure 15). In con-
trast, we do not expect that the oceanic crust of the
Cocos plate offshore Nicaragua is significantly more
hydrated than elsewhere along the MAT.

[52] 3. The contrasts in crustal and mantle structure
along transect SERP help to explain the geochemical
trends along the Central American arc. The apparent
influence of the Galapagos hot spot on the Cocos
plate southeast of the FB discontinuity may be
responsible for the low Ba/La ratios in central Costa
Rica compared to Nicoya Peninsula. Farther to
the northwest, we infer a gradual increase in the
hydration of the Cocos plate mantle. The discharge
of larger amounts of hydrous fluids beneath central
and northwestern Nicaragua may explain the large
abundance of fluid mobile elements in Nicaragua
arc lavas.
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