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Abstract At convergent margins, the distribution of fluids released from the downgoing slab modulates
the state of stress and seismic coupling at the megathrust plate interface. However, existing geophysical
data are unable to quantify the porosity along this interface. Here we use controlled-source electromagnetic
data collected across the Middle America Trench offshore Nicaragua to image the electrical conductivity
structure of the outer fore arc. Our results detect a highly conductive channel, inferred to be the region
around the décollement, showing the entire section of water-rich seafloor sediments underthrust with the
subducting lithosphere. We use an empirical model of the electrical conductivity of porous media to
quantify the channel porosity. Our estimates are consistent with sediment compaction studies, showing a
rapid decay of 65%—10% porosity from the trench to 25 km landward. We constrain the channel thickness
and use the porosity estimates to determine the water budget, which represents the fraction taken up by
fluid. The porosity and water budget estimates show significant lateral variations that we attribute to
changes in subducted sediment thickness caused by outer rise bending faults. Between 18 and 23 km from
the trench, the conductive channel broadens greatly to 1.5-2 km thick, possibly due to concentrated blind
faults or sediment underplating, which suggests a sudden change in hydrogeologic structure at the plate
interface. The impact of the anomalous conductor on the seismic coupling and mechanical properties of
the megathrust is potentially related to the discrepancy in estimated fault slip between seismic and tsunami
source inversions for the 1992 Nicaragua tsunami earthquake.

1. Introduction

At subduction zones, a significant amount of water is transported into the crust and mantle [Thompson,
1992; Jarrard, 2003; Hirschmann, 2006]. As a plate is subducted, both mechanical and thermal forces expel
water from the downgoing slab [Peacock, 1990]. The source and migratory pathway of expelled water mod-
ulates multiple tectonic processes [Hacker et al., 2003; Wada et al., 2008; Wilson et al., 2014]. At greater
depths, metamorphic dehydration reactions release water into the mantle of the overriding plate, triggering
the partial melting that feeds arc volcanism [Gaetani and Grove, 1998]. Where temperatures are too cold to
generate melt, some of the water is consumed by hydration of minerals in the overriding fore-arc mantle
[Hyndman and Peacock, 2003]. At shallower depths, expelled water makes its way back to the ocean, con-
tributing to the long-term evolution of seawater elemental compositions [Kastner et al., 1991; Bebout, 1995]
and promoting gas hydrate formation and other biogeochemical processes that sustain seafloor and crustal
microbial communities [Santelli et al., 2008; Staudigel, 2014]. Some of the shallow flux migrates through the
overriding plate as either diffuse flow or focused flow along faults that feed seafloor seeps, while the
remainder flows to the trench along the décollement [Lauer and Saffer, 2015].

In the outermost fore arc near the trench, subducted sediments generate the primary flux of expelled water.
Rapid burial and tectonic loading mechanically releases pore water by compacting sediments, generating
the largest source of escaping fluid from the trench axis to approximately 10-20 km laterally into the margin
[Moore and Vrolijk, 1992]. These sediments are increasingly loaded and heated as they are transported to
greater depths. When temperatures exceed the stability threshold specific to each mineral, the hydrous
phases undergo diagenetic dehydration reactions and begin dewatering. By a certain distance from the
trench, the flux of water derived from this dehydration eventually surpasses that from compaction, with the
position of this transition controlled by the plate convergence rate and the thermal structure of the margin.
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Smectite clays, which are prominent in seafloor sediments at a number of margins around the world, con-
tain as much as 20-25 wt % interlayer H,O and dewater between 60 and 150°C [Pytte and Reynolds, 1989;
Moore and Vrolijk, 1992; Fitts and Brown, 1999].

Since seafloor sediments are often highly impermeable, their pore water may remain trapped along the
plate interface [Screaton et al., 2002]. The increasing overburden promotes sediment compaction and dia-
genesis, both of which provide important sources of fluids that generate excess pore pressures, ultimately
reducing megathrust fault stability [Scholz, 1998; Saffer and Tobin, 2011]. An overpressured plate interface
has been proposed to induce tremor and episodic slip [Beroza and Ide, 2011; Saffer and Wallace, 2015], as
well as to facilitate rupture to the trench during large to giant earthquakes [Dean et al., 2010; Kimura et al.,
2012; Noda and Lapusta, 2013]. Geophysical observations confirm that some megathrust earthquakes prop-
agate to the trench seafloor and efficiently generate tsunamis, penetrating what was thought to be a back-
stop to seismic rupture in the updip aseismic zone [Satake and Tanioka, 1999; Lay et al., 2012].

The outer fore arc at subduction zones is marked by either an accreting or nonaccreting margin [von Huene
and Scholl, 1991]. The hydrogeological conditions and upper plate structure prevalent at each type of mar-
gin help to shape the expression of seismogenic behavior through their control on mechanical properties.
At accreting margins, some fraction of the sediments on the incoming oceanic plate are scraped off and
transferred onto the overriding plate at the trench axis, while the remaining sediments are underthrust with
the subducting slab. The accreted sediments that make up the outer fore-arc wedge deform internally over
time as more and more material continues to accumulate. Eventually the wedge reaches a critical taper
angle, a stability threshold defined by the sum of the seafloor slope and slab dip, where it fails and slides at
a steady state [Davis et al., 1983; Wang and Hu, 2006]. The critical taper angle depends on the basal coupling
at the plate interface, the coefficient of internal friction of the wedge, and the intrinsic strength of the
wedge [Davis et al., 1983]. Conditions that are common to most accreting margins yield a large network of
fold-and-thrust belts and a gently sloping seafloor.

At nonaccreting margins, most if not all of the incoming sediments are subducted. The lack of frontal
accretion coupled with evidence of long-term subsidence and dredged basaltic rock suggests that the
fore-arc wedge is more likely composed of crystalline basement that is undergoing basal erosion [von
Huene and Lallemand, 1990; von Huene et al., 2004a]. Due to the contrasting compositions, the overriding
plates of nonaccreting margins likely have far greater internal strength than actively accreting margins.
The average taper angle at nonaccreting margins is steeper: 10° compared with 6° at accreting margins
[Clift and Vannucchi, 2004]. In some margins, such as Nicaragua, the taper angle is thought to exceed 15°.
A stronger fore-arc wedge can sustain a steeper angle of repose that possibly accommodates more steep-
ly sloping seafloor, although the impact that the varying hydrological conditions have on the degree of
basal coupling and internal friction must also be considered [Saffer and Bekins, 2002; Matmon and Bekins,
2006].

Another noteworthy distinction between the contrasting margins is the subducted flux of water. The incom-
ing sediment package tends to be significantly thicker for accreting margins, where only the lowermost sec-
tion is subducted. At nonaccreting margins, the incoming sediments are thinner and a large fraction are
subducted. Since sediment porosity drops off exponentially with depth, the high porosity sediments that
are scraped off at accreting and underthrust at nonaccreting margins can result in the subduction of up to
1 order of magnitude more water in the latter [Pichon et al., 1993]. Interestingly, several nonaccreting mar-
gins exhibit rapid convergence rates, which further add to the net fluid input flux [Clift and Vannucchi,
2004]. The steeper taper angle and faster convergence lead to sediments being loaded at a markedly faster
rate relative to accreting margins. In conjunction with the considerably larger flux, these observations sug-
gest that nonaccreting margins have the capacity to sustain greater pore pressures and release significantly
more fluids into the upper plate along a wide swath of the megathrust plate interface [Pichon et al., 1993;
Saffer and Tobin, 2011; Bassett et al., 2014].

In this work, we analyze marine controlled-source electromagnetic (CSEM) data collected across the Nicara-
gua margin to image electrical resistivity and quantify porosity of the upper plate and underthrust sedi-
ments. Electrical resistivity is a physical property that is highly sensitive to the bulk fluid content of rocks
and hence can be used to constrain porosity. Our characterization of the resistivity structure of the margin
provides independent constraints on fore-arc hydrogeology and fluid-tectonic processes that are
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complementary to previous results obtained from seismic, magnetotelluric, and geochemical observations
[Hensen et al., 2004; Worzewski et al., 2010; Sallarés et al., 2013].

Previously, 1-D CSEM imaging results showed a strong increase in crustal porosity at the trench-outer rise as
well as a heterogeneously conductive fore-arc crust, but structural inferences were not possible due to the
limits of 1-D interpretation [Key et al., 2012]. Follow on 2-D inversion of the incoming plate data produced a
quantitative image at the trench-outer rise displaying conductive bending faults and a gradual reduction in
bulk crustal resistivity with proximity to the trench. The results provided observational evidence that bend-
ing faults behave as fluid pathways, creating a permeable fabric that significantly hydrates the incoming
plate by doubling the amount of water stored in the intrusive oceanic crust [Naif et al., 2015]. Here we focus
on a 50 km segment of CSEM data spanning the trench and fore-arc slope.

2. The Middle America Trench

Much of the Middle America Trench is a nonaccreting margin where the incoming sediments are entirely
underthrust with the subducting slab [Ranero et al., 2000]. Deep Sea Drilling Project Leg 84 on the Guatema-
la fore-arc slope discovered an ophiolitic basement, directly observing an upper plate composed of mafic
and ultramafic rock of oceanic origin [Aubouin et al., 1984]. Analysis of benthic foraminifera from drill cores
also showed evidence for long-term subsidence, which is thought to be caused by tectonic erosion at the
base of the upper plate [Vannucchi et al., 2004]. The ophiolitic basement seen off Guatemala has been
inferred to persist to the southwest off Nicaragua and northern Costa Rica, where basal erosion may also be
occurring [Ranero and von Huene, 2000; Vannucchi et al., 2001; Ranero et al., 2008].

Offshore Nicaragua, the 24 Ma Cocos oceanic plate subducts beneath the margin at approximately 80 mm/
yr [DeMets et al., 2010]. The plate is covered by about 400 m of sediments that are composed of a top layer
of hemipelagic mud with 60 wt % smectite clay and 10 wt % opal, which provide an important source of
bound water, and a bottom layer of pelagic carbonate ooze [Kimura et al., 1997; Spinelli and Underwood,
2004]. The rapid convergence, large taper angle, and underthrusting of the entire incoming package of
water-rich sediments off Nicaragua culminates in a significant flux of fluids to the seismogenic portion of
the margin.

Although the Cocos plate off of Nicaragua is relatively young, its thermal state is anomalously cold [Lang-
seth and Silver, 1996]. For conductively cooling 24 Ma plate, the surface heat flux is predicted to be about
100 mW/m? [Hasterok, 20131. In this case, the dehydration of smectite is expected to initiate less than 10 km
landward of the trench where the plate interface is 60°C [Harris et al.,, 2010]. Offshore northern Costa Rica
and Nicaragua, the Cocos plate exhibits heat flow values of less than 30 mW/m? [Hutnak et al,, 2007]. As a
result, the onset of smectite dehydration is delayed until 25 km landward of the trench [Spinelli et al., 2006;
Lauer and Saffer, 2015].

Some of the water released by compaction and diagenesis flows updip along the décollement and escapes
at the trench axis. The fore-arc slope off Nicaragua and Costa Rica is rife with actively venting seeps, with
the majority concentrated between 20 and 40 km from the trench [Sahling et al., 2008; Kluesner et al., 2013].
Geochemical sampling of the venting fluids has found tracers that link their source origin to the subducting
slab [Hensen et al., 2004; Tryon et al., 2010]. Many of the seeps are associated with faulting, which suggests a
significant portion of subducted water escapes by focused flow along faults that cut through the upper
plate [Lauer and Saffer, 2015].

3. Marine CSEM Survey

Our 280 km long profile consists of 50 ocean-bottom electromagnetic receivers deployed on the incoming
oceanic plate, trench, and continental slope offshore of Nicaragua at a nominal site spacing of 4 and 10 km.
Each seafloor instrument was equipped with orthogonal pairs of electrodes and induction coil magneto-
meters to measure the horizontal electric and magnetic fields [Constable, 2013]. The broadband instruments
are dual-purpose, capable of simultaneously recording CSEM and magnetotelluric (MT) data. All 50 instru-
ments recorded MT data and a subset of 42 stations were located along the portion of the profile where the
CSEM transmitter was towed (Figure 1).
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The responses that are measured
by CSEM and MT data at the seafloor
depend on the electric resistivity
structure of the underlying material.
Since the resistivity of the solid Earth
is heterogeneous, the responses are
also frequency dependent. Lower
frequency transmissions penetrate
greater depths and are therefore
sensitive to deeper electrical struc-
ture. The processed MT data from
our survey yield reliable impedance
estimates in the 107* to 10~ Hz fre-
quency band, which are most sensi-
tive to electrical resistivity at upper
{ mantle depths of 20-200 km. This
89°W 88°W a7°W 86°W deeper sensing MT data led to

the discovery of a melt-rich channel
Figure 1. Map of the electromagnetic survey. The faulted seafloor fabric is clearly seen at the Iithosphere-asthenosphere
in the high-resolution bathymetric map. The blue line shows the CSEM transmitter R
towpath. Solid black squares show the location of ocean-bottom electromagnetic boundary [Naif et al., 2013].
receivers whose data we consider here. Data from white squares outlined in black .
were excluded from modeling. Blue circles show the location of mapped fluids seeps In the deep ocean, the hlgh_
and the star shows the hypocenter of the 1992 tsunami earthquake. The dashed white frequency portion of the passive MT
line is the seismic transect used to constrain the TH1 thermal model [Ranero et al., source field is attenuated by the con-
2008; Harris et al., 2010] and the solid white line is the seismic and heat flow transect
used to constrain the TH2 thermal model [Walther et al., 2000; Heesemann et al., 2009].
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ductive ocean, limiting the ability of
MT data to constrain resistivity struc-
ture at crustal depth. The CSEM
method compensates for the lack of high-frequency energy in the MT data by towing an electric dipole transmit-
ter near the seafloor as an additional source of energy. Our transmitter—the Scripps Undersea Electromagnetic
Source Instrument (SUESI)—was outfitted with a 250 m dipole antenna that output a 300 A current. For this sur-
vey, SUESI emitted a doubly symmetric source waveform [Myer et al,, 2011] with a 0.25 Hz fundamental frequency
that provided peak energy in the first, third, and seventh harmonics (0.25, 0.75, and 1.75 Hz). SUESI was deep-
towed at a speed of 1.5-2 knots within 100 m of the seafloor to minimize energy losses to the ocean and maxi-
mize coupling to the seafloor.

3.1. Data Processing and 2-D Inversion

We Fourier transformed 4 s segments of the time series data, the length of one waveform, to estimate
amplitude and phase of the electric and magnetic fields [Myer et al., 2011]. We hand filtered obvious out-
liers, then robustly stacked these estimates into 120 s bins to increase signal to noise (SNR) and estimate
data variance. A 2% error floor was applied to account for uncertainties associated with the geometry and
absolute position of SUESI [Myer et al., 2012]. The 120 s stacking windows amount to an amplitude and
phase estimate every 90 m (per receiver) since this was the distance travelled by the transmitter in that
time. For a detailed description of the processing procedure, refer to Key et al. [2012] and Naif et al. [2015].
Example data responses for site s37 are shown in supporting information Figure S1.

Our inverted data set includes more than 8200 amplitude and phase estimates from 12 receivers extending
10 km seaward to 40 km landward of the trench. We consider the inline electric field data at three frequen-
cies (0.25, 0.75, and 1.75 Hz). At site s30, we substituted the crossline magnetic field data due to an unusual-
ly noisy electric field measurement. The inline electric and crossline magnetic data provide equivalent
sensitivity to resistivity structure [Key, 2009]. The electric field measurements typically yield higher quality
data since the magnetometers are susceptible to vibrational noise and often have lower SNR than the elec-
tric field recordings.

We used the open-source MARE2DEM software to invert for electrical resistivity in 2-D with unstructured
adaptive finite element grids [Key and Ovall, 2011; Key, 2016]. The inversion mesh was discretized with
about 20,000 quadrilateral elements (supporting information Figure S2) and includes high-resolution
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Figure 2. The electrical structure of the Middle America Trench 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 blue cylinders show the location of active seafloor seeps. The incoming Cocos plate develops several steeply dipping
bending faults that correlate with subvertical conductive channels, which significantly hydrate the oceanic crust [Naif et al., 2015]. The
channel of low resistivity within the fore-arc margin is caused by subducted sediments. The 1992 tsunami earthquake ruptured this section
of the megathrust.

seafloor topography that is essential for getting accurate electromagnetic field responses on the seafloor [Li
and Constable, 2007]. MARE2DEM employs Occam, an iterative regularized inversion algorithm that searches
for the smoothest model which fits the data to a predefined root-mean-square (RMS) misfit [Constable et al.,
1987; de Groot-Hedlin and Constable, 1990]. For inverse problems where the data errors are accurately
known and statistically well behaved (Gaussian distribution), the optimal misfit is RMS 1.0. We inverted for
the data in the form of logarithmic amplitude and phase since this form has been shown to be more stable
than linearly scaled data when the amplitudes span a few orders of magnitude [Wheelock et al., 2015].

4, Results

The data inversion reached our target misfit of RMS 1.0 in 16 iterations and converged on the smoothest
possible model after an additional two iterations. Figure 2 shows a perspective view of the seafloor bathym-
etry stitched to the final converged electrical resistivity model. We include the inverted resistivity model of
the incoming plate [from Naif et al., 2015] for completeness (the location where the two inversion models
meet is shown by the black triangle). The electrical structure of the incoming plate and trench is relatively
simple, composed of a thin conductive layer that is 500-1000 m thick underlain by an increasingly resistive
basement. Approximately 3-4 km landward of the trench, the conductive layer intersects a second conduc-
tive layer associated with slope sediments blanketing the fore arc. One branch continues along the fore-arc
seafloor while the other dips into the interior of the margin and progressively deepens with distance land-
ward; the region in-between is up to 2 orders of magnitude more resistive.

Figure 3 shows that the dipping conductive channel is congruent with the predicted geometry of the plate
interface [Hayes et al., 2012] from the trench axis at the seafloor to 17 km landward of the trench at 4.5 km
below the seafloor and exhibits an average taper angle of 11.5°-12° (supporting information Figure S3).
From 18 to 23 km into the margin, the conductor diverges from the expected trajectory of the slab and
extends 2 km into the overriding plate. Farther landward, the conductor rapidly diminishes to a resistive
background, although as discussed below, this is where the data lose the ability to resolve deep structure.

The electrical structure of the margin predominantly reflects the distribution of fluids, where higher resistivi-
ty is indicative of lower porosity. Thus, we qualitatively interpret the porosity structure of the margin to be
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Resistivity ( m) consistent with that of a nonaccreting
framework made up of a narrow fron-
tal prism sitting against an upper plate
composed of low porosity rock. The
simplest explanation for high conductiv-
ity features is that they are composed of
highly porous seafloor sediments. The
500-1000 m thick conductive seafloor
on the fore-arc slope is a veneer of high
porosity sediments, and the approxi-
mately 500 m thick conductive channel
at the base of the low porosity upper
plate is caused by subducted sediments
that mark the plate interface. The chan-
nel of subducted sediments becomes
progressively more resistive with dis-
tance landward of the trench, which
reflects reduced porosities due to

Depth (km)

0 5 10 15 20 25 30 35
Distance from trench (km)

Figure 3. Close up view of fore-arc electrical structure. The channel of low resistiv- compaction.
ity is caused by subducted sediments that are congruent with the predicted
geometry of the plate interface shown by the dashed black line [Hayes et al., 4.1. Sensitivity Analysis

2012]. The arrows point to narrow subvertical conductive channels that correlate

X We construct three representative mod-
with seafloor scarps.

els with the same bathymetry and data

composition as our inversion result to
investigate the sensitivity and resolution of the data to the sediment channel conductivity and geometry, as
well as other prominent features that we interpret. We calculate forward CSEM responses for the synthetic
models, add 2% random noise, and invert the resulting data with a 2% error floor. All of the synthetic inver-
sions converged to RMS 1.0.

The synthetic resistivity models shown in Figures 4a, 4c, and 4e include a conductive layer of seafloor sedi-
ments sitting on a resistive upper plate. The seafloor sediment thickness is derived from the real data inver-
sion. The first synthetic model contains a 500 m thick conductive channel that is 1 Q m. For the second and
third synthetic models, the channel resistivity gradually increases with distance from the trench to simulate
decreasing porosity with burial depth. The model in Figure 4c includes an upper plate conductor between
18 and 23 km from the trench, and the model in Figure 4e extends the conductor to the seafloor.

The recovered inversion models in Figures 4b, 4d, and 4f show that the CSEM data are highly sensitive to
the presence of a conductive plate interface. Beyond 25 km from the trench, the models begin to lose sensi-
tivity at a depth of 8 km below the sea-surface (6 km below the seafloor), which is coincident with the depth
to the plate interface. Thus, these synthetic tests confirm that the upward migration and termination of the
plate interface conductor and its absolute resistivity are robust model features required by the data and are
not artifacts of the inversion regularization or numerical errors.

4.2. Porosity of the Nicaragua Margin

Saline fluids are highly conductive while most rock-forming minerals, at temperatures below 700°C, are
highly resistive. Therefore, the bulk resistivity of most porous media is dictated by the bulk porosity and the
resistivity of the fluid phase. Empirical relationships are often used to estimate porosity from resistivity
measurements, most of which are some form of Archie’s law [Archie, 1942]:

1/m
b= <p—W) (1)
0

where p is the bulk resistivity, p,, is the pore fluid resistivity, ¢ is the porosity, and m is the cementation
exponent. The simplified form of Archie’s law above is only valid in a fluid saturated medium with a unity-
valued tortuosity factor. A constant tortuosity factor of unity reflects a 100% porosity estimate when the
bulk resistivity (p) is equal to the pore fluid resistivity (p,,). Assuming that the pore fluids have the salinity of
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Figure 4. Conductive channel model study. We added 2% Gaussian noise to the synthetic CSEM data generated from the forward models
in Figures 4a, 4¢, and 4e and inverted to RMS 1.0, yielding the smooth inversion models shown in Figures 4b, 4d, and 4f, respectively.

seawater, we use the cubic relationship from Constable et al. [2009] to define the pore fluid resistivity as a
function of temperature (between 0 and 200°C):

pu(T)=[2.903916(1+2.97175X102T+1.5551x10*T2~6.7x107T%)] ' 2

where T is temperature in degrees Celsius.

Since the pore fluid resistivity depends on temperature, we must consider the thermal structure of the mar-
gin when calculating porosity. In the absence of advective heat loss by hydrothermal circulation, global
plate-age-dependent cooling models give reliable temperatures of the incoming plate prior to subduction.
They are not applicable to more complex thermal settings, such as oceanic plates experiencing advective
heat loss or beneath subduction margins. Therefore, we define the temperature in the fore arc with two rep-
resentative thermal models for Nicaragua, a cold end-member model from Harris et al. [2010] (TH1) and the
relatively warm model of Heesemann et al. [2009] (TH2). TH1 uses fore-arc heat flow values derived from
bottom-simulating reflectors imaged off of southern Nicaragua, 80 km southeast of our transect (dashed
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Porosity (%) white line in Figure 1). TH2 uses heat
[ * B ! - . flow derived from bottom-simulating
5 10 15 20 25 30 reflectors in addition to heat flow meas-

urements collected off of central Nicara-
gua, approximately 50 km northwest of
our transect (solid white line in Figure 1)
[Grevemeyer et al., 2005]. Although both
models also account for heat advection
in the highly porous/permeable oceanic
crust, which extracts additional heat
from the margin and yields cooler tem-
peratures, TH1 assumes advection in
the incoming plate that persists during
subduction while TH2 assumes advec-
tion in the incoming plate that ceases at
the trench axis. The heat flow observa-
0 5 10 15 20 25 30 35 tions along the TH2 transect suggest
Distance from trench (km) slightly warmer margin temperatures
compared with the TH1 transect.

Depth (km)

Figure 5. Porosity cross section. We estimated the porosity from the final con-
verged resistivity model with Archie’s law for a cementation exponent of m = 2 The sediments entering the Middle
and the warmer TH2 thermal model. The black dashed line shows the plate inter-

America margin contain ignifican
face (from Slab1.0). erica arg contain a significant

amount of clay minerals [Aubouin et al.,
1984; Kimura et al., 19971. Clays complicate electrical resistivity measurements since they produce a surface con-
ductance that is nonlinearly related to pore fluid salinity [Waxman and Smits, 1968]. For an initial estimate of
fore-arc porosity, we ignore the contribution of clay conduction and simply use Archie’s law to quantify porosity.
We will consider the role of clays as we estimate porosity along the décollement in the next section. We use the
warmer TH2 thermal model and apply a cementation exponent of m = 2, which is representative of sedimentary
and fractured igneous rock with generally uniform porosity [Brace and Orange, 1968; Becker, 1985]. Although this
approach overestimates the porosity of clay-rich seafloor and subducted sediments, it also allows us to qualita-
tively assess the porosity structure of the fore arc by presenting it as a single cross-section image.

Figure 5 shows the porosity structure of the margin. The upper plate of the margin toe, from the trench axis
to 3 km landward, is made up of high porosity sediments that make it difficult to determine the depth to
the plate interface from the CSEM data. The landward edge of the margin toe sits sharply against the tip of
a low porosity layer that gradually thickens with distance from the trench, reaching a thickness of 2.5 km at
about 17 km into the margin. With an average porosity of just 10%, we infer this layer to be basement com-
posed of crystalline and/or lithified sedimentary rock.

The basement provides a large porosity contrast that allows us to estimate the thickness of the overlying
seafloor sediments and delineate the geometry of the plate interface. We find the seafloor sediments of the
fore-arc slope to be 300-600 m thick at 3.5-21.5 km from the trench, then increasing to 1.0-1.2 km thick
from 22 km to the landward edge of our CSEM data coverage.

4.2.1. Porosity of the Plate Interface

Estimating porosity with Archie’s law is not valid when clay minerals are present because of negative sur-
face charge effects. When hydrated, the clays adsorb water and form a diffuse double layer where cation
exchange occurs, which enhances the bulk electrical conductivity [Revil et al., 1998]. Thus, to accurately esti-
mate porosity along the conductive channel of subducted sediments, we use an empirical relationship
appropriate for clay-bearing sediments [Sen and Goode, 1992]:

,071 1/m

_ bulk

= (Lbuk_ 3
()" .
1.93mu;Qy

R=1.3 e
G 1+0.7ur/py,"

(4)

where pris the mobility of counter-ions, Q, is the clay counter-ion surface charge per unit volume, and m is
the cementation exponent. Generally, increasing clay contents correlate with increasing Q, and m values

NAIF ET AL.

WATER-RICH MEGATHRUST 4502



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2016GC006556

—— [Revil et al., 1998]. Furthermore, Q, is a

L
707 ——— compaction (m1) [ volumetric quantity that increases as
60- ——— compaction (m2) | a function of increasing porosity at a

1 — estimated (TH1) | constant sediment composition. Besides
50 i — estimated (TH2) L pore fluid resistivity, the counter-ion

mobility also varies with temperature:

py=1+0.0414(T—22) (5)

Porosity (%)
N
S

_fodata  —

30 1
1 where T is temperature in degrees
20__ Celsius.
101 We determine the minimum resistivity
0 ] - value within the conductive channel as
0 5 10 15 20 25 30 35  a function of distance from the trench
Distance from trench (km) in 100 m increments and define that

to be the bulk resistivity trend of the

Figure 6. Estimated sediment porosity compared with the independent porosity subducted sediments (Pb & in equa-
Ui

trend of hemipelagic/pelagic sediment compaction. The black curve (m1) is calcu-

lated from the empirical fit of Lauer and Saffer [2015], and the gray curve (m2) is tion (3)). Since there is no clear local
from Spinelli et al. [2006]. The dashed colored lines beyond 25 km landward of the minimum beyond 25 km landward of
trench are poorly constrained by the data due to the deeper plate interface

the trench, we use the Slab1.0 model
[Hayes et al., 2012] to define a depth
target and then average the resistivity
within 500 m. We assign the corresponding temperatures from either the TH1 or TH2 thermal models to cal-
culate the pore fluid resistivity (with equation (2)) and clay conductance (with equation (4)). As noted above,
empirical analyses dictate that higher m values correlate with higher Q, (representing higher clay content).
The net effect of a higher Q, is to reduce the porosity estimate relative to a fixed cementation exponent.
This applies in reverse, where lower m values correlate with lower Q, and result in larger porosity estimates
relative to a fixed cementation exponent.

depths.

Since our knowledge of the clay content, cementation exponent, and counter-ion mobility is limited to the
incoming sediments at the trench axis, we consider two sets of values for Q, and m that are broadly repre-
sentative of smectite-rich sediments [Revil et al., 1998; Conin et al., 2011]. The upper estimate is calculated
with the colder TH1 thermal model, a cementation exponent of m = 2.6, and counter-ion mobility Q,=0.3.
The lower estimate is calculated with the warmer TH2 thermal model, a cementation exponent of m = 2.0,
and counter-ion mobility Q,=0.5. In contrast to the observed relationship between m and Q,, we chose to
pair a higher m with a lower Q, (and vice versa) to acquire separate porosity curves that span a wider range
of likely values. The two resulting porosity curves are plotted in Figure 6.

Seafloor drilling observations often detect décollement pore fluids that are freshened relative to seawater.
By choosing to use seawater salinity (3.5 wt %) to calculate the pore fluid resistivity, we are likely downward
biasing our bulk porosity estimates. At the toe of the Costa Rica margin, data from Leg 170 of the Ocean
Drilling Program (ODP) show the pore fluid chloride concentration to be freshened by 15%-20% on average
relative to seawater, equivalent to 3 wt % salinity. Although this has the effect of increasing the pore fluid
resistivity by a similar fraction, it yields a relative porosity increase of approximately 4% in our subducted
sediment estimates (e.g., 50% porosity for 3.5 wt % salinity pore fluid is equivalent to 52% porosity for 3.0
wt %). Because there are no in situ measurements of the décollement pore fluid salinity in the outer fore arc
of our survey area and the impact of freshened pore fluids on the porosity estimates are muted, we prefer
to use the pore fluid resistivity of seawater.

Laboratory-based compaction studies are often used to characterize the porosity of subducted sediments
on a regional basis. The compaction porosity is dependent on burial depth. We defined the burial depth as
the distance between the minimum resistivity value within the conductive channel and the seafloor, then
calculated the compaction porosity with two empirical equations that are constrained by drilling data and
consolidation experiments on cores collected at the Costa Rica margin during ODP Leg 170 and Leg 205
[Spinelli et al., 2006; Lauer and Saffer, 2015]. Figure 6 shows that the predicted compaction trends are in
good agreement with our resistivity-based estimates.
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Figure 7. Porosity and total water of synthetic model study. (a) Synthetic forward model. (b) Converged inversion. The dashed black lines show the estimated top and bottom of the
channel. (c) Comparison of conductive channel porosity for the synthetic forward model and recovered inversion model. The estimated porosities agree to 15 km landward of the trench,
at which point the model sensitivity begins to diminish. (d) Comparison of the conductive channel water budget for the synthetic forward model and recovered inversion model. The
estimates are in good agreement from 3 to 25 km landward of the trench. We do not estimate water contents beyond 25 km landward of the trench since the vertical extent of the con-
ductive channel is not clearly resolved. (e) The estimated channel thickness is consistently greater than the true thickness. The error bounds are determined by the vertical resolution of
the inversion mesh at the location of the conductive channel (see supporting information Figure S2).

4.2.2, Water Budget at the Plate Interface

Although our inferred porosities are broadly consistent with the compaction-derived trends, our estimates
do not constitute an accurate representation of the total water content available at the plate interface. By
assuming that the minimum resistivity of the subduction channel is representative of its bulk porosity, we
are ignoring its spatial extent. Similarly, since the model resolution diminishes as a function of depth, the
inversion regularization may smear and bias the conductive channel to be more resistive. For a thin conduc-
tive layer, the data are primarily sensitive to its conductivity-thickness product; thus, the conductive channel
is likely smoothed by the inversion to become a thicker but less conductive feature. This is less of an issue
near the trench where the plate interface is shallow and thus is well resolved but becomes increasingly
important with distance landward and increasing depth.

One way to discern where the model resolution to the subducted sediments begins to diminish is by com-
paring channel porosities for the synthetic and recovered model pair in Figures 7a and 7b. Figure 7c shows
that our porosity estimates for the synthetic forward and inverted models agree to about 15 km landward
of the trench, beyond which we increasingly underestimate porosity. Instead, we vertically integrate the
porosity to estimate the total water budget of the underthrust sediment package (which we refer to as the
plate interface water budget) as a function of distance from the trench. We identify the top and bottom of
the channel as the depth where the porosity gradient reaches a local maxima (dashed lines in Figure 7b).
Figure 7d compares the water budget of the synthetic forward model, for which both thickness and porosi-
ty are known a priori, with the estimated budget of the corresponding recovered inversion model. Although
the average channel thickness estimated from the recovered inversion (Figure 7e) consistently exceeds the
true 500 m thickness in the synthetic forward model, considering the good agreement between the two
water budget curves, our approach accounts for the diminishing model resolution to provide a reliable esti-
mate of the plate interface water budget. The bounds for our channel thickness and water budget estimates
are determined from the vertical resolution of the inversion mesh in the vicinity of the conductive channel.
The channel thickness uncertainty increases from about 40 m near the trench to 300 m at 25 km landward.
The water budget uncertainty, which increases from 15 m at the trench to 35 m at 25 km landward, is the
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compaction porosity curves from Figure 6. towed to a maximum depth of 4.95 km,

our dipole source was significantly
attenuated and did not yield data of sufficient SNR near the trench, where the seafloor is more than 5.1 km
deep.

Landward of 12 km from the trench axis, our estimates consistently exceed the predicted compaction budg-
ets. Between 18 and 23 km landward of the trench, if we assume the full vertical extent of the anomalous
conductor to be part of the plate interface, our estimates are equivalent to the starting input budget at the
trench axis, a discrepancy of 5-10 times more water than predicted from compaction. However, we cannot
distinguish the boundary between the plate interface and the upper plate. Our water budget estimates are
equivalent to the predicted compaction budget when we arbitrarily limit the vertical extent of the conduc-
tive channel that constitutes the plate interface to 400 m thickness. Similarly, limiting the channel to 800 m
thick yields water budget estimates that are 2-4 times greater than predicted. This would imply that the
remainder of the anomaly, and its water, is within the upper plate. Landward of the conductive anomaly,
the porosity contrast between the base of the upper plate and the plate interface is sufficiently small that
we cannot clearly resolve the top and bottom of the plate interface. Therefore, although we are confident
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that the anomaly does diminish, we cannot accurately estimate the plate interface water budget beyond
25 km.

Note that the predicted compaction budgets ignore the contribution of diagenetic sources, which release
an additional flux of water where temperatures span 60-150°C. The TH1 and TH2 thermal models we use to
estimate porosity indicate that the plate interface exceeds 60°C at approximately 30 and 17 km from the
trench, respectively. Although the TH2 model suggests that diagenetic sources may be significant along our
profile, the dewatering flux becomes more prominent farther downdip since the reaction kinetics are pri-
marily controlled by both the absolute temperature and the rate at which temperatures increase. Modeling
studies for the Costa Rica margin have considered a range of possible thermal models that consistently
show the smectite dewatering flux peaks landward of 30 km from the trench where temperatures are
approximately halfway between 60 and 150°C [Spinelli et al., 2006; Lauer and Saffer, 2015]. The thermal gra-
dient is relatively slow in the TH2 model, with temperatures exceeding 90°C by 31 km landward of the
trench. Thus, the diagenetic flux from smectite dewatering is likely a second-order source to at least 25 km
landward of the trench. Since the mineral-bound water budget constitutes just 4% of the total sediment
input budget [Spinelli and Underwood, 2004], we will likely require significant additional sources to compen-
sate for the discrepancy between the predicted compaction budgets and our observed water budgets even
if we consider a scenario where the margin is warmer and the diagenetic flux peaks at 20 km landward of
the trench.

5. Discussion

5.1. Bend-Faults Modulate Sediment Supply and Water Content at Plate Interface

While our estimates seaward of the anomalous conductor are mostly inline with compaction predictions,
Figures 6 and 8 indicate the presence of significant porosity and water budget oscillations that are robust
features in the data. The trends oscillate with a characteristic wavelength of approximately 5 km. We attri-
bute this sinusoidal pattern to the subduction of topographic relief. As the incoming plate approaches the
trench, it experiences flexure. The bending moment is sufficient to reactivate dormant normal faults that
were generated during abyssal hill formation near the ridge axis [Billen et al., 2007; Garcia et al., 2015]. These
reactivated bending-faults are prominent features on the Cocos seafloor at the trench-outer rise, where the
100-500 m scarps are clearly seen in the bathymetry.

The seafloor sediments are offset and undergo erosion and mass wasting due to the accumulated slip along
bending faults. As a consequence, the sediment thickness oscillates laterally with a characteristic wave-
length of 3-5 km, equivalent to the typical fault spacing. Changes in sediment thickness coincident with
faults were also detected in the CSEM data on the incoming Cocos plate, prior to subduction [Naif et al.,
2015]. Once underthrust into the margin, the varying sediment thickness translates directly to varying water
content at the plate interface, which is consistent with the oscillating pattern that we observe in both the
porosity and water budget.

We demonstrate the model sensitivity to water budget variations on the plate interface by incorporating
topographic relief into the conductive channel of our previous synthetic forward model (Figure 7a) to mimic
the effect of bend-faults on the subducted sediment thickness. Figures 9a and 9b show the forward and
converged inversion models. Figure 9c shows the corresponding plate interface water budget estimates.
The good agreement confirms that our data are indeed sensitive to oscillations in the water budget caused
by variable subducted sediment thickness.

5.2. Fluid Pathways and Seafloor Seeps

The structure of the margin appears to be segmented at 17.5 km from the trench by the emergence of the
anomalous plate interface conductor. Seaward of the anomaly, we image steeply dipping conductive chan-
nels cutting through the resistive basement. They are located beneath seafloor scarps and are approximate-
ly 2-3 times more conductive than their surrounding. The most identifiable channels, which have the
largest resistivity contrast, also coincide with the largest scarps. Considering their proximity to the seafloor
scarps, we interpret these channels to be faults that act as fluid migration pathways. Similarly, Ranero et al.
[2008] imaged steep seaward dipping normal faults in the fore-arc sediments with bathymetric and
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Figure 9. Model study of variable subducted sediment thickness. (a) The synthetic
forward model. The conductive channel varies between 300 and 600 m thickness
with a 5 km wavelength. (b) The converged inversion. (c) A comparison of the
channel water budget for the forward and inverse models. The inversion recovers
the oscillating water budget to 17 km landward of the trench, beyond which the
variability is too small to be resolved.

multichannel seismic (MCS) data col-
lected off of southern Nicaragua and
interpret them to be fluid pathways
that possibly extend to the plate
interface.

Fluids that originate at the plate inter-
face and exit the system via seeps on
the seafloor likely migrate through the
upper plate by a combination of dif-
fuse flow and concentrated flow in
permeable pathways (e.g., faults). MCS
data often image landward dipping
splay faults connecting seeps to the
plate interface farther downdip, where
temperatures are warmer and under-
thrust sediments release the bulk of
their bound water [Hensen et al., 2004].
The source can potentially be deter-
mined by the chemical signature of
venting fluids, which will be enriched
in boron and/or lithium when generat-
ed by thermal dehydration of clays.
The pore fluids at a number of mound
sites across the Costa Rica and Nicara-
gua margin have been sampled. An
actively venting mound with very high
flow rates that was discovered 35 km
landward of the trench offshore south-
ern Costa Rica, where the incoming
plate is significantly warmer, contains
highly elevated B and highly depleted
Cl and Li concentrations [Hensen et al.,
2004; Tryon et al., 2010]. This constrains
the source temperature to 85-150°C,
thus the fluids originate from farther
downdip and must migrate in a sea-
ward trajectory, likely via landward
dipping splay faults. The remainder of
sampled mound sites, including two
located northwest of the Nicoya Penin-
sula where the incoming plate is
anomalously cold, show low levels of
Cl depletion but no clear indication of
elevated B.

The particular location where the con-
ductive anomaly appears to develop
and extend from the plate interface
into the upper plate is intriguing, since
it overlaps with the dense cluster of
active seeps located 22-29 km land-

ward of the trench. The bulk of the anomaly sits 18-23 km landward of the trench and its trajectory places
it directly beneath the region where the seeps populate the seafloor. Considering the proximity of our
observed conductor to a high concentration of venting seeps, this suggests that some fraction of the
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Figure 10. Model study of subvertical conductive channels. (a) The synthetic for-
ward model, which includes three widely spaced subvertical conductive channels
seaward of 18 km and three closely spaced channels between 20 and 22 km land-
ward of the trench. (b) The converged inversion, which recovers the subvertical
channels, but shows signs of smearing. The three closely spaced channels are

escaping fluids may originate from this
anomalous segment of the plate inter-
face. Assuming the seeps here are par-
tially fed by the conductive anomaly
beneath our profile, such fluids would
then be sourced updip and hence must
migrate landward, possibly along sea-
ward dipping faults. In that case, the
source of the fluids would be compac-
tion since the TH1 and TH2 thermal
models indicate that the temperatures
are too cold near the anomaly to gener-
ate a clay dehydration flux. This may
explain why some mounds do not show
signs of elevated B. However, we cannot
rule out that clay dehydration fluids also
feed these mounds since they happen
to exhibit significantly slower flow rates,
which allows additional time for dilution
of B by adsorption in seafloor sediments
as well as by convective mixing with
seawater. Additional chemical analysis
for the cluster of seeps along our profile
is required to determine the origin of
their venting fluids.

5.3. The Anomalous Conductor:
Comparisons With Bathymetry and
McCs

Interpreting the conductive anomaly to
be a single unit would suggest it is too
broad to be caused by a fault. However,
the anomaly may be smeared by the
inversion regularization. To sharpen it
we must increase its conductivity in order
to conserve its conductivity-thickness
product. A sharper more conductive fea-

recovered as a single conductive feature. . X
ture also requires greater porosity. Con-

sidering that the porosities already exceed 15%, we consider a sharper anomaly unlikely. Alternatively, to account
for both the bulk conductivity signature and relatively wide spatial extent, the anomaly may be caused by multiple
closely spaced conductive channels that our data are not able to resolve.

Using 3-D MCS data, Bangs et al. [2015] imaged steep seaward dipping thrust faults that cut through the over-
riding plate offshore of Osa Peninsula (400 km SE), at approximately the same distance into the margin as our
anomaly. Because these thrust faults coincide with a sudden reduction in the reflection amplitude of the plate
interface, the authors interpret them to behave as fluid pathways that drain the plate interface. This may also
be occurring off of Nicaragua, in which case thrust faults would be responsible for the conductive anomaly.
However, the top of our anomaly is separated from the base of the seafloor sediments by a 1.5 km thick resis-
tive (low porosity) basement. This contrasts with the nature of the steeply dipping channels that are evident
seaward of 18 km from the trench; they are more conductive near the surface relative to greater depths, while
also extending from the plate interface to the seafloor. Although their absolute conductivity is less than that
of the anomaly, we might expect a similar behavior if the anomaly were caused by seaward dipping faults.

We modify the previous synthetic model (Figure 9a) to include three steeply dipping conductive channels
spaced 2-3 km apart as well as a set of three closely spaced channels located at the same distance from the
trench as our anomaly (Figure 10a). The inversion (Figure 10b) is able to recover the widely spaced channels
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with some smearing and a similar pattern to the real data inversion of higher conductivity near the surface
diminishing with depth. The three closely spaced channels are recovered as a single conductive feature
that also extends all the way to surface. Therefore, the real data cannot distinguish between a single con-
ductive channel and several closely spaced channels but are clearly sensitive to the resistive gap between
the top of the anomaly and the base of the conductive seafloor sediments. Considering that the anomaly is
both highly conductive and does not extend to the seafloor, it suggests that multiple blind faults or some
other nonfaulting mechanism may be responsible.

Besides faulting, additional mechanisms that enhance porosity (and hence conductivity) at the base of the
overlying plate include underplated sediments, ssamount subduction, or hydraulic fracturing, all of which
have distinct bathymetric signatures associated with them. We plot the regional fore-arc bathymetry [Wein-
rebe and Ranero, 2012] in Figure 11 to help distinguish the cause of the anomaly.

At a typical convergent margin, we would expect the outermost fore-arc seafloor to exhibit the steepest
slope, gradually shallowing with increasing distance from the trench until becoming nearly flat at the edge
of the continental shelf. Instead, we see a coherent steepening in the middle slope along a wide swath of
the Nicaragua fore arc. In the event that a seamount is subducted, the fore-arc seafloor directly above is
uplifted and a clear wake of erosion and mass wasting is left behind in its trail [Dominguez et al., 1998;
Ranero and von Huene, 2000]. The lack of any such bathymetric indicators near our CSEM transect rules out
a subducted seamount as the origin of the anomaly.

The unusual slope behavior in the region has been noted in previous work [von Huene et al., 2004b; Harders
et al,, 2011]. Von Huene et al. [2004b] attribute the steepened middle slope to either subsidence by erosion
or uplift by sediment underplating. The authors preferred an erosional mechanism since it is more consis-
tent with independent observations of long-term subsidence and crystalline fore-arc basement offshore of
Guatemala, which has been inferred to extend southeast to Costa Rica [Vannucchi et al., 2001, 2004].

MCS data collected offshore of southern Nicaragua imaged a high amplitude negative polarity reflector at
the plate interface that indicates the presence of trapped fluids. Ranero et al. [2008] infer that the trapped
fluids are highly overpressured and hydraulically fracture the base of the overriding plate. Under such cir-
cumstances, material fragments loosened during fracturing are then transferred to the subducting slab and
transported to depth, consistent with proposed erosional margin processes [von Huene et al., 2004a]. This
would lead to seafloor subsidence directly above the region of hydraulic fracturing.

If our anomaly, which thickens toward the coast, reflects a zone where hydrofracturing and basal erosion is
ongoing, the seafloor should subside between 18 and 23 km from the trench and create steeper bathymet-
ric slopes landward of 22-23 km. Alternatively, if we infer either underplated sediments or steep seaward
dipping faults, the seafloor will be uplifted above the anomaly, steepening the fore-arc seaward of

Figure 11. A perspective view of the fore-arc slope offshore of Nicaragua. The steepened middle slope can be tracked for more than
100 km along strike. A subducted seamount on the right side of the map shows a distinct bathymetric expression that is not seen in the
immediate vicinity of our EM profile. Bathymetry data from Weinrebe and Ranero [2012].
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22-23 km. We use depth sounding
data (submeter accuracy) measured
with SUESI’s auxiliary sensors to calcu-
late the seafloor slope along our pro-
file (Figure 12). The steepened middle
slope reaches a peak angle of 9° at
20 km into the margin. Since this is
seaward of 22-23 km, we rule out bas-
al erosion as the cause of the anomaly,
which leaves either sediment under-
plating or blind faults as explanations.
5.3.1. Sediment Underplating

A number of depth-migrated MCS trans-
ects located offshore of Costa Rica have
imaged enigmatic features referred to as
“megalenses” [Shipley et al, 1992; Mcin-
tosh et al,, 1993; Ranero and von Huene,
2000]. They occur along the plate inter-
face and are typically 5-15 km wide by
1-2 km tall. For MCS lines located off
Nicoya Peninsula, Mcintosh et al. [1993]
interpreted such megalens features as
sediment underplating and noted that
they correlate with steepened bathyme-
try and steepened basement ramps at
the base of the seafloor sediments. An
MCS line that is nearly coincident with
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Figure 12. Fore-arc seafloor slope angle. The Nicaraguan fore arc is much steeper
than typical accreting margins. Between 16 and 23 km landward of the trench,
the seafloor slope peaks at 8-9°, which exceeds the average steepness of the low-
er slope (seaward of 15 km). The location of the steepened seafloor relative to the
conductive anomaly is consistent with uplift by underplated sediment or steep
seaward dipping faults.

our CSEM line also shows a similar
steepened basement ramp between 16
and 24 km landward of the trench that
correlates with the steepened seafloor
bathymetry, exactly above the location
of our conductive anomaly [Mclntosh

et al., 2007]; it is difficult to assess wheth-

er there are seismic structures that corre-
late with our conductive anomaly since the MCS image is distorted by the seafloor multiple there. In contrast,
Ranero and von Huene [2000] considered the lack of significant uplift associated with the vertical scale of
megalenses to indicate that they are material that is transferred from the base of the upper plate to the
lower plate. This is problematic since the material should then proceed to subduct as part of the lower
plate, whereby it would generate uplift and a wake of seafloor disruption in the same fashion as subduct-
ing seamounts. Instead, underplating would cause isolated uplift in the zone where material is transferred
to the upper plate.

Geologic and seismic observations identify structures that are interpreted as sediment underplating at a
variety of subduction margins and ancient accretionary complexes [Platt et al., 1985; Sample and Fisher,
1986; Kimura and Mukai, 1991; Park et al., 2002; Clift and Hartley, 2007; Collot et al., 2008; Scherwath et al.,
2010]. Underplating is thought to occur during the formation of thrust duplexes [Brandon, 1984; Cowan,
1985]. Similar interpretations were proposed for the Middle America margin as well [Moore et al., 1982;
Silver et al., 1985; McIntosh et al., 1993]. Duplex formation is not expected to significantly deform the slope
sediments or produce widespread faulting, which is consistent with the lack of conductive channels
above our anomaly as well as the limited scale of bathymetric uplift relative to the dimension of observed
megalenses. Another factor that warrants further consideration is the potential change in effective normal
stress at the plate interface that would likely accompany the emergence of the conductive anomaly, as
this could locally impact the taper angle and hence the seafloor slope [Davis et al., 1983; Wang and Hu,
2006].
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Underplating also occurs where the subducting slab meets the crust-mantle boundary of the overriding
plate. Some of the subducted sediments may accumulate there if they are too buoyant to be transported to
greater depths [Bassett et al., 2010]. Here the proposed underplating is occurring at shallow depths. One
possibility is that the edge of our conductor abuts denser upper plate material. Walther et al. [2000] ana-
lyzed wide-angle seismic data from a transect approximately 50 km northwest of our CSEM survey, where
the middle slope is also steepened. Their forward velocity model is superimposed on colocated seismic
reflection data and shows a boundary at 30 km from the trench that sits near the base of the upper plate. It
separates slower material seaward (4.5-5 km/s) from faster material landward (5.8 km/s). The seismic bound-
ary is equivalent with a density increase from 2.6 g/cm® material to 2.9 g/cm® material (see Figures 3, 4, and
11 from Walther et al. [2000]) If such a feature extends along the margin beneath our profile transect, it may
facilitate duplexing or even act as a density filter in the same manner as the continental Moho.

Geochemical data from arc volcanoes in Nicaragua suggest highly efficient recycling of hemipelagic sea-
floor sediments to the mantle wedge, which argue against sediment underplating [Patino et al., 2000; Carr
et al, 2007]. This contrasts with the Costa Rica arc, which is relatively depleted in such tracers and hence
suggests sediment underplating [Morris et al., 2002]. Underplating along the Costa Rica margin is also sup-
ported by evidence for Quaternary coastal uplift [Fisher et al., 1998; Sak et al., 2009]. Furthermore, wide-
angle seismic data image a feature at 15 km depths along a 50 km long segment southeast of the Nicoya
Peninsula interpreted to be underplated material [St Clair et al., 2016]. A phase of underplating along the
Nicaragua margin would need to occur within the last 1-1.5 million years or in short pulses to not impact
the present day volatile tracers emitted at the arc. This is possible since Quaternary uplift is also observed at
the outer high offshore Nicaragua [Ranero et al., 2000]. Considering the evidence for long-term margin wide
subsidence, the uplift is likely occurring locally or initiated recently.

5.3.2. Impact on the Megathrust

Regardless of the anomaly’s underlying cause, its existence implies a sudden change in the hydrogeologic
properties of the plate interface. The smectite-rich sediments and the highly porous and altered extrusive
oceanic crust transport a significant volume of interstitial and mineral-bound water, capable of contributing
to extreme overpressure development [Kameda et al., 2011; Saffer and Tobin, 2011]. Furthermore, the reser-
voir of crustal water is amplified by bending faults at the outer rise [Naif et al., 2015].

The abundant availability of water at the plate interface suggests that the subducted sediments form a con-
tinuous albeit variably overpressured zone, lowering the effective normal stress along a large swath of the
megathrust extending from the trench to 18 km landward. At that point the décollement is disrupted, possi-
bly due to sediment underplating or concentrated faulting, changing the fluid structure of the megathrust
farther downdip. Since the margin is thought to be fairly cold, sediment dewatering is expected to impact
pore pressures beyond 25 km from the trench axis [Lauer and Saffer, 2015]. As such, the hydrogeologic
structure that regulates the effective normal stress and hence plate coupling along the Nicaragua mega-
thrust can be split into three distinct sections: an updip zone that is decoupled and dominated by sediment
compaction, a relatively coupled transitional zone where the conductive anomaly resides and the
décollement is likely disrupted and drained, and a downdip zone where mineral dehydration reactions
modulate coupling.

The nature of the 1992 Nicaragua tsunami earthquake (M,, 7.6), which ruptured the margin where our sur-
vey was located, is related to the abundance of water that we observe at the megathrust. The source spec-
trum of this event was highly depleted in the short period band, the estimated stress drop was just 0.08
MPa, the total energy radiated relative to the seismic moment magnitude is the lowest on record, the rup-
ture speed was slow (1.6 km/s), and aftershock activity was noticeably absent within 40 km of the trench
axis [Kanamori and Kikuchi, 1993; Ye et al.,, 2013]. All of these factors suggest a weak megathrust, which is
consistent with a water-rich plate interface filled with weak clay-bearing sediments.

The details of the rupture are potentially linked to our observed anomaly. The epicenters of radiated energy
vary systematically as a function of frequency: the lowest frequency energy is concentrated nearest to the
trench, with higher frequencies located at progressively increasing distances into the margin [lhmlé, 1996].
The 1999 Chi-Chi and 2011 Tohoku-oki megathrust earthquakes also show an inverse correlation between
the amount of slip and the high-frequency energy radiated [Ma et al., 2003; Meng et al., 2011; Yao et al.,
2011]. In addition, Ye et al. [2013] present a seismic source inversion model of the Nicaragua event showing
about 1 m of peak slip between 20 and 80 km from the trench that diminishes toward the trench axis. The
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area of peak slip is inferred to be a zone of high plate coupling. In contrast, a tsunami source inversion of
runup heights measured at the coastline and tidal gauge records requires 3 m of slip to reach the trench
axis [Satake, 1994].

The megathrust segmentation that we inferred from our observed conductive anomaly may explain the dis-
crepancy between seismic and tsunami source inversions as well as the spatial pattern of radiated energy.
During the rupture, the zone updip of the anomaly radiated highly depleted high-frequency energy. Since
tsunami source inversions require up to 3 m of megathrust slip to the trench axis, this suggests that the rup-
ture here was seismically “quiet,” consistent with a decoupled megathrust. The rupture along the mega-
thrust downdip of our conductive anomaly, which is where seismic source inversions place the main slip
patch, radiated more high-frequency energy. This is consistent with our interpretation of higher plate cou-
pling downdip of the anomaly. Interestingly, the seaward edge of high plate coupling inferred from the
seismic source inversion of Ye et al. [2013], although poorly constrained, happens to coincide with the posi-
tion of our anomaly.

6. Conclusions

We collected marine CSEM data across the trench-outer rise and fore-arc slope offshore of Nicaragua to
image the electrical resistivity structure of the upper plate and subducting slab. We applied a 2% error floor
and inverted the high quality data with MARE2DEM, a 2-D numerical solver. Our final converged inversion
clearly imaged a highly conductive channel of subducted sediments from the trench axis to 25 km into the
margin that is congruent with the predicted geometry of the plate interface. At 18 km landward of the
trench, the channel suddenly begins to thicken until it reaches a maximum thickness of 1.5-2 km at 23 km
from the trench. Overlying the conductive plate interface is a resistive basement and a veneer of conductive
seafloor sediments. The low porosity basement is occasionally cut by narrow subvertical conductive chan-
nels that connect with seafloor scarps and thus are likely caused by fluid pathways along fault damage
zones.

The proximity of the anomaly to a cluster of actively venting seeps and mud mounds suggests it may be a
reservoir from which the escaping fluids are sourced. This is contradicted by the thick resistive gap seen
between the seafloor sediments and the top of the anomaly. If the fluids are indeed sourced from the
anomaly, then the lack of subvertical conductive channels linking the anomaly to the seafloor implies either
diffuse fluid migration or concentrated pathways too narrow for our data to resolve, or a combination of
both.

We quantified porosity from the electrical resistivity inversion. The porosity of the conductive channel
decays exponentially with distance landward from 65% at the trench axis to 10% at 25 km into the margin,
which is consistent with laboratory predictions [Spinelli et al., 2006; Lauer and Saffer, 2015]. We integrated
the porosity within the channel to calculate the total water content as a function of distance from the
trench. Our water budget is also mostly consistent with the predicted budget for 500 m of subducted sedi-
ments, but contains significant oscillations with 4-5 km wavelength. The wavelength of the oscillations is
similar to the characteristic spacing between bend-faults on the incoming plate. Thus, the oscillations reflect
variations in the thickness of subducted sediments that are caused by changes in basement topography
during bend-fault generation at the trench-outer rise.

The thickened channel at 18-23 km from the trench requires high porosities. If we assume its full extent
constitutes a part of the plate interface then the subducted water budget would exceed predictions by up
to an order of magnitude. A large fraction of the anomaly is more likely located within the overriding plate
since it is difficult to explain such a sudden and significant increase in the plate interface water budget.
Some mechanisms that potentially explain the cause of the anomaly include concentrated faulting, under-
plated sediments, or hydraulic fracturing. The seafloor slope directly above the anomaly is steepened and
suggests localized uplift. This rules out basal erosion via hydrofracturing, although it is still possible that the
anomaly reflects a damage zone caused by fracturing that is not associated with basal erosion and seafloor
subsidence. Furthermore, there is a 1.5-2 km thick resistive gap between the top of the anomaly and the
base of the seafloor sediments, which limits a faulting interpretation to a scenario with concentrated blind
faults. Sediment underplating can explain both the high porosities, the localized bathymetry uplift, and the
steepened basement ramp at the base of the slope sediments. However, it is not clear what mechanism
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would be responsible for underplating, or if underplating is even possible considering the large vertical
aspect ratio of the anomaly (1.5-2 km tall and 6-7 km long). The scale of the conductor resembles megalens
features that have been imaged seismically [Shipley et al., 1992; McIntosh et al., 1993; Ranero and von Huene,
2000], which suggests that the two are related. The underplating may damage the overlying plate, which
would thicken the appearance of our anomaly.

Our survey was located within the region that ruptured during the 1992 Nicaragua tsunami earth-
quake [Ye et al., 2013]. The spectrum of radiated seismic energy was highly depleted in the high-
frequency band, which is consistent with our observation of water-rich sediments at the plate inter-
face [Kanamori and Kikuchi, 1993; Ihmlé, 1996]. Additionally, there is some discrepancy between seis-
mic and tsunami source inversions regarding the magnitude and spatial extent of fault slip during the
rupture [Satake, 1994; Ye et al., 2013]. While the cause of our anomaly remains unclear, it suggests
sudden changes in the hydrogeology of the plate interface (and hence the seismogenic properties of
the megathrust). This change may mark the transition from a seismically decoupled to a seismically
coupled megathrust, and may explain the slip discrepancy between the seismic and tsunami derived
rupture models.
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