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Abstract The portion of the Central American margin that encompasses Nicaragua is considered to rep-
resent an end-member system where multiple lines of evidence point to a substantial flux of subducted flu-
ids. The seafloor spreading fabric of the incoming Cocos plate is oriented parallel to the trench such that
flexural bending at the outer rise optimally reactivates a dense network of normal faults that extend several
kilometers into the upper mantle. Bending faults are thought to provide fluid pathways that lead to serpen-
tinization of the upper mantle. While geophysical anomalies detected beneath the outer rise have been
interpreted as broad crustal and upper mantle hydration, no observational evidence exists to confirm that
bending faults behave as fluid pathways. Here we use seafloor electromagnetic data collected across the
Middle America Trench (MAT) offshore of Nicaragua to create a comprehensive electrical resistivity image
that illuminates the infiltration of seawater along bending faults. We quantify porosity from the resistivity
with Archie’s law and find that our estimates for the abyssal plain oceanic crust are in good agreement with
independent observations. As the Cocos crust traverses the outer rise, the porosity of the dikes and gabbros
progressively increase from 2.7% and 0.7% to 4.8% and 1.7%, peaking within 20 km of the trench axis. We
conclude that the intrusive crust subducts twice as much pore water as previously thought, significantly
raising the flux of fluid to the seismogenic zone and the mantle wedge.

1. Introduction

Subduction of hydrated oceanic lithosphere is the primary process by which water is transported to the
interior of the Earth [Thompson and Connolly, 1992; Hirschmann, 2006]. The magnitude of water subducted
modulates many fundamental tectonic processes, including seismic coupling at the megathrust plate inter-
face [Scholz, 1998; Saffer and Tobin, 2011] and arc magma genesis [Gaetani and Grove, 1998]. Quantifying
the flux of water transported by oceanic plates and the distribution of fluids released during subduction is
critical to understanding the pattern of seismic coupling at the plate interface as well as chemical and vola-
tile cycling between the solid and fluid Earth.

Subducting tectonic plates transport interstitial and mineral-bound water that is partitioned into sediment,
crust, and upper mantle reservoirs. Pore water trapped in benthic sediment can account for close to half of
the total influx depending on the fraction that is underthrust into the margin with the subducting slab
[Plank and Langmuir, 1998; Jarrard, 2003]. The magnitude of volatiles in the upper extrusive oceanic crust
tend to increase with age, where older extrusive crust contains relatively more mineral-bound and less inter-
stitial water than younger crust [Carlson and Herrick, 1990; Staudigel, 2014]. In contrast, the volatile content
of the intrusive oceanic crust is generally assumed to remain constant with age, although in situ observatio-
nal constraints on the hydration state of the lower crust are limited. Given these assumptions, the combined
magnitude of extrusive and intrusive crustal water subducted is estimated to vary by only 3% between 5
and 145 million year old (Ma) plate [Jarrard, 2003]. This suggests that the flux of crustal water is fairly uni-
form at all convergent margins, with regional differences dictated by sediment heterogeneity.

Mineral-bound water in the oceanic upper mantle could rival or significantly exceed the combined flux of
crustal and sedimentary sources in the global subduction zone water budget [UImer and Trommsdorff, 1995;
Rupke et al., 2004], but the degree of mantle hydration is poorly constrained [Hacker, 2008]. The upper man-
tle of an oceanic plate formed at a fast spreading ridge is expected to be relatively dry, which is consistent
with observations of electrically resistive oceanic lithosphere away from convergence zones [Cox et al.,
1986; Evans et al., 1994; Key et al., 2013; Baba et al., 2013]. Near the trench, flexural bending at the trench-
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outer rise generates Moho crossing
normal faults that may provide a
permeable pathway for seawater to
percolate into the mantle [Peacock,
2001; Ranero et al., 2003; Faccenda
et al., 2009]. At temperatures below
450°C, the addition of water to
mantle peridotite triggers a series
of alteration reactions that consume
H,O and form hydrous serpentinite
minerals [Moody, 1976].

To date, regional active-source
seismic studies at the outer rise
provide the only in situ estimates
of mantle hydration [Ranero and
Sallarés,  2004;  Contreras-Reyes
et al., 2007; Ivandic et al., 2008; van
Avendonk et al., 2011]. By compari-
son, fluid fluxes in the sediment
and extrusive crust are better con-
Figure 1. Regional tectonic map. The Cocos oceanic plate subducts at a rate that strained by a relative abundance of
increases from 40 mm/yr in the northwest to 90 mm/yr in the southeast [DeMets et al., observations, but the large inter-
e e e sty varibily o HO estimted

The survey profile (boxed) is located on EPR-sourced crust and crosses the MAT off to subduct suggests important
Nicaragua. uncertainties remain [Kastner et al.,

2014].
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2. The Middle America Trench

The Central American landmass is an uplifted block on the western portion of the Caribbean plate. It
includes the Central America Volcanic Arc (CAVA), formed by the ongoing subduction of the Cocos oceanic
plate beneath the western edge of the Caribbean plate [Mann et al., 2007]. The border between the two
plates is marked by the Middle America Trench (MAT).

The Nicaraguan portion of the CAVA is unique in that it has been found to be unusually rich in fluids. Lava
samples from its arc volcanoes contain the strongest geochemical signatures found to date, linking the
erupting material to a large flux of fluids and sediment derived from the subducting slab [Morris et al., 1990;
Patino et al., 2000]. The subducting slab has fed the mantle wedge with a relatively steady state supply of
sediment for the last 20 Ma [Plank et al., 2002].

Beneath the Nicaraguan volcanic arc, seismic studies detect high Vp/Vs ratios, reduced velocities, and high
attenuation in the mantle wedge that are all consistent with a large flux of fluids and/or magma [Rychert
et al., 2008; Syracuse et al., 2008; Dinc et al., 2011]. Additionally, anomalies at depths coincident with the sub-
ducting slab suggest that the downgoing oceanic crust and the uppermost mantle are highly hydrated
[Abers et al., 2003; Syracuse et al., 2008].

Figure 1 shows the tectonic setting of Central America. The Cocos crust is born out of two independent
mid-ocean ridges: the north-south trending East Pacific Rise (EPR) and the east-west trending Cocos-Nazca
Spreading center (CNS). The boundary between the two runs southwest-northeast and meets the MAT off
the Nicoya Peninsula [Barckhausen et al., 2001].

The distinction between crustal origin is important because the thickness, seismic velocity, and heat flow
signatures of the EPR and CNS crust are starkly different. The EPR crust emits anomalously low heat flux,
while the CNS crust shows typical heat flux for its age [Fisher et al., 2003a; Hutnak et al., 2008]. The EPR crust
is also thin (5.5 km) and seismically fast relative to the 8-11 km thick CNS crust [lvandic et al., 2008; van
Avendonk et al., 2011].
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Offshore of Nicaragua, the seafloor spreading fabric and thus the remnant abyssal hill faults of the incoming
EPR-sourced Cocos plate are oriented parallel to the trench axis. The plate begins to bend as it dives into
the MAT, forming an outer rise flexural bulge that reactivates remnant faults to produce what are often
referred to as bending faults. A seismic reflection survey off southern Nicaragua imaged bending faults
extending several kilometers into the upper mantle [Ranero et al., 2003].

Multibeam bathymetric maps show the associated scarps reaching several hundred meters of vertical offset
[Weinrebe and Ranero, 2012]. The thin sediment cover indicates that the scarps likely expose basaltic base-
ment to seawater. Outcropping basement highs on the EPR-Cocos plate have been linked to recharge and
discharge of fluids, fueling hydrothermal circulation in the relatively permeable upper oceanic crust [Fisher
et al., 2003b; Hutnak et al., 2008]. Fluid circulation through basement outcrops in tandem with the possibility
that faults generate wide damage zones suggests that exposed seafloor faults may provide permeable fluid
pathways to depth [Peacock, 2001]. This hypothesis is supported by a numerical model that shows subhy-
drostatic pressure gradients arise from outer rise extensional stresses, allowing seawater to percolate to
upper mantle depths [Faccenda et al., 2009].

If bending faults promote the migration of seawater to Moho depths at the outer rise, a late-stage of serpentini-
zation will ensue. During subduction, serpentinite phases become unstable as they are subjected to higher pres-
sures and temperatures, eventually undergoing dehydration reactions that supply a substantial flux of H,O to
the overlying mantle wedge [Hacker, 2008; van Keken et al,, 2011]. Since water lowers the solidus of mantle min-
erals [Kushiro et al,, 1968; Gaetani and Grove, 1998], outer rise serpentinization may promote additional magmatic
production that ultimately increases volcanic activity in the arc. At subsolidus temperatures, such water may also
lead to serpentinization of the overriding mantle, changing the frictional properties of the plate interface and
thus the behavior of the megathrust seismogenic zone [Beroza and Ide, 2011; Kaproth and Marone, 2013].

Serpentinite is significantly less dense and as such has a lower seismic velocity than its parent rock [Carlson
and Miller, 2003]. Wide-angle seismic data collected along the MAT detect velocity reductions in the upper
mantle, indicating that some amount of serpentinized minerals are likely present. Estimates range from 15
to 40% serpentinization in the top 4-12 km below the Moho [Ivandic et al., 2008; van Avendonk et al., 2011;
Ivandic et al., 2010]. Naturally, observations of hydration at the Cocos outer rise have been linked to those
of a fluid-rich mantle wedge [Riipke et al., 2002].

Due to the large bending moment, the oceanic lithosphere experiences extensional stresses that exceed its
elastic yield strength at the trench-outer rise [Levitt and Sandwell, 1995; Garcia et al., 2015], leading to brittle
deformation in the crust and uppermost mantle. This likely has a significant effect on porosity, which may
be concentrated in the damage zones surrounding bending faults. Seismic data have difficulty discriminat-
ing between fracture porosity and hydration, limiting the reliability of inferences for the oceanic crust (see
discussion in Ivandic et al. [2008]). Mantle hydration is better constrained since the higher lithostatic pres-
sures relative to the crust suggest that fracture porosity may be less of a concern below the Moho. Velocities
consistent with serpentinization and evidence for fracture induced seismic anisotropy have been seen in
the upper mantle in this region (D. Lizarralde, personal communication, 2015). Since existing estimates
ignore fracture porosity, the extent of serpentinization inferred from seismic data is an upper bound. Electri-
cal resistivity measurements offer an independent tool to help further constrain the nature of fluid circula-
tion through the crust and into the mantle.

3. Marine CSEM Survey

In order to investigate subseafloor fluid migration and plate hydration, we collected controlled-source elec-
tromagnetic (CSEM) data to image electrical resistivity along a 220 km profile offshore of Nicaragua. Our sur-
vey—the Serpentinite, Extension, and Regional Porosity Experiment across the Nicaragua Trench
(SERPENT)—spans the abyssal plain and trench-outer rise of the Cocos plate and the fore-arc slope of the
Caribbean plate, shown in Figure 2. To date, this is the only marine CSEM data set collected at a subduction
zone. Previous work by Key et al. [2012] used 1-D inversion to analyze the data. Here we employ recently
developed 2-D inversion tools [Key and Ovall, 2011; Key, 2012] to model the data.

The CSEM method uses electromagnetic induction to map crustal resistivity variations, providing a powerful
tool that can image fluid pathways and quantify porosity. The electrical resistivity of the crust, to first order,
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is dependent on porosity and
the temperature and salinity of
pore fluids [Evans, 1994]. Since
saline water is up to six orders
of magnitude less resistive than
crystalline rock [Quist and Mar-
shall, 1968], slight variations in
pore fluid content will change
bulk resistivity above the detec-
tion threshold of our broadband
electromagnetic instruments
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10°N % I\ EW receivers § [Constable, 2013]. Porosity is
Siigm e, CSEMtow | then estimated from resistivity
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e bt 100kmw -~ - dike hydration onset by applying two-phase mixing
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89°W 88°W 87°W 86°W about pore geometry and inter-
connection [Becker et al., 1982;
Figure 2. Map of the electromagnetic survey. The faulted seafloor fabric is clearly seen in Becker, 1985]
g .
the high-resolution bathymetric map. Solid black squares show the location of ocean bot-
tom electromagnetic receivers whose data we consider here. The black square outlined in Our instruments continuously

white is a LEM collocated with a standard receiver. Data from white squares outlined in
black were excluded from modeling. The orange line shows the CSEM transmitter towpath
and the blue and red circles are the LEM anisotropy tows. Data from sites s08 and s27 are magnetic field time series in two
shown in Figure 3. The black dashed line and black dotted line represent the location orthogonal directions. While it is
where our data observe the onset of hydration in the layer of dikes and gabbros at 80 km
and 60 km seaward of the trench, respectively.

record horizontal electric and

possible to utilize naturally occur-
ring electromagnetic fields to
image electrical resistivity with the passive magnetotelluric (MT) method, attenuation of the high-frequency MT
source field by the conductive ocean limits the ability of marine MT data to constrain shallow structure; previ-
ous marine MT results at the MAT resolve upper mantle electrical structure at depths corresponding to the
lithosphere-asthenosphere boundary [Worzewski et al., 2010; Naif et al,, 2013].

Considering that our primary objective is to image the crust, we augment the low-frequency MT data with
CSEM data collected at higher frequencies. Acquiring CSEM data entails deep-towing an electric dipole
antenna close to the seabed so that the transmitted energy couples to the seafloor, allowing it to propagate
through the resistive oceanic crust. An array of receivers is used to measure the attenuation of this propa-
gating energy, which depends on the seafloor electrical resistivity structure [Cox et al., 1986; Constable and
Cox, 1996].

We deep-towed the Scripps Undersea Electromagnetic Source Instrument (SUESI) approximately 100 m
above the seafloor while it output 300 amps of alternating current from the dipole of a 250 m antenna. We
used a complex binary waveform with a 4 s fundamental period to ensure a wide frequency spectrum suita-
ble for constraining crustal structure [Myer et al.,, 2011]. The transmissions were recorded by an array of 44
seafloor EM receivers sampling at 62.5 Hz. The standard receiver configuration had electrodes on the end of
10 m dipoles and induction coil magnetometers. We also deployed two pairs of long-wire electromagnetic
(LEM) instruments that recorded the horizontal electric fields with 200 m electrode separation. The long
electrode antenna reduces the electric field noise floor by one to two orders of magnitude compared with a
standard receiver, significantly improving the data quality. Additional details concerning the survey design
and instrumentation are described in Key et al. [2012]. Our analysis here considers CSEM data from one LEM
and 26 standard receivers deployed along a 120 km segment of the incoming oceanic plate. Data from
receivers located on the fore arc are being assessed independently (S. Naif et al., in preparation).

3.1. Data Processing

To obtain CSEM response functions, we transform the time series data into the frequency domain and nor-
malize by the transmitter dipole moment to get Fourier coefficients for 4 s time-windows (the length of a
single waveform) [Myer et al, 2011]. We stack the resulting Fourier coefficients into 120 s intervals to
increase the signal-to-noise ratio (SNR). Obvious outliers were discarded prior to stacking. The remaining
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Figure 3. CSEM amplitude and phase data of the inline electric field at 0.25, 0.75, and 1.75 Hz from (a) site s08 on the landward edge of the abyssal plain and (b) site s27 on the heavily
faulted outer rise, 20 km from the trench axis. Vertical bars are data uncertainties. The 2-D model responses (black lines) fit the structure of the data significantly better than previous 1-D

model responses in Key et al. [2012].

data were stacked with a robust algorithm that iteratively flagged and removed data with residuals greater
than three times the median absolute deviation until convergence.

The remaining high SNR data were rotated to the strike of the survey transect. We modeled the inline elec-
tric field responses (amplitude and phase) at the first, third, and seventh waveform harmonics (0.25, 0.75,
and 1.75 Hz), where most of the waveform energy is concentrated. Inverting multiple frequencies of data
significantly improves the model resolution and sensitivity compared with single frequency inversions [Key,
2009]. We limited the data to the electric field component because magnetic field data are susceptible to
noise associated with instrument shaking and using both electric and magnetic field data adds redundant
constraints [Key, 2009]. We used the transverse magnetic field data for site s30 (location shown in Figure 2)
since it had a malfunctioning electrode but functional magnetometers.

We discarded all data with transmitter-receiver ranges of less than 2 km since navigation uncertainties are
proportionally large at short ranges and can produce significant modeling errors. The short range data are
mostly sensing the conductive sediment layer and so do not reduce our sensitivity to structure at crustal
depths. Stacked data with SNR of less than two were also discarded. After filtering, we applied a 2% error
floor to the remaining 25,864 data points deemed suitable for inversion. Example responses from two
receivers are shown in Figure 3. Site s08 was deployed over smooth unfaulted seafloor (see Figure 2). The
data reflect this, showing smoothly decaying amplitudes and flat phases with increasing source-receiver off-
set. The flat phase indicates the presence of a highly resistive basement. Site s27, by contrast, was deployed
over heavily faulted seafloor in the outer rise. As a result of reduced sediment thickness from erosion, the
amplitudes and phases noticeably increase as SUESI traverses fault scarps. Also note the decreasing trend in
phase with increasing source-receiver offset, which indicates a relatively less resistive basement.
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Figure 4. The electrical structure of the incoming Cocos plate from nonlinear inversion of deep-towed CSEM data. The vertical cross sec-
tion shows the electrical resistivity structure and the stitched top plot shows seafloor bathymetry. The dark blue cubes show the location
of EM receivers. The region of the seafloor marked by steeply dipping bathymetric relief correlates with subvertical conductive channels,
which we interpret as evidence for the migration of seawater along bending faults.

The data at site s27 exemplify the importance of accurately incorporating seafloor relief in the model
domain. We utilized the bathymetry derived from SUESI to finely discretize our parameter mesh. SUESI was
equipped with an altimeter and depth pressure gauge that combine to map seafloor depth. The proximity
of SUESI to the seafloor coupled with the large sampling rate and high operating frequency of the altimeter
and depth pressure gauge yield submeter accuracy and along-track resolution, which is at least one order
of magnitude better than multibeam bathymetry data in deep oceans.

3.2. 2-D Inversion Results

We used an open-source nonlinear regularized inversion scheme that employs an adaptive finite element
solver to compute a two-dimensional isotropic resistivity model from the multifrequency CSEM responses
[Key and Ovall, 2011; Key, 2012]. The model mesh was discretized with 27.5k parameters using rectangular
elements. The inversion ran for a total of 16 h on 320 processing cores (2.6 GHz Intel Xeon E5) and con-
verged after 15 iterations. Figure 4 shows the final converged electrical resistivity model, which fits the data
to a root mean square (RMS) misfit of 1.0 relative to the 2% error floor. The inversion of the high-frequency
CSEM data captures the electrical structure of the Cocos crust with significantly higher resolution than previ-
ous efforts with marine MT data [Worzewski et al., 2010; Naif et al., 2013]. The model residuals, including a
breakdown of the data misfit, are shown in the supporting information.

Our model depicts spatially evolving electrical resistivity that correlates with the location and intensity of
outer rise bending faults. Beyond 60 km seaward of the trench, both the bathymetry and resistivity are
relatively one-dimensional. The electrical structure reflects compositionally distinct layers; a veneer of
conductive high porosity sediment is underlain by an increasingly resistive and less porous crust and
upper mantle. At the onset of dense faulting approximately 60 km from the trench, a heterogeneous
electrical structure emerges. Seafloor fault scarps correlate with subvertical conductive channels that
extend into the lower crust (Figure 5b). Because these conductive channels occur in step with normal
faults and a porosity increase is the simplest explanation for the enhanced conductivity, we infer that
seawater penetrates into the crust along fault damage zones. Fluidized faults can also account for the
fault-parallel electrical anisotropy shown in Figure 5a, which was previously detected at the outer rise
[Key et al., 2012]. As the plate approaches the trench axis, the channels deepen and become more con-
ductive, suggesting that additional fluids percolate to greater depths as the fault throw grows and the
crust is further damaged.
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Figure 5. Close-up of outer rise electrical structure. (a) LEM anisotropy circles at 0.75
Hz, modified from Key et al. [2012]. The abyssal plain LEM, deployed 140 km from
the trench axis, detects isotropic basement. In contrast, the trench-outer rise LEM
shows significant anisotropy that is aligned parallel with the bending fault fabric. (b)
The seafloor shows predominantly layered 1-D resistivity structure seaward of 60 km
from the trench, at which point subvertical conductive channels begin to develop.
The low resistivity channels are associated with fault scarps and require significant
crustal hydration. The black filled circles show EM receiver locations, the white solid
line is the Moho, and the white dashed lines show contours of seismic P-wave veloc-
ity reductions interpreted to be serpentinized mantle [/vandic et al., 2008]. (c) Poros-
ity estimated from the resistivity with Archie’s law.

A previous 1-D analysis of the CSEM
data was performed by Key et al.
[2012] and the results are mostly
consistent with those presented
here. Figure 3 shows our 2-D model
responses for an abyssal plain as well
as a trench-outer rise site. A qualita-
tive comparison with the 1-D
responses shown in Key et al. [2012]
highlights the significantly better
data fits in 2-D, particularly near
rugged seafloor relief associated
with faulting. Note that our 2-D
model responses fit the data to a 2%
error floor whereas the 1-D results
were fit to a 15% error floor. In con-
trast to 2-D, the 1-D model responses
are unable to capture the data
trends for both amplitude and phase
in the vicinity of fault scarps. This is
partly due to the fact that the 1-D
discretization does not incorporate
bathymetry, which is necessary to
accurately calculate forward model
responses. More importantly, 1-D
models are horizontally layered
while our data require lateral hetero-
geneity, which is readily distin-
guished above fault scarps in Figure
3. This is further demonstrated by
our 2-D inversion model result,
which shows lateral resistivity varia-
tions with scale lengths much
shorter than the spacing between
seafloor receivers (e.g., 1-3 km wide
conductive channels versus 4-10 km
receiver separations). The marked
improvement in spatial resolution
from 2-D modeling is possible since
the effective transmitter spacing for
our inverted data set is approxi-
mately 100 m, which allows us to
image new resistivity features not

seen in the stitched 1-D results, including subvertical conductive fault channels and variations in the thick-
ness of seafloor sediments. Furthermore, we are able to better constrain the resistivity of the uppermost

mantle.

We are unlikely to see improvements to the 2-D data fits with 3-D modeling since the 2% error floor repre-
sents the navigational error. Additionally, we consider 2-D modeling sufficient because the survey transect
is aligned perpendicular to the bathymetry and tectonic fabric. The electrical anisotropy seen by Key et al.
[2012] is also perpendicular to the transect and reiterates the data compatibility with 2-D methods.

3.3. Data Resolution and Sensitivity

In order to investigate the sensitivity of CSEM data to subvertical conductive channels coincident with fault
scarps at the outer rise, we construct two synthetic resistivity models that contain the same bathymetry and
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Figure 6. Synthetic model studies. (a) Layered forward model with no faults. (b) Inversion of the synthetic data from no fault model. (c) Layered forward model with faults. (d) Inversion
of the synthetic data from fault model.

data density as our inverted data set. Figure 6a shows a simple 1-D layered half-space model with no con-
ductive channels. The layer depths and resistivities are prescribed to reflect the expected porosity of 400 m
of sediment underlain by 24 Ma oceanic crust. The second model, shown in Figure 6¢, adds three conduc-
tive channels that represent fault damage zones (FDZ) having enhanced porosity. The channels dip 60°
clockwise from horizontal and penetrate the upper crust, the lower crust, and the upper mantle, respec-
tively. The channels are approximately 1 km wide and are placed 15 km, 35 km, and 45 km seaward of the
trench. We calculate forward CSEM responses for the synthetic models, add 2% random noise, and then
invert the resulting synthetic data. The two synthetic data inversions converge to a final RMS of 1.0. The
final converged resistivity models in Figures 6b and 6d show that the CSEM data are sensitive to the pres-
ence of conductive channels to upper mantle depths, but the resolution progressively diminishes below
midcrustal depths.

The impact of a conductive channel on the CSEM data will diminish as the channel width is reduced. We
vary the width of the conductive channels in the synthetic model shown in Figure 6¢c and find that the
channels must be at least 200 m wide for the data to deviate beyond the 2% error floor. Note that this lower
bound limit is specific to the data density used in our inverted data set.

Although the width of a fault gouge zone is on a submeter scale, the FDZ—arising from deformation due to
strain localization—is thought to be hundreds of meters to a few kilometers wide [Cochran et al., 2009].
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Since both permeability and porosity are likely enhanced within the FDZ, our results suggest that trench-
outer rise bending faults have damage zones on the order of 1-2 km wide.

However, CSEM data are highly sensitive to the conductivity-thickness product. At the limit of the data reso-
lution, thinner more conductive channels are difficult to distinguish from wider less conductive channels.
We used the Occam algorithm to invert for resistivity, which searches for the smoothest possible model
that fits the data to an RMS of 1.0 [de Groot-Hedlin and Constable, 1990]. Hence, the channel widths
observed in Figure 5b are upper bounds; the true in situ widths may be sharper and more conductive. The
tradeoff is that a more conductive channel requires larger porosity.

4. Hydration of Faulted Oceanic Crust

4.1. Porosity Estimates and Uncertainties

While our CSEM inversion demonstrates that electrical resistivity can qualitatively map fluid pathways and
fault damage zones, we must quantify porosity to constrain the volume of pore fluid in the crust. We apply
Archie’s law, a robust empirical relationship [Archie, 1942], to estimate bulk porosity from our electrical resis-

tivity model
1/m
¢= (p—w) o)
p

where p is the bulk resistivity, p,, is the pore fluid resistivity, ¢ is the porosity, and m is the cementation
exponent.

Since the resistivity of saline fluid varies as a function of temperature [Quist and Marshall, 1968], we apply
the model of Constable et al. [2009] to estimate the pore fluid resistivity:

P(T)=[2:903916(1+2.97175X1072T+1.5551X 10~ *T?~6.7x107/T*)] " 2

where T is temperature in degrees Celsius. We prescribe the temperature for the 24 Ma crust using the
Hasterok [2013] plate cooling model. However, anomalously low heat flux observed on the Cocos plate off-
shore of Nicaragua indicates vigorous hydrothermal circulation in the extrusive crust that advects heat and
cools the lithosphere [Fisher et al., 2003a; Grevemeyer et al., 2005; Hutnak et al., 2007]. Conservatively pre-
scribing temperature with a plate cooling model ignores the effect of hydrothermal circulation. The warmer
geotherm will underestimate pore fluid resistivity and as a consequence underestimate bulk porosity.
Hence, we also use a colder geotherm suitable for well-ventilated crust with 10 mW/m? heat flux. We follow
the example used in Harris et al. [2010] and construct a geotherm with a 10°C/km gradient in the sediment,
an isothermal extrusive layer, and a 30°C/km gradient below. In addition to temperature, bulk resistivity is
sensitive to the degree to which pores are interconnected, which is incorporated into the cementation
exponent in Archie’s law. We assign a cementation exponent of m = 2 based on constraints from laboratory
and in situ seafloor logging measurements of the Cocos crust [Brace and Orange, 1968; Becker et al., 1982;
Becker, 1985]. The resulting porosity cross section is shown in Figure 5c.

Basement temperatures may be spatially heterogenous, in which case the application of a 1-D geotherm
would introduce errors in our porosity estimates. Away from regions showing anomalous heat flow, lateral
temperature variations are a second-order effect relative to the dominant depth-dependent gradient.
Crustal temperatures must be increased by well over 100°C to explain our observed resistivity variations.
Such a large increase in basement temperature is highly unlikely as it is inconsistent with heat flux measure-
ments across bending faults on the EPR-Cocos seafloor [Hutnak et al., 2007]. Thus, a 1-D geotherm is
sufficient.

In contrast, lateral cementation exponent variations may have a moderate impact on our porosity estimates.
The scale and magnitude of variations in the bulk permeability structure of faulted seafloor are poorly con-
strained. Nonetheless, the cementation exponent must be reduced to less than m = 1.5 throughout the
intrusive crust to accommodate the resistivity reductions we observe within 60 km of the trench. A large
decrease in the cementation exponent reflects significantly enhanced permeabilities [Wong et al., 1984],
which would drive widespread heat advection via hydrothermal circulation [lyer et al., 2012]. This is also
inconsistent with nearby heat flux measurements [Hutnak et al., 2007]. The most probable scenario in
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Figure 7. Faults correlate with enhanced crustal porosity. (a) The bathymetric slope of the seafloor along our survey transect clearly identi-
fies the location of faults, which express suddenly steepened gradients. The vertically averaged porosity of the (b) extrusive, (c) dike, and
(d) gabbro crustal layers. We highlight the location and width of fault zones at the seafloor as gray shaded regions, and shift them laterally
to mark their respective location at depth assuming a 60° dipping fault. The slight offsets between the seafloor fault location and the peak
porosity at depth reflects the dip of the faults, which is in good agreement with the shaded regions.

faulted oceanic crust is some combination of enhanced porosity, enhanced permeability, and cooler tem-
peratures. Thus, without additional constraints on the cementation exponent, our porosity estimates pro-
vide an upper bound.

4.2. Porosity of Crustal Layers

We can gain better insight into the relationship between porosity and bending faults by inspecting the lat-
eral variability within each crustal layer. Oceanic crust typically contains three lithologically distinct layers of
extrusive volcanics (layers 2a and 2b), sheeted diabase dikes (layer 2c), and plutonic gabbros (layer 3) that
each exhibit contrasting porosities. The average oceanic crust is 7.1 km thick, with 2.1 km layer 2 and 5 km
layer 3 thicknesses [White et al., 1992]. The Cocos crust extrusive layer was found to be 600 m thick in ODP
Hole 504B [Becker et al., 1989]. Seismic reflection data off Nicaragua detect a 5.5 km thick crust consisting of
1.5 km layer 2 and 4 km layer 3 thicknesses [Walther et al., 2000; Ivandic et al., 2008]. Thus, we assume the
Cocos crust contains 600 m of extrusives, 1 km of dikes, and 4 km of gabbros. Since the sediment cover
varies in thickness along our transect, we define the depth to the top of the basement with a 3.5 Om con-
tour, equivalent to approximately 20% porosity.

We remove the sediment cover and separate the porosity into three sections that correspond to the extru-
sive, dike and gabbro layers. Figure 7a shows the bathymetric slope angle along our transect, which we use
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Figure 8. Porosity estimates for the pair of synthetic fault models shown in ing the conductivity by an equal factor.
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line is the porosity of the synthetic inversion model. The forward and inverse ducti h | .
model porosities show good agreement. The inversion loses resolution in the more conductive channel requires a
gabbros, but the integrated porosities are conserved. Iarger porosity.

We use the synthetic examples in Figure 6 to test the robustness of our porosity estimates. We calculate
porosity from the forward and inverse models with the same procedure outlined above. After removing the
layer of sediment, we vertically average the porosity along track for each crustal layer. Figure 8 compares
the porosities estimated from the forward model with those estimated from the inverse model. The results
show that we do a good job of recovering the conductive fault channels in all three crustal layers, but lose
some resolution in the deeper gabbro layer. Although we lose resolution in the gabbros, the integrated
porosities are almost identical for the starting and inverted models, averaging 0.7% and 0.75% in an
unfaulted segment and 0.89% and 0.9% in a faulted segment, respectively.

In light of the data sensitivity to the conductivity-thickness product, the laterally averaged porosity for a
segment of the seafloor containing multiple faults is less sensitive to the true channel widths. Thus, laterally
averaged porosity is less sensitive to the data resolution and our choice of regularization as well. We divide
the porosity cross section into 20 km wide windows beginning at the trench and extending 100 km sea-
ward. Then, for each window, we laterally average the porosity to show its trend as a function of depth. The
five curves are plotted alongside averaged resistivity in Figure 9. The window furthest from the trench (80-
100 km) represents normal oceanic lithosphere with no signs of faulting in the bathymetry and each succes-
sive window features a rising intensity of faulting as expressed on the seafloor. Figure 9 shows progressively
less resistive and more porous crust with proximity to the trench that correlates with increasing fault density
and fault throw, consistent with the trend seen in Figure 7.

Table 1 reports the average porosity of each crustal layer in 20 km intervals. The low heat flux measure-
ments demonstrate that the EPR-Cocos extrusive crust is both colder and more permeable than typical oce-
anic crust. Higher permeability may reflect a lower cementation exponent [Walsh and Brace, 1984]. Matters
are further complicated by surface charge conduction in clay minerals. Since clay is a prominent secondary
mineral in the upper crust, ignoring its contribution to conduction yields overestimated porosity [Pezard,
1990; Evans, 1994]. We acknowledge these uncertainties and elect to simply use an Archie’s exponent of
m = 1.6 as a lower bound for the extrusive crust.
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show the averaged bulk resistivity as a function of depth of five 20 km wide sections from

the trench to 100 km seaward. (b) Porosity estimated from the averaged resistivity sections to calculate porosity, which

of Figure 9a using Archie’s law with a cementation exponent of m = 2. Lower bound esti- results in slightly smaller esti-
fi h | li h | | [H K, . .

mates are based on temperatures from the warmer plate coo ing thermal model [ qsrero f mates (Table 1). While the differ-

2013] and upper bound from a colder thermal model that considers hydrothermal circula- o

tion [Harris et al,, 2010]. ences are minimal, we prefer to

perform averaging on the poros-
ity. The depth to the top of the basement varies along the survey transect. By averaging resistivity first, we lose
information on the changing basement depth. Since an uplifted fault scarp is prone to erosion, there is less
sediment above the scarp and more sediment on the hanging wall. Thus, we cannot apply pore fluid tempera-
ture consistently to calculate porosity if the resistivity is averaged over an area with significantly varying sedi-
ment thickness. The porosity calculations are biased downward where there is less sediment on average and
upward where there is more sediment on average. The procedural bias is small relative to uncertainties stem-
ming from temperature and cementation variations along strike, which we are unable to account for. Ulti-
mately, the uncertainties are important when considering the absolute magnitude of the porosity, but not the
substantial changes we observe relative to the abyssal plain.

The expected porosity for 24 Ma oceanic crust—from the in-depth analysis of Jarrard [2003]—is in good
agreement with the porosities from the seaward end of our transect and corroborate the significant
enhancement we observe at the trench-outer rise. The total porosity integrated over a hypothetical 7.1 km

thick 24 Ma “normal” oceanic crust is equiva-

Table 1. Percent Porosity of the Incoming Oceanic Crust lent to a 140 m column of water, which agrees
Segment Extrusives Dikes Gabbros well with the 125 m we estimate in the 5.5 km
distance from trench m=16, 2 m=2 m=2 crust at the seaward end of our transect. After
24 Ma crust® 10.4 3.0 07 having undergone faulting at the outer rise,
b
p — ¢ — mean(p) the Cocos crust transports a 200 m layer of
80-100 km 75,122 27 0.7 . )
! 0,
g 85,135 S o water into the trench, an increase of over 40%
40-60 km 85,135 47 13 compared with “normal” crust.
20-40 km 8.9, 14.1 48 13
5-20 km 9.1,143 48 17
p — mean(p) — mean($)° 5. Discussion
80-100 km 72,119 26 0.7
60-80 km 8.1,13.1 3.6 0.8 The addition of water to unaltered basaltic
40-60 km 8.1,13.1 45 12 S .
20-40 km B B P 13 crust will {newtably Ieerd to altefatlon and
520 km 85,136 45 15 hydrous mineral formation [Staudigel, 2014].
*From Jarrard [2003]. We have shctwn that the aver.ag!e crustal poros-
bAverage porosity from porosity cross section. ity progressively grows until it peaks at the
“Average porosity from average resistivity. trench, whereby hydration likely persists for as
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long as the plate traverses the outer rise. The enhanced porosities are concentrated along fault trajectories,
which indicates that hydration is localized. The localized hydration seen here suggests the development of
a heterogeneous pattern of crustal alteration. This likely impacts both the timing and the magnitude of
dewatering from metamorphic dehydration reactions during subduction, significantly increasing the flux of
water beneath the fore arc and arc while reducing the flux to the deeper postarc mantle [Wada et al., 2012].

Although we image resistivity reductions in the outer rise crust, we do not detect reduced resistivity in the
upper mantle. Indeed, there is a slight increase in resistivity in the mantle beneath the outer rise, which is
consistent with a feature in our previously published MT data [Naif et al., 2013]. The resistive mantle in our
model suggests that fracture porosity is not noticeably increased by bending faults. Serpentinites can host
large quantities of magnetite [Frost, 1985; O’Hanley and Dyar, 1993] and as such may be resistive or conduc-
tive depending on whether or not interconnected magnetite veins are formed as reaction byproducts [Ste-
sky and Brace, 1973; Reynard et al., 2011].

Assuming that the mantle undergoes serpentinization at low porosity conditions in the outer rise, the high
mantle resistivity rules out magnetite vein formation. A lack of magnetite suggests that the upper mantle at
the outer rise is a closed low fluid flux system [Bach et al., 2006] that is unlikely to reach 40% serpentiniza-
tion [Andreani et al., 2007]. Since bending faults have been imaged to extend to mantle depths [Ranero
et al, 2003], we would expect the triggering of serpentinization reactions to consume pore water and
reduce porosity by the ensuing volumetric expansion [Moody, 1976]. Thus, in the absence of magnetite
veins, a lack of reduced mantle resistivity at the outer rise is not incompatible with serpentinization, and the
small increase in resistivity may, perhaps, suggest it.

Serpentinization is a highly exothermic chemical reaction, releasing nearly 300 kJ/kg of heat [Macdonald
and Fyfe, 1985]. Thermal data from the EPR-Cocos crust detect elevated heat flux values above bending
faults. In contrast to seismic observations, the thermal data can be simply explained with conductive
numerical models without requiring serpentinization [Hutnak et al., 2007]. However, if outer rise serpentini-
zation is a closed system where a low flux of water is transported by downward percolation, its thermal
expression on the seafloor may be limited [Emmanuel and Berkowitz, 2006; lyer et al., 2012]. Additionally, vig-
orous open-cell circulation in the extrusive crust possibly masks its thermal signature.

The sum of the electrical, thermal, and seismic observations on the EPR-Cocos crust lead us to conclude
that mantle serpentinization operates in a closed system with low fluid fluxes and low porosities. Since ser-
pentinization induces fracturing in order to accommodate volumetric expansion [O'Hanley, 1992], we pro-
pose that reaction-driven fracturing controls the kinetics of outer rise serpentinization beyond the bending
fault related onset.

Regardless of the potential for hydration in the upper mantle, our observations clearly show that bending
faults significantly hydrate the crust. The water-rich oceanic crust that we observe at the outer rise is con-
sistent with seismic data that detect a highly hydrous subducted crust beneath the Nicaraguan arc [Abers
et al., 2003] and a highly hydrous mantle wedge fed by the slab [Syracuse et al., 2008; Dinc et al., 2011], all of
which are linked to geochemical evidence of abundant fluids at the arc itself [Patino et al., 2000].

In light of our results, oceanic plates in regions displaying exposed bending faults likely contain more
crustal water than originally thought. A significant fraction of the total length of convergent margins show-
case numerous fault scarps at the trench-outer rise [Masson, 1991; Massell, 2002]. This suggests that both
crust and sediment derived input fluxes are highly variable from margin to margin, and not only the latter.
Thus, we conclude that the cumulative global magnitude of crustal water entering subduction zones
exceeds existing estimates.

6. Conclusions

We used marine CSEM data collected across the trench-outer rise offshore of Nicaragua to invert for the
electrical resistivity of the Cocos oceanic crust and upper mantle with 2-D numerical tools. Our final con-
verged model fits the data to a RMS misfit of 1.0 for a 2% error floor, a significant improvement compared
with previous 1-D results that fit to a 15% error floor [Key et al., 2012]. The final converged model displays
simple 1-D layered resistivity structure beyond 80 km seaward of the trench, which then becomes increas-
ingly heterogenous and less resistive with proximity to the trench. The trend of decreasing resistivity is
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coupled with the development of subvertical conductive channels that are collocated with bending faults
at the outer rise. The conductive channels provide the first observational evidence of outer rise bending
faults behaving as fluid pathways.

Our porosity estimates show that the Cocos oceanic crust is significantly enriched in pore water. Prior to
faulting, the extrusive, dike, and gabbro crustal layers are 12.2%, 2.7%, and 0.7% porosity, in good agree-
ment with independent constraints [Jarrard, 2003]. Within 20 km of the trench, the porosities peak at
14.3%, 4.8%, and 1.7%, respectively. Equivalently, the total crustal pore H,O increases from a 125 m to a
200 m thick column of water, or a 60% increase. This suggests significantly more pore water is subducted
with the crust than previously thought. In contrast, the upper mantle remains resistive, which suggests a
low degree of serpentinization (<20%) that forms in a closed, low fluid flux and low porosity environment
[Bach et al., 2006]. Otherwise magnetite is likely to precipitate along alteration veins, producing a conduc-
tive anomaly that is not required in our data.

Fluidized bending faults—in conjunction with cold crustal temperatures, a highly permeable crustal aquifer,
and hydrous alteration of the lower crust and upper mantle—have important implications for fluid cycling
and the state of the Nicaraguan seismogenic zone [Spinelli et al., 2006; Spinelli and Wang, 2008; Saffer and
Tobin, 2011]. We speculate that faulted outer rise crust may provide optimal conditions to harbor microbial
colonies at the deepest limit of life in the subseafloor biosphere, facilitated by colder crustal temperatures
and sustained by potentially abundant nutrient-rich byproducts from mafic/ultramafic hydration reactions
[Takai et al., 2014]. Additionally, the heterogeneous pattern of hydration combined with an increased vol-
ume of subducted water may alter the flux of H,O to the mantle wedge at arc and postarc depths [Wada
etal,2012].
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