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Water plays an important role in the processes occurring at subduction zones since the release of water

from the downgoing slab impacts seismicity and enhances arc volcanism. Geochemical indicators

suggest that the Nicaraguan slab is anomalously wet, yet the mechanism of slab hydration remains

poorly constrained. Extensional bending faults on the incoming oceanic plate of the Middle America

pathway for hydration of the crust and serpentinization of the upper mantle. Low seismic velocities

observed in the uppermost mantle of the incoming plate have been explained as serpentinization due

to deep fluid penetration but could also be explained by intrinsic anisotropy and fractures in the

absence of fluid circulation. Here we use controlled-source electromagnetic imaging to map the

electrical resistivity of the crust and uppermost mantle along a 220 km profile crossing the trench

offshore Nicaragua. Along the incoming plate our data reveal that crustal resistivity decreases by up to a

factor of five directly with the onset of the bending faults. Furthermore, a strong azimuthal anisotropy

compatible with conductive vertical fault planes is observed only on the faulted trench seafloor. The

observed resistivity decrease and anisotropy can be explained by a porosity increase along vertical fault

planes, which we interpret as evidence that the lithospheric bending faults provide the necessary

permeable fluid pathways required for serpentinization of the uppermost mantle. This implies that

most serpentinisation happens at the trench, with the width of the faulting region and the density of

fractures controlling the extent of upper mantle alteration. This observation explains why the heavily

faulted trench offshore Nicaragua is associated with an anomalously wet slab, whereas other sections of

the Middle America Trench containing fewer bending faults have less fluid flux from the

subducting slab.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

At the Middle America Trench offshore Nicaragua, the incom-
ing Cocos plate experiences flexural bending prior to its subduc-
tion beneath Central America. Extensional forces associated with
the bending reactivate normal faults that were originally formed
during plate genesis at the mid-ocean ridge, as well as creating
new fractures, resulting in a heavily faulted seafloor on the trench
outer rise wall (Masson, 1991; Alexander and Macdonald, 1996).
Seismic reflection images show that the extensive network of
trench parallel normal faults penetrates the entire oceanic crust
All rights reserved.

nces, Kobe University, Kobe,
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and at least 10 km into the mantle (Ranero et al., 2003). This
pervasive fracturing is thought to promote seawater intrusion
through the crust and into the uppermost mantle where water
serpentinizes peridotite (Ranero et al., 2003; Faccenda et al.,
2009). Since this mineral bound water is subducted with the
down-going slab where its eventual release at depth affects
intraplate seismicity and increases arc magmatism, knowledge
of the volume of water being carried into the mantle through this
process is crucial for understanding the factors controlling the
subduction system (Peacock, 1990).

Geochemical sampling of lavas from the Central American arc
shows unusually high element and isotope ratios in Nicaragua
that can be explained by a strong slab component of fluid flux,
suggesting that the Nicaraguan slab is anomalously wet (Carr
et al., 2003; Rupke et al., 2002; Abers et al., 2003). This onshore
evidence is complemented by marine geophysical studies in the
Middle America Trench that are compatible with plate hydration
due to the bending faults. Seafloor heat flow decreases
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systematically with both proximity to the trench and increasing
fault density, suggesting enhanced hydrothermal circulation and
cooling within the fault complex (Grevemeyer et al., 2005). Slow
seismic velocities observed beneath the trench outer rise have
been explained as 15–30% serpentinization of the uppermost
mantle to depths of at least a few kilometers beneath the Moho
(Grevemeyer et al., 2007; Ivandic et al., 2008, 2010; van Avendonk
et al., 2011). However, alternative explanations for the slow
velocities include anisotropic effects and weakening due to
fracturing, both of which do not require the deep hydration and
alteration of mantle olivine into serpentinite (Ivandic et al., 2010;
van Avendonk et al., 2011), and therefore would predict lower
volumes of water in the down-going slab.

While these lines of evidence imply plate hydration at the
shallow and deep scales, an essential missing link has been data
that can constrain the degree to which pore fluids are present
within the faulted crust. Furthermore, there are few constraints
on the volumes of water that may exit the system through
hydrofracturing of the upper plate at relatively shallow depths
beneath the margin (Ranero et al., 2008). For this reason, we
carried out a large-scale electromagnetic survey to characterize
the electrical structure, and hence porosity, of the crust and upper
mantle in this region (Fig. 1).

Electrical resistivity is a physical property that depends on the
presence of fluids, particularly at crustal depths where the bulk
resistivity is predominantly controlled by conductive pore water
and the degree of porosity and its connectivity. Our 220 km long
survey profile spans from the abyssal plain, across the trench and
up the margin slope onto the continental shelf, allowing us to
map the variation of fluid circulation with distance from the
trench and therefore with the degree of plate bending and
fracturing, and to characterize the dewatering processes and
fracturing occurring beneath the margin slope.

A previous electromagnetic survey using the passive magne-
totelluric method has been conducted to the south offshore Costa
Rica, where the low frequencies of magnetotelluric data provided
constraints on deeper and broader scale features of the subduc-
tion zone fluid cycle (Worzewski et al., 2010). For the shallower
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Fig. 1. Marine EM survey across the Middle America trench offshore Nicaragua.

Seafloor EM receivers (colored dots) and the deep-towed EM transmitter tow path

(black line) extend from the unfaulted abyssal plain, across the heavily faulted

trench outer rise, and up the continental margin slope. Data from receivers s09

and s27 (yellow dots) are shown in Fig. 3. Blue and red dots denote the location of

the LEM sensors used to detect anisotropy with circular transmitter tows (large

blue and red circles). Black dots show the location of known seafloor fluid seeps

(Sahling et al., 2008). The grey line shows seismic refraction profile p50 (Ivandic

et al., 2008). The arrow indicates the present day plate motion of the incoming

Cocos plate with respect to the overriding Caribbean plate (DeMets, 2001).
lithospheric imaging focus of our project, we applied the con-
trolled-source electromagnetic (CSEM) method, where a deep-
towed electric dipole transmits higher frequency electromagnetic
energy through the seabed to an array of seafloor EM recorders
that measure the resulting attenuation and phase shift of the
induced electric and magnetic fields. Moreover, CSEM data are
better suited for constraining electrical anisotropy associated
with faulting (Yu et al., 1997; Everett and Constable, 1999). While
CSEM technology was originally invented over three decades ago
to measure the high resistivity of the abyssal plain lithosphere
and the oceanic crust at mid-ocean ridges (Cox, 1981), recognition
of its utility for mapping resistive hydrocarbon reservoirs on the
sedimented continental shelves has led to significant improve-
ments in data acquisition and interpretation during the past
decade (Key, 2012). Our survey is the first to use the CSEM
method to study a subduction zone and leveraged several tech-
nological advances resulting from this recent industrial activity.
2. Marine CSEM experiment

We collected the CSEM data during a month long research
cruise on the R/V Melville in April–May 2010 as part of the
Serpentinite, Extension and Regional Porosity Experiment across
the Nicaraguan Trench (SERPENT). The main data set consists of
CSEM soundings recorded by an array of 44 seafloor EM receivers
deployed along the 220 km survey profile (Fig. 1). We augmented
the CSEM data with two stations of highly sensitive long-wire
electromagnetic (LEM) data that measured the azimuthal depen-
dence of the electric fields generated during circular transmitter
tows of 30 km radius around each station (Fig. 1). A reference LEM
circle on the unfaulted abyssal plain was designed to measure any
electrical anisotropy frozen in during lithospheric formation at
the mid-ocean ridge, while a second LEM circle on the trench
outer rise targeted further anisotropy created by the fault struc-
tures and any associated upper mantle serpentinization. An
additional data set of broadband magnetotelluric recordings from
each EM receiver constrains deeper asthenosphere conductivity
and will be presented elsewhere. The remainder of this section
describes the acquisition in more detail for the interested reader,
but could be skipped by non-specialists.

The seafloor CSEM receivers consisted of broadband EM
sensors that measure the horizontal electric and magnetic field
variations in the 0.0001–100 Hz frequency band (Constable et al.,
1998). The receiver positions on the seafloor were determined
using long-baseline navigation from the survey vessel, which
yielded horizontal position uncertainties in the range of 1–50 m,
depending on water depth and the acoustic data coverage.
Because the receivers are freely deployed to the seafloor where
they land with an arbitrary rotation, external electronic compass
recorders are required to measure their orientations. We per-
formed an independent verification of the compass orientations
by using a method that simultaneously inverts for the seafloor
resistivity and the optimal rotation matrix between the observed
data and the response predicted by the resistivity model (Key and
Lockwood, 2010), finding agreement with all compass orienta-
tions to within 81 uncertainty.

The CSEM transmissions were accomplished using the Scripps
Undersea EM Source Instrument (SUESI). SUESI transmitted a
300 A current across copper electrodes attached to each end of a
250 m long antenna, resulting in a dipole moment of 75 kA m. We
deep-towed SUESI across the trench at a tow speed of 1.5 kts
(0.8 m/s) for the 220 km long profile. A nominal 100 m altitude
was maintained to ensure good EM coupling to the seafloor while
leaving a margin of safety above the rugged topography (Fig. 2a).
An external sensor mounted on SUESI’s tow-frame recorded



Fig. 2. (a) Depth of the Scripps Undersea EM Source Instrument (SUESI) and the

seafloor depth during the deep-tow across the Middle America Trench offshore

Nicaragua. SUESI’s target altitude during the deep-tow was 100 m above the

seafloor. (b) Dip of SUESI’s 250 m long dipole antenna (negative corresponds to the

front electrode being shallower than the tail electrode). The largest dip variations

occur in the trench outer rise where the transmitter was rapidly raised and

lowered over the heavily faulted seafloor.
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seawater conductivity, temperature, pressure depth, and sound
velocity data. SUESI’s height above the seafloor was measured by
an acoustic altimeter. Depth recordings from a pressure sensor
attached to the trailing electrode allowed us to compute the dip
angle of the dipole antenna (Fig. 2b). Over the abyssal plain the
antenna dip is fairly stable at a nominal value of about �71
(negative corresponds to the front electrode being shallower than
the tail electrode). At the trench outer rise there are several
relatively short excursions to 0–201 dip that occurred when the
transmitter was lowered deeper after crossing over down-drop-
ping fault scarps. The dip changes to negative values in the range
of �101 to �201 when SUESI was raised to shallower depths
while towing up the margin slope.

The transmitted current was switched using a compact binary
waveform referred to as Waveform D (Myer et al., 2011). The
discrete frequency spectrum of this waveform is advantageous
since its peak harmonics are spread out across the spectrum in a
wider band than is possible with the simple square waves used in
older generations of marine CSEM experiments. Based on pre-
survey forward modeling of the 500 m of conductive porous
sediments overlying resistive volcanic seafloor, we determined
that a waveform fundamental frequency of 0.25 Hz (with peak
harmonics at 0.75 and 1.75 Hz) would provide high sensitivity to
crustal structure while maintaining a good signal-to-noise ratio.
Phase stability of the transmitted waveform was maintained by a
400 Hz GPS locked timing signal transmitted down the deep-tow
cable to the source.

SUESI’s lateral position was determined using an inverted
long-baseline (ILBL) navigation system. The ILBL system records
the acoustic travel times between an acoustic transceiver
mounted on SUESI and two GPS-equipped acoustic transponders
towed on the sea-surface behind the ship. Paravanes were used to
position the surface transponders to the port and starboard sides
approximately 100 m behind the ship, resulting in a 300 m
aperture between the transponders. The acoustic travel times,
the GPS positions of the transponders and the measured trans-
mitter depth were then input into a Levenberg–Marquardt mini-
mization routine that solved for SUESI’s lateral position by ray-
tracing through the seawater sound velocity profile. Estimated
SUESI position uncertainties from the ILBL system are about 10 m
in the tow direction and 100–200 m in the cross-line direction for
the deepwater (42500 m depth), and are much smaller at the
shallower depths encountered on the margin slope.

The LEM receivers were used to measure azimuthal anisotropy
in the crust and uppermost mantle by towing the transmitter in a
30 km radius circle around a vector pair of LEMs (Supplemental
Fig. S1). Each LEM receiver was outfitted with a 200 m long
antenna for measuring the horizontal electric field at a much
lower noise level than possible with the 10 m dipoles used on the
standard CSEM receivers (Constable and Cox, 1996). This
improved sensitivity comes at the cost of a much longer time to
deploy the LEM since the long antenna requires a careful deep-
tow deployment to the seafloor. Since each LEM only measures a
single component of the electric field, orthogonal pairs of LEMs
deployed at the center of each anisotropy circle comprise a
complete LEM station.
3. Data and results

3.1. CSEM data

We processed the CSEM data using a short-time window,
robust stacking method (Myer et al., 2011). This entailed dividing
the time series for each channel into 4 s time-windows corre-
sponding to the fundamental period of the transmitter waveform,
pre-whitening, Fourier transformation, and then post-darkening
the resulting Fourier coefficients. These were then corrected for
the frequency dependent sensor responses and the complex
transmitter dipole moment. The Fourier coefficients of the first,
third and seventh waveform harmonics (0.25, 0.75 and 1.75 Hz)
were then stacked into 120 s stacks. We used a robust stacking
method that iteratively removed outliers identified as residuals
greater than twice the median absolute deviation. Finally,
the variance of each stacked value was obtained by analysis
of the stacking residuals after removing the small trend due to
the changing transmitter range over the 120 s stack window.
Data from all receivers are displayed in Supplemental Figs. S2
and S3.

Fig. 3 shows example CSEM responses obtained for the inline
electric and crossline magnetic fields measured at sites s09 and
s27. The response amplitudes decay rapidly with range from the
transmitter due to a combination of geometric spreading and
inductive attenuation. At site s09, which is located on the
unfaulted abyssal plain, the phases fall off rapidly at short ranges
due to inductive attenuation in the conductive seafloor sedi-
ments, but then reach a nearly constant phase at ranges greater
than 2 km. Constant phases are characteristic of very resistive
media that allow the EM energy to propagate with little inductive
attenuation. In very shallow water CSEM surveys (o500 m) this
occurs due to EM propagation through the resistive air, whereas
here in the deepwater this arises from the high resistivity of the
underlying oceanic crust and mantle. While the amplitude
responses at s27 appear similar to s09, the phase responses are
markedly different, exhibiting increasing phase shifts to offsets of
5–10 km. This is likely due to inductive attenuation associated
with the less resistive oceanic crust on the highly faulted trench
outer rise, and highlights the importance of including phase data
in CSEM interpretations. The phase data on s27 also exhibit short-
wavelength variations, particularly evident in the out-tow data;
these second order features arise from variations in electromag-
netic coupling to the seafloor when the transmitter passed over
the rugged fault scarps.



Fig. 3. Example CSEM responses from sites s09 (a) and s27 (b). Electric and magnetic fields amplitude and phase responses (dots) are shown as a function of source-

receiver offset for three strongest harmonics of the source waveform. Site s27 shows a stronger phase shift as a function of range that is indicative of a decrease in crustal

resistivity over the heavily faulted seafloor. Model fits for separate 1D inversions of the in- and out-tow data are shown as black lines. Data standard errors are shown as

light gray bars. The locations of s09 and s27 are shown in Fig. 1.

K. Key et al. / Earth and Planetary Science Letters 351–352 (2012) 45–5348
Fig. 4 shows the electric field data at 0.75 Hz for all receivers.
There are distinct lateral variations in the amplitude and phase
responses across the profile, with the largest changes occurring at
the transition from the oceanic plate to the continental margin at
0 km position. There is a more subtle transition in the data as the
array crosses the trench. Due to the increased seafloor conductiv-
ity on the margin slope, the phase data here vary most rapidly as a
function of range.

3.2. CSEM resistivity results

We divided the CSEM data from each receiver into in-tow and
out-tow subsets and then inverted each for a 1D seafloor
resistivity model using an open-source inversion algorithm (Key,
2009). Due to the inline geometry, the CSEM data are primarily
sensitive to conductivity in the vertical plane of the survey profile
and are insensitive to the azimuthal anisotropy that may be
present from the faulting. Hence we inverted only for isotropic
resistivity. An error floor of 15% was applied to the data uncer-
tainties and only data with signal-to-noise ratios greater than two
were inverted. Because data at the shortest offsets are predomi-
nantly sensitive only to the seawater conductivity and are also
highly susceptible to bias from uncertainties in the transmitter
and receiver position estimates, we omitted data at ranges less
than 1 km. All inversions were started from a uniform 100 ohm m
halfspace starting model and were stabilized using a vertical
model roughness penalty term in the regularization functional
(Constable et al., 1987). Most of the inversions were able to fit the
data to RMS 1.0. The resulting 1D inversion models were collated
into a 2D image that shows the variations in resistivity along the
survey profile (Fig. 5a). The corresponding model fits for all data
are shown in Supplemental Figs. S2 and S3.
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Fig. 5. (a) Resistivity section obtained from 1D inversion of the data from each receive

(Grevemeyer et al., 2007). The dashed line shows the maximum depth of inference.

plotting the ratio of the observed resistivity to a reference vertical profile obtained fro

region of low mantle velocities detected by seismic refraction data collected along pro
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The oceanic plate resistivity varies predominantly in the
vertical direction, starting with about 500 m of conductive
1 ohm m sediments and increasing to 1000 ohm m or greater
within a few kilometers depth (Fig. 5a). The vertical resistivity
gradient agrees well with crustal boundaries identified by seismic
imaging (Grevemeyer et al., 2007). The 2 km of extrusive pillow
basalts and sheeted dikes in seismic layer 2 are characterized by
resistivities of 10–100 ohm m while the deeper intrusive gabbros
of layer 3 are generally much greater than 100 ohm m.

Resolution analyses for EM data are notoriously difficult due to
the non-linearity of the inverse problem. However, we can test for
the depth of maximum inference (Parker, 1982) by inverting each
data set after placing a highly conductive (10�6 ohm m) layer at the
base of the model. The top of this conductive layer was iteratively
moved to shallower depths until the inversions could no longer
obtain RMS 1.0. This depth was then taken to be the depth of
maximum inference, below which the CSEM data are unable to
constrain the resistivity structure. The depth of maximum inference
was found to be about 7–8 km beneath the seafloor, corresponding
to the uppermost few kilometers of the mantle.

Since the large vertical resistivity gradient in the oceanic plate
obscures more subtle lateral variations, we normalized the resistiv-
ity model by a vertical profile obtained by averaging all stations on
the oceanic plate. This reveals that a prominent lateral drop in
crustal resistivity occurs directly with the onset of the bending faults
on the outer rise (Fig. 5b). Here the resistivity decreases by up to a
factor of 5 at depths spanning the entire crust and possibly deeper,
although the precise bottom to this region is not well-constrained
by the CSEM data. This decreased resistivity lies directly over the
region where low seismic velocities suggest upper mantle serpenti-
nization (Ivandic et al., 2008; van Avendonk et al., 2011).
r. Black lines show crustal layering determined from active source seismic studies

Vertical exaggeration is 5� . (b) Lateral resistivity variations are accentuated by

m the average of all sites at positions �173 to �80 km. The white line encloses a

file p50 (Ivandic et al., 2008). (c) RMS misfit for each site’s 1D inversion.
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Fig. 6. Electromagnetic polarization ellipse maxima shown as a function of transmitter azimuth for the 0.75 Hz (top) and 3.25 Hz (bottom) LEM circle data. A fault parallel

anisotropy is evident in the elongation of the trench outer-rise data, whereas the abyssal plain data show a predominantly circular polarization that is expected when

anisotropy is insignificant. Solid black lines show model responses for an isotropic resistive crust beneath the abyssal plain, and an anisotropic crust beneath the trench

outer rise with a factor of 5 decrease in resistivity in the vertical and trench parallel directions, representative of conductive vertical fault planes.

Table 1
Model parameters used for forward modeling the LEM data shown in Fig. 6. The

two layer model consists of 500 m of conductive isotropic sediments overlying a

resistive anisotropic crust. For the trench outer rise model, the x-axis is aligned

roughly trench and fault parallel at �301.

Layer Abyssal plain Trench outer rise

Sediments (ohm m) 1 2.2

Crust (ohm m) rx ¼ ry ¼rz ¼ 3000 rx ¼ rz ¼ 600, ry ¼ 3000
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3.3. Long-wire EM data and results

We processed the LEM data in an identical manner as the
CSEM data and then transformed them into electromagnetic
polarization ellipse parameters as a function of source-receiver
azimuth (e.g., Behrens, 2005). The maxima of the polarization
ellipses for the 0.75 and 3.25 Hz harmonics are shown in Fig. 6.
On the abyssal plain, the polarization maxima show an isotropic
response as a function of transmitter azimuth. Conversely, the
trench outer rise polarization maxima are highly elongated in a
fault parallel direction. Since the electric field becomes enhanced
in the conductive direction of anisotropic structures (Everett and
Constable, 1999), these data indicate that the fault parallel
direction is the most conductive.

We forward modeled the LEM data by modifying a 2D finite
element code (Key and Ovall, 2011) to handle a triaxial electrical
resistivity tensor q of the form:

q ¼

rx 0 0

0 ry 0

0 0 rz

2
64

3
75 ð1Þ

where rx,ry, and rz are the resistivities along the three coordinate
axes. Based on the CSEM inversions shown in Fig. 5a, a simple two
layer model was used for the LEM data, consisting of a 500 m
thick layer of conductive sediments overlying a resistive aniso-
tropic crust. Table 1 lists the parameters used to generate the fits
shown in Fig. 6. The abyssal plain data are well described by an
isotropic resistive crust. For the trench outer rise data, a reason-
able fit was obtained with the x- and z-axes a factor of five times
more conductive than the y-axis, with x aligned at �301 from N,
roughly parallel to the trench axis and fault planes. When the x

and z resistivities are equal and more conductive than the y-axis,
the tensor represents conductive vertical sheets (with strike
direction x) embedded in a resistive matrix (Everett and
Constable, 1999); this is consistent with an interpretation of the
bending faults as trench parallel bands of highly porous fault
damage zones extending throughout the entire crust. The factor of
five anisotropy agrees with the similar reduction in resistivity
constrained by the CSEM data at the trench outer rise (Fig. 5b).
4. Implications for plate hydration

Our observations of oceanic plate resistivity agree in the upper
1 km with CSEM results from 40 Ma lithosphere in the north-east
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Pacific (Constable and Cox, 1996), but are significantly less
resistive at depth (Fig. 7). Since crustal resistivity away from
magmatic areas is predominantly controlled by porosity,
this disagreement reflects an overall higher porosity in the
22–24 Ma oceanic crust offshore Nicaragua, even on the abyssal
plain where there is a little evidence for reactivated normal faults.

The bulk resistivity r determined from the CSEM inversions
can be related to bulk porosity using Archie’s (1942) law:

r¼ rwf
�m, ð2Þ

where f is porosity and rw is the saturated fluid resistivity. While
this empirical formula was originally derived from well-logs of
porous sediments, it is also effective for characterizing conductive
pore fluids in crystalline rocks (Brace and Orange, 1968). A value
of 2 for the exponent m has been constrained through laboratory
studies of basement rocks and well-logging of the sheeted dikes
in ODP Hole 504B (Brace and Orange, 1968; Shankland and Waff,
1974; Becker et al., 1982; Becker, 1985). If faulting results in an
even more well-connected porosity structure than represented by
Archie’s law, the exponent m will be smaller and so will the
corresponding porosity estimates derived from the CSEM
resistivity.

Assuming pore fluids with seawater salinity, the fluid resistiv-
ity in the range of 0–200 C can be approximated to 5% accuracy by
(Becker et al., 1982):

rwðTÞ ¼ 3þ
T

10

� ��1

, ð3Þ

where T is the temperature (1C). For our porosity estimates we
assumed a geothermal gradient of 30 1C km�1 starting from 1 1C
at the seafloor. However, the bulk resistivity depends more on
porosity than temperature due to the exponent m in Archie’s law.
Furthermore, although lateral temperature variations in the
oceanic basement are poorly constrained by observational data,
we can probably rule out a thermal-only explanation for the
resistivity decrease in the faulted crust since observations of
anomalously low heat flow values suggest increased cooling from
hydrothermal circulation along the fault planes (Grevemeyer
et al., 2005), rather than the heating required to decrease
resistivity. If indeed a significant temperature decrease accom-
panies the faulting, then our conversion of resistivity to porosity
will underestimate the true porosity.
Fig. 7 shows the bulk porosity estimated from resistivity. On
the oceanic plate the porosity decreases rapidly from the highly
porous sediments to only a few percent throughout most of the
crust, falling below one percent beneath the Moho. Bulk porosity
in the bending fault region is up to a factor of two higher than the
abyssal plain crust. The highest crustal porosities are observed on
the margin slope.

Since the CSEM data sample bulk resistivity over spatial scales
that include several fault damage zones and the unbroken matrix
that separates them, the bulk porosity estimates given above
using Archie’s law provide a lower bound on what are likely to be
significantly more porous fault damage zones. We can go further
in the analysis if we represent the damage zones as conductive
vertical sheets that are separated by a resistive matrix. The bulk
resistivity r can be related to the damage zone resistivity rf and
the unbroken matrix resistivity rm using the series conductivity
law (e.g., Grant and West, 1965; Yu et al., 1997):

1

r
¼

x

rf

þ
1�x

rm

, ð4Þ

where x is the volume fraction of the damage zone. We took the
unfaulted abyssal plain resistivity to be representative of the
unbroken matrix rm and set r to be the average of all trench
resistivity profiles, and then solved this equation for the damage
zone resistivity rf . We then applied Archie’s law to rf in order to
estimate the damage zone porosity. Fig. 7 shows the resulting
estimates for a range of volume fractions x.

The damage zone porosity estimates are significantly higher
than the abyssal plain, but the extent of this increase depends on
the volume fraction. In our simple parallel sheet fault model, the
volume fraction is determined by the spacing between faults and
the width of the damage zone. Ranero et al. (2003) found that the
fault spacing varies from several kilometers on the outer rise to
about 1 km near the base of the trench. In order to be detected by
the reflection seismic data presented in Ranero et al. (2003), the
fault damage zones must be at least a few tens of meters wide. A
width of 40 m with 4 km spacing (x¼0.01) could represent early
faulting as plate bending initiates, whereas a width of 80 m
spaced every 1 km (x¼0.08) could be representative of the oldest,
densest region of faulting at the base of the trench. Based on these
values, the damage zone porosities in the lower crust span from
about 1–20%, representing significantly porous channels for deep
fluid circulation.
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5. Discussion and conclusions

Our interpretation of the CSEM derived electrical resistivity
and its implications for fluid circulation are shown in Fig. 8. The
correlation between the bending faults at the outer rise and the
concomitant decreases in crustal resistivity and mantle seismic
velocity strongly suggests that the bending faults create the
necessary permeable fluid pathways required for deeper altera-
tion of the uppermost mantle. Since the CSEM model requires
conductive pore fluids throughout the entire crust in order to
explain the observed resistivity decrease, it is likely that fluids are
also reaching the uppermost mantle via the fault damage zones.
Any fluids reaching the mantle will lead to serpentinization.
Therefore, the CSEM results suggest that the serpentinization is
likely to explain the slow mantle seismic velocities rather than
the alternative explanations of seismic anisotropy or fracture
weakening (Ivandic et al., 2010; van Avendonk et al., 2011). There
could be a combination of fracture weakening and serpentiniza-
tion, but significant fracturing in the uppermost mantle would
allow for deeper penetration of the observed crustal fluids and
thus to mantle serpentinization.

Furthermore, since crustal porosity increases directly with the
onset of the bending faults and persists at least until subduction,
our results suggest that the time window for fluid input in the
subducting plate is controlled by the width of the bending fault
region and the rate of plate consumption at the trench. This time
window may be the main factor controlling variations in slab
hydration along the Middle America Trench. While many proper-
ties control the width of the faulted region, here the variable
alignment between the seafloor spreading fabric and the trench
axis is significant; offshore Nicaragua the alignment of the paleo
spreading fabric and the trench axis is optimal for generating
bending faults, whereas elsewhere along the Middle America
Trench the spreading fabric is misaligned from the subduction
direction by up to 251, resulting in narrow and less pervasive
bending fault regions (Ranero et al., 2005). The heavily faulted
trench offshore Nicaragua allows for a longer time window for fluid
penetration than possible in the narrower bending fault regions
observed offshore Costa Rica and Guatemala (Ranero et al., 2005),
providing an explanation for the anomalously high geochemical
Ba/La ratios found in Nicaraguan arc lavas that indicate a strong
slab fluid input (Carr et al., 2003; Rupke et al., 2002).

The upper plate on the margin slope is significantly less
resistive than the oceanic plate and contains substantial lateral
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Fig. 8. Interpretation of observed electrical resistivity and seismically imaged

bending faults. The incoming oceanic plate experiences extensional bending faults

at the trench outer rise; these faults penetrate to mantle depths, creating highly

permeable fault damage zones that allow for deep fluid circulation. Fluids

reaching the mantle serpentinize peridotite in a region surrounding the faults.

On the down going plate, sediment compaction and crustal dehydration reactions

release fluids that percolate up through the highly fractured upper plate on the

margin slope.
variations in the upper few kilometers. While these variations
suggest a need for future 2D modeling efforts, we can make some
general conclusions based on the 1D modeling used here. Con-
siderable evidence suggests that the margin slope is dominated
by subduction erosion processes, where material from the over-
riding plate is gradually eroded away from below (Ranero and von
Huene, 2000). Dewatering of subducting sediments due to com-
paction and dehydration reactions is thought to lead to intense
hydrofracturing and fluid expulsion on the continental slope
(Ranero et al., 2008). Our observations of markedly higher
porosities on the margin slope compared to the oceanic crust
support the notion of a highly fractured upper plate (Fig. 7).
Furthermore, numerous seafloor fluid seeps observed in a margin
parallel band centered around 30 km landward of the trench
(Sahling et al., 2008) coincide with the lowest crustal resistivities
observed along the EM profile (Fig. 5a). This supports the
hypothesis that a network of deep penetrating fractures allows
fluids expelled by sediment dehydration on the deeper plate
boundary to be focused through the overriding plate, rather than
migrating back to the trench along the plate boundary (Sahling
et al., 2008; Ranero et al., 2008).
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