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Evidence of Strong Upper Oceanic Crustal Hydration
Outboard the Alaskan and Sumatran Subduction Zones

Tanner Acquisto! (), Anne Bécel! (2, Satish C. Singh? (/, and Héléne Carton!*

'Lamont-Doherty Earth Observatory, Columbia University, Palisades, NY, USA, ?Equipe de Géosciences Marines, Institut de
Physique du Globe de Paris (CNRS, Université Paris Cité), Paris, France

Abstract The hydration state of subducting oceanic crust has been proposed to influence subduction zone
processes like seismic coupling at the megathrust interface and arc magmatism downdip. Plate bending in the
outer rise region is thought to help rehydrate the incoming oceanic lithosphere before subduction. Although
numerous seismic refraction studies provide constraints on the amount of water stored in the lower crust

and uppermost mantle, little information exists about how much free water is present in the upper 1-2 km of
oceanic crust. Here, we present results from the application of advanced techniques to long-offset multi-channel
seismic data acquired outboard the Alaskan and South Sumatran subduction zones. Our results show that the
incoming upper crustal seismic layer, layer 2A, is significantly hydrated in both areas. Favorable conditions
offshore the Alaska Peninsula promote the creation of a dense system of bending-related faults, facilitating

the infiltration of fluids that increases average water estimates to ~3.9 wt.% H,O in the outer rise. As the crust
subducts and temperature increases, some free water may react with the host rocks to form mineral-bound water
that is carried to greater depths, in agreement with elevated water contents found in arc lavas of Shumagin

Gap volcanoes. Offshore Sumatra, we propose that similar layer 2A water estimates (~3.2 wt.% H,O average)
and heterogeneous hydration within 2B are associated with the ongoing, slow, complex deformation occurring
in the Wharton Basin and thus potentially contribute to the presence of a long-lived slow slip event recently
inferred there at seismogenic depths.

Plain Language Summary Convergent plate boundaries, where one plate subducts beneath the
other, produce large and destructive earthquakes and tsunamis. The amount of water carried at a range of depths
in the incoming plate is suspected to strongly influence processes that occur downdip, including the generation
of earthquakes. However, little information is available on how the uppermost crust is hydrated and the amount
of water present there before it subducts. To address this question, we utilize high-quality seismic data to
provide some of the first estimates of the amount of free water in the upper ~1.2-2.3 km of oceanic crust
outboard the Alaskan and Sumatran subduction zones. We find that the crust in these areas contains significant
amounts of water in the pores and that rehydration of the crust before subduction may occur in different ways.
Offshore Alaskan, the bending of the plate creates faults that allow more water to penetrate the crust which
could be carried deep into the subduction zone. Offshore Sumatra, broad deformation of the incoming plate
facilitates hydration without the need for strong bending. We propose these processes may influence the
generation of long-lasting slow-slip events that have been recently inferred downdip.

1. Introduction

Most of the great destructive earthquakes occur along subduction boundaries (e.g., Davies et al., 1981). Water
stored in the subducting oceanic lithosphere seems to play a fundamental role in fault slip behavior in the accre-
tionary prism and along the megathrust (Bilek & Lay, 2018; Saffer & Tobin, 2011), as well as controlling deeper
subduction zone processes such as arc magmatism and intermediate-depth earthquakes (e.g., Peacock, 1990).
Quantifying the amount of water stored in the subducting lithosphere is also needed to better estimate the global
water budget (e.g., Cai et al., 2018). Therefore, it is important to constrain the amount of water stored at all depths
in the subducting lithosphere. Fluids (particularly seawater) are present in the pores of underthrusted sediments
and oceanic crust as either free water or structurally bound in hydrous phases of mafic and ultramafic rocks
(Faccenda, 2014; Peacock, 1990). The expulsion of pore fluids contained in sediments and upper oceanic crust
occurs at relatively shallower depths (<30 km of the trench) and has been proposed to be a primary control of the
generation of slow-slip events recorded in the shallow part of the subduction zone (Chesley et al., 2021; Mallick
et al., 2021; Saffer & Tobin, 2011). Conversely, hydrous minerals stored in the crust and uppermost mantle
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remain stable at greater temperatures and pressures and are released further downdip through dehydration reac-
tions (Abers et al., 2017; Hacker et al., 2003; van Keken et al., 2011). Numerous previous studies have provided
constraints on the amount of water in the lowermost oceanic crust and upper mantle outboard of subduction
trenches (Ivandic et al., 2008; Shillington et al., 2015; Van Avendonk et al., 2011); however, few have been able
to provide information about the hydration state of the upper oceanic crust (e.g., Canales et al., 2017; Chesley
et al., 2021; Fujie et al., 2013; Naif et al., 2015). Robust constraints on the physical properties of subducting
mature (>10 Myr) oceanic crust within and outside the bending area near the trench are central to developing a
better understanding of subduction tectonics.

The highly porous upper section of the oceanic crust, termed layer 2, consists of extrusive lava flows and
dikes, and could be 1-3 km thick (e.g., Christeson et al., 2019). Water is first introduced to layer 2 at
mid-ocean ridges, where strong thermal gradients drive active circulation of seawater (Alt, 1995). Poros-
ities in the uppermost crustal layer, layer 2A, can range between 25% and 50% (Arnulf et al., 2011) near
the ridge, and are rapidly filled off-axis due to the precipitation of hydrous minerals (Wilkens et al., 1991).
Whether hydrothermal circulation occurs as a closed or open system depends strongly on a combination of
topographic forcings, the degree of abyssal hill faulting, and sedimentation rates (Nedimovi¢ et al., 2008;
Newman et al., 2011). Farther off-axis, in crust older than 10 Myr, the continued precipitation of alteration
minerals (though to a much lesser degree), changes in crack morphology, and/or the blanketing effect of sedi-
ments are believed to significantly hinder further active and open circulation of water (e.g., Carlson, 2010;
Kardell et al., 2021; Nedimovi¢ et al., 2008). Kardell et al. (2019) show a gradual increase in layer 2A veloc-
ities up to 58 Ma, suggesting the persistence of low-temperature, passive hydrothermal circulation in slow-to
intermediate-spread upper crust as old as 58 Myr from the South Atlantic. In a similar study by Audhkhasi
and Singh (2019) in the equatorial Atlantic, no statistical increase in 2A velocities is observed beyond 4
Myr in slow-spread upper crust. Instead, the authors observe an increase in layer 2B velocities out to 46
Myr, which implies that passive hydrothermal circulation may occur below the 2A/2B boundary. While the
uppermost oceanic crust has been drilled numerous times (e.g., Jarrard et al., 2003), most expeditions did
not recover more than 300-400 m of basement. Two prominent exceptions are holes 504B and 1256D that,
respectively sample ~6 Myr old intermediate-spread and ~15 Myr old superfast-spread oceanic crusts more
than 1 km below the top of basement in the Cocos plate (e.g., Carlson, 2014a,b; Wilkens et al., 1991). Given
the lack of drilling constraints, the most common techniques for elucidating composition and structure of
oceanic crust are seismological; however, to date, very few high-resolution estimates exist for fast-spread
mature upper crust, and therefore filling that gap is one of the objectives of this study.

For active circulation to take place in intraplate settings, the crust must be thinly sedimented or directly exposed
to seawater through basement highs (e.g., seamounts; Newman et al., 2011) or undergoing active faulting associ-
ated with intraplate deformation. Intraplate deformation is mostly restricted to continental settings, though there
are a few exceptions such as the Indian Ocean Basin which is experiencing complex diffuse deformation over a
large area (e.g., Bull & Scrutton, 1990) and the south Atlantic near the Rio Grande Rise (Estep et al., 2020;
Kardell et al., 2021). At subduction zones, bending of the subducting lithosphere creates a flexural bulge seaward
of the trench known as the outer rise. This flexure produces extensional stresses at the top of the plate that are
accommodated by the reactivation of faults formed at the spreading center, the creation of new faults, or both
(Masson, 1991). Active-source seismic images show pervasive fault systems in the outer rise that can extend
well into the upper mantle (e.g., Ranero et al., 2003), which is corroborated by thermomechanical plate bending
models (e.g., Faccenda, 2014; Zhou & Lin, 2018). These faults are suggested to act as pathways for fluids to rehy-
drate the oceanic lithosphere, rejuvenating hydrothermal circulation and causing further precipitation of alter-
ation minerals (Choe & Dyment, 2021; Ivandic et al., 2008). Numerous 2D ocean-bottom seismometer (OBS)
reflection/refraction profiles acquired perpendicular to the trench support this theory, as evidenced by reductions
in upper mantle P-wave velocities after plate bending that serpentinize the mantle (e.g., Grevemeyer et al., 2007,
Ivandic et al., 2008; Shillington et al., 2015). If these low velocity values are exclusively a consequence of serpen-
tinization, then the mantle in some outer-rise systems may contain as much as ~1.8-3 wt.% H,O (Shillington
et al., 2015). A recent study reveals that these values from trench-perpendicular models could be overestimated if
serpentinization is localized along faults, as this creates an anisotropic fabric that must be accounted for (Miller
& Lizarralde, 2016). In general, data from widely spaced OBS lack the spatial resolution needed to accurately
quantify the amount of water stored in the upper 1-2 km of oceanic crust, which is the primary focus of this study.
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Figure 1. Composite bathymetric maps (GMRT; Ryan et al., 2009) of the two subduction zones with important features labeled. (a) Solid black lines are the same
ALEUT profiles showed by Shillington et al. (2015), with the red portion on ALO5 denoting our section of interest for this study. Red star is the location of DSDP site
183 from Creager et al. (1973). (b) Same as in (a), but for the second study area offshore Sumatra, Indonesia. Isochrons are from Jacob et al. (2014). MCS profiles are
the same as those shown by Singh, Hananto, Mukti, Robinson, et al. (2011) (CGGV40) and by Singh, Hananto, Mukti, Permana, et al. (2011) (CGGV20).

While P-wave velocities are sensitive to altered lithologies in the lower crust and uppermost mantle, crack poros-
ity is believed to account for up to 90% of the velocity variations between in situ measurements and theoretical
values for unaltered basalt (Carlson, 2014b). Indeed, the competing effects of fracture porosity, altered litholo-
gies, and presence of free water are difficult to distinguish without the recovery of coincident S-wave velocities,
which are more sensitive to fluids. Using densely spaced OBS data, Fujie et al. (2013) produce both P- and
S-wave models of subducting oceanic crust, showing elevated P- to S-wave ratios within the upper crust, an
observation that suggests the presence of significant amounts of free water. A few other studies have been able to
provide constraints on the upper crust (e.g., Canales et al., 2017; Horning et al., 2016); however, there remains a
critical lack of porosity and water content estimates for oceanic upper crustal sections prior to subduction.

Recent advancements have been in the processing of multichannel seismic (MCS) data, which are character-
ized by dense sources and receiver configurations. These include the extrapolation, or downward continuation,
of the recorded wavefields to a datum near the seafloor, which have facilitated the recovery of upper crustal
velocity structure on the length scales of geologic processes (e.g., 500-1,000 m resolutions; Arnulf et al., 2011).
Downward continuation exposes valuable sedimentary and crustal refractions useful for upper crustal travel-time
tomography (Berryhill, 1979, 1984; Jimenez-Tejero et al., 2022). Most of the studies employing this method
focus on or near spreading ridges (e.g., Arnulf et al., 2011, 2014a; Harding et al., 2016; Henig et al., 2012), with
only a few sampling mature oceanic crust (Audhkhasi & Singh, 2019; Kardell et al., 2019). At present, limited
information exists on mature upper oceanic crust prior to subduction, and questions remain on the mechanisms
behind crustal rehydration near subduction trenches and the amount of water stored in the upper crust before
subduction.

In this study, we utilize long (8 km) and ultra-long (15 km) offset MCS data acquired along trench-normal
profiles presented by Shillington et al. (2015) and Bécel et al. (2017) offshore the Alaska Peninsula (Figure 1a)
and by Singh et al. (2011) offshore South Sumatra (Figure 1b), respectively. Using a combination of downward
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continuation and travel-time tomography, we obtain high-resolution models of the upper crustal velocity-depth
structure. We then estimate porosity using differential effective medium theory (DEMT) to provide the first ever
high-resolution constraints on the water content in old uppermost oceanic crust near two subduction trenches.
This paper expands upon previous results by providing an updated perspective on the relationships between
deformation style and plate hydration. We use these constraints to speculate on the downdip implications of fluid
expulsion at different depths, and specifically how varying amounts of water might modulate the seismogenic
behavior both along the megathrust and within the subducting slab.

2. Geological Settings

The study areas, shown in Figure 1, are two of the most seismically active convergent boundaries on Earth:
the Alaska Peninsula and south Sumatra subduction zones. Both subduction zones are responsible for some of
the largest and most destructive earthquakes recorded in modern history (e.g., Davies et al., 1981; Natawidjaja
et al., 2006). Figure 2 shows interpreted 2D prestack time migrated (PSTM; uninterpreted images are shown
in Figure S1 in Supporting Information S1) images of both profiles, that exhibit the same broad structural
features described here and in previous studies (e.g., Singh, Hananto, Mukti, Robinson, et al., 2011; Shillington
et al., 2015; Becel et al., 2017).

2.1. Alaska Subduction Zone

Profile ALOS offshore the Alaska Peninsula lies in the Shumagin Gap segment, just south of the Shumagin
Islands (Bécel et al., 2017; Shillington et al., 2015). Here, the 52-56 Myr old, fast-spread (74 mm/yr half rate;
Engebretson et al., 1984) oceanic crust belonging to the Pacific Plate subducts nearly orthogonally beneath the
North American Plate at ~63 mm/yr (Sella et al., 2002) (Figure 1a). Marine sediments in this region are gener-
ally comprised of a Holocene to mid Miocene age pelagic section that rests atop a layer of slowly deposited
early Oligocene to late Eocene turbidite beds belonging to the Zodiac Fan (Creager et al., 1973; Li et al., 2018;
Stevenson et al., 1983) (Figure 2a).

The Alaska Peninsula subduction zone is divided into segments that exhibit remarkable along-strike variations
in plate coupling and seismicity at all depths (Li & Freymueller, 2018; Shillington et al., 2015). Convergence
here has been the cause of numerous large and destructive earthquakes, including the 1938 M, 8.2 earthquake in
the Semidi Segment (Johnson & Satake, 1994) and the 1946 M, 8.6 tsunamigenic earthquake that ruptured the
Unimak segment (Lépez & Okal, 2006). Coupling decreases drastically from northeast to southwest, transitioning
from full locking in the Kodiak segment to a nearly freely-slipping plate interface in the Sanak segment (Fournier
& Freymueller, 2007; Li & Freymueller, 2018). While the Shumagin Gap has not produced a great earthquake
(M, > ~8) in at least ~120 years, geodetic data and historical records show the potential for a great earthquake in
this area that could be particularly dangerous to coastal communities (Davies et al., 1981). Additionally, a recent
series of earthquakes that ruptured the downdip part of the megathrust just adjacent to and within the Shumagin
segment are again raising concerns. On 22 July 2020, a M, 7.8 interplate thrust event ruptured the down-dip
part of the eastern Shumagin Gap and was followed a few months later by a M, 7.6 intraplate strike-slip event
~80 km to the southwest (Crowell & Melgar, 2020; Ye et al., 2021). Stress modeling of these events suggests that
they could be related to the difference in coupling between the Shumagin and Semidi segments, in agreement
with recent geodetic models (Herman & Furlong, 2021; Li & Freymueller, 2018). More recently in July 2021, a
M, 8.2 interplate event occurred in the Semidi segment that ruptured part of the 1938 M, 8.2 rupture zone (Ye
et al., 2022).

To help constrain the dominant controls on these along-strike variations, Shillington et al. (2015) compared
multichannel seismic (MCS) and ocean-bottom seismometer (OBS) wide-angle tomographic models of AL0O5
and a similar profile, AL0O3, acquired in the Semidi segment (Figure 1a). They show a correlation between the
orientation of the incoming plate spreading fabric with respect to the trench axis and the abundance of bend-
ing faults and intermediate-depth seismicity. In the Semidi segment, the incoming plate is heavily sedimented
at the outer rise and its pre-existing spreading fabric is oriented oblique to the trench axis, resulting in little
bending-related faulting. Conversely, in the Shumagin Gap, the more weakly sedimented incoming plate has a
spreading fabric aligned within 10°-25° of the trench, and there is a much greater abundance of bending faults
and shallow to intermediate-depth (>50 km) earthquakes (Figure 2a). These observations coincide with a marked
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Figure 2. Interpreted reflection images of both profiles. (a) PSTM image of the upper plate along ALO5 showing the onset of plate bending toward the subduction
trench. The layer 2A event has been merged with the final full PSTM image. The thin black box corresponds to the zoomed inset below. The strong sedimentary
reflector delineates the boundary between pelagics and distal turbidites. (b) Same as in (a), but for the over-under processed (Singh et al., 1996) data acquired in

the outer rise along CGGV40. The vertical and horizontal scales are the same as in (a). The two numbered black boxes correspond to their respective insets. The
green horizon in the second inset represents a boundary between the pelagics and overlying trench fill. Compared to ALOS, there are significantly fewer new or
reactivated bending faults observed on the more gently dipping upper plate on CGGV40. An uninterpreted version of this figure is shown in Figure S1 in Supporting

Information S1.

decrease in upper mantle P-wave velocities on ALOS5, which was interpreted as due to the presence of a significant
amount of water (~1.8 wt.% H,0) in the form of serpentinite in the upper mantle.

2.2. Sumatra Subduction Zone

Profile CGGV40 samples the incoming Indo-Australian oceanic crust that is 65-68 Myr old and was formed
at fast to ultra-fast spreading rates (up to ~90 mm/yr half rate) at the now extinct Wharton spreading center
located ~270 km to the northwest of our profile (Jacob et al., 2014) (Figure 1b). This area, called the Wharton
Basin, has experienced past and current deformation (e.g., Carton et al., 2014; Singh et al., 2017) largely asso-
ciated with the collision of India with Eurasia, that is further modulated by the highly oblique subduction of the
composite Indo-Australian Plate beneath the Sunda continental plate (Fitch, 1972). Convergence partitions into
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dip-slip along the megathrust at about 45 mm/yr and right-lateral strike-slip along the Great Sumatra Fault at
11-28 mm/yr for a bulk rate of 57 mm/yr around 5°S (Bock et al., 2003; Sieh & Natawidjaja, 2000). The inherited
spreading fabric inferred from magnetic anomalies makes a ~40° angle with the trench axis (Jacob et al., 2014).
In the outer rise region, the sediment cover is generally thin, as incoming Bengal-Nicobar Fan sediments are
blocked by the fossil Investigator fracture zone (IFZ) and Wharton fossil ridge to the north, resulting in thinner,
mostly pelagic sediment cover in the outer rise region near the Mentawai Islands to the south. The southward
transport of Nicobar Fan sediments along the trench gradually thickens the sediment column to as much as 1 km
at the trench (von der Borch et al., 1974; Singh, Hananto, Mukti, Robinson, et al., 2011).

This portion of the Sunda subduction zone has hosted numerous great earthquakes in the past, including the
September 2007 M, 8.4 and M, 7.9 Mentawai earthquakes (Konca et al., 2008) (Figure 1b). Geodetic and pale-
ogeodetic data that constrain the rupture extents of great earthquakes reveal that the plate interface in the Suma-
tra region is generally strongly coupled, except for a few segments that appear weakly coupled. These weakly
coupled segments coincide with the subduction of topographic features like the IFZ and fossil Wharton spreading
center (e.g., Chlieh et al., 2008; Natawidjaja et al., 2006). Additionally, only moderate earthquakes (M, < 8)
have occurred in the area south of the rupture patch of the 2007 events. Here, in the vicinity of Enggano Island,
Singh, Hananto, Mukti, Robinson, et al. (2011) imaged a 2—4 km high, 40 km wide seamount, at 30-40 km below
the forearc basin, using the 15 km-long streamer data acquired on CGGV40 (Figure 1b). The persistence of this
feature after more than 160 km of subduction could imply stable sliding, rather than the formation of an asperity,
resulting from the dehydration of the hydrothermally altered seamount and accreted sediments (Von Huene &
Scholl, 1991). Earthquake relocations show a paucity of seismicity within a ~50 km radius above and below
the seamount suggesting this area is indeed a seismic gap (Singh, Hananto, Mukti, Robinson, et al., 2011). Just
seaward of this gap, a M, 7.9 earthquake occurred in June 2000, consisting of two events, an intraslab strike-slip
and interface thrust earthquake (Abercrombie et al., 2003). Geodetic constraints suggest that while segmentation
has persisted in this area, megathrust behavior transitioned from partially or fully coupled prior to 2001 to now
freely slipping (Chlieh et al., 2008; Prawirodirdjo et al., 2010); however, more recent analyses indicate the pres-
ence of shallow frictional locking and a multi-year long slow slip event (Mallick et al., 2021). Thus, the megath-
rust near Enggano Island could pose a greater seismogenic risk than previously thought.

2.3. Seismic Data

The Sumatra dataset was acquired in 2009 aboard the CGGVeritas seismic vessel Geowave Champion, towing
one 15 km-long streamer, the longest ever used at the time, and two 6 km-long streamers in an over/under config-
uration (Singh et al., 1996). The seismic source was a large 9,600 in’® 48-element airgun array. Unlike conven-
tional MCS surveys, the source and longest streamer were towed deeper at 15 and 22.5 m, respectively, to increase
the recovery of low frequencies down to 5 Hz; two shorter streamers were towed at 15 and 7.5 m. The streamers
were solid-state rather than fluid filled, which reduces noise and decreases the minimum recovered frequency
down to 2 Hz. The shot interval was 50 m and the record length was 20 s.

The Alaska dataset was acquired in 2011 aboard the R/V Marcus G. Langseth using two 636-channel, 8 km-long
fluid-filled streamers and a 6,600 in3, 36-element airgun array. The source was towed at 12 m and the two stream-
ers were towed at 9 and 12 m depth, respectively, to enhance the recovery of lower frequencies as much as possi-
ble. The shot interval was 62.5 m and the record length was 22.5 s. The receiver group spacing for both datasets
was 12.5 m. In our study, we only use the data from the streamer towed at a 12 m depth.

3. Methods

To unravel upper crustal seismic arrivals, and improve the resolution in the upper oceanic crust through a better
distribution of turning rays, we employ downward continuation of the seismic wavefield (e.g., Arnulf et al., 2011;
Audhkhasi & Singh, 2019; Jimenez-Tejero et al., 2022; Kardell et al., 2019). We utilize an efficient downward
continuation method based on the Kirchhoff integral theorem (Berryhill, 1979) that has been successfully
adapted to operate on prestack data (Arnulf et al., 2011; Berryhill, 1984; Jimenez-Tejero et al., 2022). Downward
continuation allows us to bypass most of the water layer by extrapolating the data recorded near the sea surface
to a datum closer to the seafloor. First, the receiver wavefields of the common-shot data are extrapolated to 75 m

ACQUISTO ET AL.

6 of 23

85U8017 SUOLULLOD 3A IR0 3(edldde 8Ly Aq peuienob ae sejole YO ‘8N JO Se|ni o A%eiq 18Ul UO A8|IM UO (SUONIPUOD-PUR-SLUBY WD A8 | 1M AReIql1 U1 |UO//SONY) SUORIPUOD pUe SWe 1 8L 88S " [7202/20/9T] U0 A%iqiauliuo A8IM ‘NSNI SUNDA!G 1BMod Ad TS.4208r2202/620T 0T/10p/wod A8 im Areiq put|uo'sqndnBey/sdiy wo.j pepeojumoq ‘0T ‘220z ‘95E669T2



I ¥ell . .
A\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB024751
a) 6.5 Before bending b) 0 After bending

refractedI
arrivals

T
refracted
arrivals

8.0 _ -
4 8
X (km)
0 T T
O O
© 0.5 = 5 -
X X
(0] — [0}
£1.0 Enmme—__ Starting - | £ Starting
= E = Final = Final
= Observed Observed
15 1 1 1
2 4 6 8 14
X (km)
d) 10 | | e) 10
-  05F 5 05
o QO o)
3 S o e~ —~——~23 S S o
Egosp EEos
@ @
P4 1ok — Trace —| Z 1ok — Trace |
o — Wavelet o — Wavelet
15 | | 1 ] ] 15 ] I I ! |
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time - X/5 (s) Time - X/5 (s)

Figure 3. Example shot gathers before and after downward continuation. (a) Shot gather 4997 acquired outside the bending area on ALOS before (top) and after
(bottom) downward continuation. Modeled Travel times are shown as colored lines. (b)-(c) same as in (a) but for shot 4291 on ALOS in the bending area (b) and shot
1699 on CGGV40 (c) across the low velocity anomaly. Streamer locations for each shot gather are plotted in Figures 4a and 5a. Extrapolation reveals more than twice
the offset of first-arrival refractions seen in the surface gathers. (d)-(e) Seismic traces plotted with the identically filtered (i.e., identically shifted) wavelet starting at the
observed travel time. Respective locations are marked on the bottom panels of (a) and (c). The waveforms of the filtered wavelets match well with the refracted arrivals.

above the seafloor. Reciprocity allows us to then extrapolate the source wavefields to 75 m above the seafloor by
applying the same operation in the common-receiver gather domain. Extrapolation both improves the imaging
conditions by collapsing diffracted energy while also moving near-offset refracted arrivals ahead of the seafloor
reflection (Figure 3).

3.1. Pre-Processing and Downward Continuation

Before applying the downward continuation method, some pre-processing is required. This includes removing
high-amplitude noise from the data and accounting for noisy or weak channels, since strong amplitude varia-
tions can produce migration artifacts during extrapolation. It is important to preserve the original low-frequency
amplitude and phase information. Hence, we apply minimal pre-processing to the data to remove only the strong-
est noise. Swell noise was reduced using a combination of iterative FX (frequency-offset) filtering within the
0-10 Hz band, specifically designed to conserve the lowest frequency signals down to 2 Hz for CGGV40 and
3 Hz for ALOS. For the ALOS data, we also identify and interpolate very weak or noisy channels, and balance
trace amplitudes across the entire dataset to preserve continuity of the seismic wavefield. The CGGV40 data
do not contain any persistent bad traces and have a much higher signal-to-noise ratio, so trace interpolation and
balancing were not necessary. Then, we applied a predictive deconvolution to minimize the source ringing effect,
which is particularly strong for CGGV40 due to the larger, deep-towed source. The pre-processed data were then
used to produce stacked sections where a seafloor horizon could be picked to define the extrapolation datum.
The seafloor horizons were then converted to depth using the average water velocities and smoothed to avoid
producing discontinuities associated with sharp changes in seafloor topography.

The source and receiver wavefields were extrapolated to a conformal datum located 75 m (~100 ms) above
the seafloor horizon. We apply sixth-order Butterworth band-pass filters between 2 and 20 Hz for CGGV40
and 3-15 Hz for ALOS before the first extrapolation step and similar low-pass filters at 20 and 15 Hz prior
to the second step to prevent aliasing and further remove unwanted noise. Additionally, we taper the edges of
each gather at each step to minimize edge effects. After extrapolation, we update the initial seafloor profiles by
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comparing estimates of the seafloor reflection arrivals with travel times picked on the first trace of each extrap-
olated gather. Seafloor travel times are found by cross-correlating an identically filtered, data-derived source
wavelet with each first-offset trace and calculating the maximum lag between the two (e.g., Harding et al., 2016).
We use the method of Collier and Singh (1997) to extract source wavelets by averaging seafloor reflections on the
nearest offset traces of multiple shot gathers in areas of flattest seafloor. The modeled seafloor is then corrected
by converting travel-time differences to depth using the average water velocity and the data are re-extrapolated.

3.2. Tomography Method

We use the iterative tomography algorithm of Arnulf, Harding, Kent, et al. (2014) who developed an updated
version of the tomography code of Van Avendonk et al. (2004) that is more suitable for a downward continuation
geometry. We picked travel times every two shots for ALO5 (125 m spacing) and every three shots for CGGV40
(150 m spacing) to sample at least twice within the first Fresnel zone at the seafloor (Henig et al., 2012). We used
a semi-automatic cross-correlation technique to pick a total of 186,096 arrivals on ALO5 and 324,900 arrivals
on CGGV40. Figure 3 shows shot gathers before and after extrapolation for both profiles, with their respective
observed and modeled travel-time data overlain. Depending on the water depth and sediment thickness, we gain
as much as 6 and 10 km of offset useable for inversion for ALO5 and CGGV40, respectively, after downward
continuation. Because the true first arrival is often distorted by noise and difficult to interpret, we pick on the
second zero crossing of the refracted events The apparent travel times are further delayed by the high-order
band-pass filters applied during the extrapolation. Thus, to avoid calculating erroneously slow velocities (i.e.,
erroneously high porosities), we shift each pick by the time of the same crossing on the identically filtered (i.e.,
identically shifted) source wavelets (Figures 3d and 3e). Because downward continuation moves energy closer to
the source and smears data at the farthest offsets, we remove picks at offsets greater than ~5.5 km for ALO5 and
~12.5 km for CGGV40. Additionally, we exclude any picks arriving after the forward modeled seafloor reflec-
tion times for each shot gather to help ensure that only true first arrivals were picked.

Since only turning rays in the crust are considered here, it is necessary to incorporate a fixed sediment layer (i.e., not
updated during inversion) and basement interface during the inversion as our main goal is to derive the most accurate
velocities for the upper oceanic crust. For ALOS, two different velocity-depth gradients were used for the sediments:
one above and one below the strong sedimentary reflection that marks the transition from pelagic sediments to distal
turbidites (Figure 2a). Velocity-depth gradients were taken from velocity measurement of sedimentary rocks from
DSDP Site 183 (Creager et al., 1973) just southwest of the profile (Figure 1). For CGGV40, in the absence of velocity
constraints from drilling, we use a single velocity gradient layer that was derived by laterally smoothing root mean
square (RMS) velocities used to migrate the data in the prestack domain. RMS velocities were then converted to
interval velocities to create the sediment layer and to convert the basement horizons into depth. For the crust, starting
models were created by hanging a smoothed version of the average crustal structure for fast-spread, mature oceanic
crust presented by Christeson et al. (2019) below the sediment-basement interface. The initial crustal models were then
flattened by the basement horizon and smoothed in slowness using a 250 m Gaussian filter before being un-flattened.

3.3. Inversion Strategy

We performed iterative regularized inversions in a damped least squares sense, minimizing a cost function that incor-
porates both the data misfit and model roughness (Van Avendonk et al., 2004). Before each inversion, travel times were
forward modeled using a combination of the shortest path z ray bending methods grid (Moser, 1991; Figures S2 and
S3 in Supporting Information S1). The graphing grid used for ray tracing was spaced 12.5 m in both directions and
the inversion grid was discretized at 25 m vertically and 150 m horizontally for both profiles. The roughness matrix
penalizes both the first (gradient) and second (curvature) derivatives of the model update, rather than just the model
perturbation, in order to help obviate the influence of the starting model on the final result. We set horizontal deriv-
ative smoothing weights to be six times greater than vertical to maximize the recovery of the strong vertical velocity
gradients expected in upper oceanic crust. At each step, we aimed for a Chi-square reduction of ~30-40%, which was
facilitated by applying the secant method to vary regularization values (Van Avendonk et al., 1998), until a Chi-square
of ~1 was reached, indicating the travel-time errors lie within the prescribed uncertainties (10—14 ms).

The misfit after each iteration is determined by the Chi-square, which is the sum of the squared travel-time
residuals weighted by their respective pick uncertainties. We estimate overall uncertainty as the root sum of the
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squares of the individual uncertainties associated with the average travel-time difference between the original
and the smoothed seafloor horizons (~5 ms); variations in the source and receiver depths (~2 ms); the forward
modeling of refractions (~5 ms) (e.g., Moser, 1991); the downward continuation method (~5 ms); and picking
travel times (~4 ms) for a total of 10 ms. For ALO5, we assigned a slightly higher travel-time uncertainty of
~14 ms since the data have a lower signal-to-noise ratio and required more extensive pre-processing prior to
downward continuation.

3.4. Model Resolution

One measure of the density of seismic rays is the derivative weight sum, or DWS, which provides a relative meas-
ure of nodal samplings in the model space (Figure S4 in Supporting Information S1). Elevated DWS values are
reasonable indicators of good model resolution, but often misrepresent the actual resolvability, especially where
values are low (Zhang & Thurber, 2007). Several tests were performed to further examine the ability of our inver-
sion scheme to recover positive and negative velocity anomalies of various sizes and to produce consistent results
regardless of the starting model used. Checkerboard tests were performed for 10% sinusoidal anomalies sized
7.5 x 1.5 km and 5 X 1 km (Figures S5 and S6 in Supporting Information S1). These perturbations were added to
the final tomographic models, which were then used to forward model synthetic travel-time picks. Next, the same
inversion scheme was applied, starting from the same initial models, until the Chi-square values were reduced to
~1. For both models, anomalies sized 7.5 X 1.5 km are recoverable at all depths and the 5 X 1 km anomalies are
recovered in the upper ~1 km of the crust. Because we opt for a larger ratio (6) of horizontal to vertical weights,
smaller anomalies are not recovered. While reducing the ratio of these weights to 2 allows for their partial recov-
ery, this comes at the expense of not being able to fit the nearest and farthest offset travel times and produce the
strong vertical velocity gradients expected in the upper crust. Finally, we performed inversions using the same
travel-time picks and inversion parameters, but for a less realistic starting model consisting of a single gradient
in the crust. Figure S7 in Supporting Information S1 shows that nearly identical results are produced regardless
of the chosen starting model, with final models differing on average by no more than 50 m/s for CGGV40 and
50-100 m/s for ALOS. The strong smoothing accomplished by regularization essentially removes any dependency
on the starting model in the areas where ray coverage is dense. Lastly, we tested the effect of varying the sedi-
ment velocities while ensuring the same thickness in time for the fixed sediment layer. Figure S8 in Supporting
Information S1 shows nearly identical results obtained using two different starting models where the sediment
velocities were perturbed by +10% from the original starting model.

3.5. Reflection Imaging and Layer 2A

To provide additional information on the sediment and crustal structures, we used a processing flow that incor-
porates constraints from our tomography results during PSTM instead of relying on conventional velocity anal-
ysis (Figure 2). For ALOS, we used the same pre-processed data previously used for downward continuation.
For CGGV40, we used pre-processed gathers courtesy of CGG that combined information from all three of the
streamers for a more broadband response (e.g., Singh et al., 1996). Before migration, we designed parabolic
Radon filters every 100 CMPs to attenuate internal multiples in the crust for both datasets. We then converted
the final two-layer tomographic models to RMS velocity in time and smoothed in slowness by a 250 m wide 2D
Gaussian filter. The same migration aperture, 10 km wide, was used starting ~1 s above the seafloor to better
image steep reflectors and collapse diffractions in the upper crust.

To image the layer 2A event, we followed the method of Harding et al. (1993) and picked stacking velocities every
50 CMPs (~300 m) that best flatten the retrograde branch of the triplication (Figures S9 and 10 in Supporting
Information S1). We supply a constant stacking velocity for each CMP and interactively pick top and bottom mutes
to isolate the 2A event on moveout-corrected gathers. After stacking, we apply a poststack time migration using
the same constant stacking velocities. We then apply a mute to remove any unwanted migration artifacts followed
by a coherency filter to suppress noise. The PSTM sections in Figure 2 have been merged with the migrated 2A
event to create composite images. For display purposes, the average amplitudes of the 2A event have been scaled
to match the average amplitudes of the basement reflection. We interpret the layer 2A horizon in TWTT as the
first arrival of the stacked event on the merged PSTM images and then convert it to depth using the velocities
from our final tomography results. The 2A pseudo-reflections stack in at a range of velocities and their subse-
quent depths are subject to a certain degree of uncertainty (e.g., Audhkhasi & Singh, 2019). To remove potential
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bias due to short wavelength variations that cannot be resolved by stacking the 2A event with sparse velocities,
and to facilitate comparison with other studies, we assume a single layer 2A thickness for the entire profile. This
is calculated by taking the mean of the difference between the depth-converted 2A horizon and the fixed base-
ment interface. A 5% perturbation in either direction to the stacking velocities used to image layer 2A results in
less continuous 2A events that are more difficult to interpret, with average deviations from our preferred horizons
of ~75 m for ALO5 and ~71 m for CGGV40 (Figures S9 and 10 in Supporting Information S1).

4. Results
4.1. Structure Inferred From Reflection Images

Our PSTM results provide an unprecedented, high-resolution view of the sediments and upper crustal structure
along both lines (Figure 2). The seafloor and basement depth horizons, which were held fixed during the inver-
sions, match well with those in the stacked sections after being converted back to time. Therefore, we use these
horizons to interpret sediment thicknesses, basement structure, and fault throws.

4.1.1. Sediment and Basement Structure Offshore Alaska

ALOS5 encompasses the transition into the outer rise around 45-55 km from the trench, where previously flat
oceanic lithosphere gradually begins to bend to as much as 3—4° calculated at the top of the crust (Figure 2a).
Prior to significant bending (>50 km from the trench), the basement topography is smooth and undulatory at
wavelengths ranging from 2 to 18 km with small vertical variations (<~300 m). Prior to bending, the bulk sedi-
ment cover is thicker than that approaching the trench, with an average of ~500 m; few to no faults are observed
in the sediments and crust. While the upper pelagic layer maintains a thickness around 230 m across the entire
profile, the lower layer of distal turbidites from the Zodiac Fan exhibits much more variation (e.g., Stevenson
et al., 1983) and gradually thins toward the trench with an average thickness of ~125 m. This thinning also coin-
cides with the appearance of a dense network of bending related faults spaced 0.5-2 km apart, as illustrated by
the inset in Figure 2a, with throws up to ~250 m at the basement.

The uppermost oceanic crust is largely void of coherent reflections except for the merged layer 2A event
(Figure 2a). The Layer 2A event, corresponding to a high-amplitude retrograde arrival, is generally visible
between 4 and 6 km offset in the surface gathers (Figure S9 in Supporting Information S1), and stacks in at
most distances until ~17 km from the trench before disappearing. The resulting horizon approximately mirrors
the basement topography with an average thickness of ~250 ms (or ~540 m) where visible. We image the same
lower crustal dipping reflections (LCDRs) around 60—90 km from the trench, as observed by Bécel et al. (2015);
these LCDRs do not pass through the reflective Moho or extend upwards into the crust. Between 20 and 40 km
distance range, there is some faint reflectivity in the upper and lower crust that is similar in dip and crustal depth
to the LCDRs, located just beneath some of the larger and more clustered bending faults. These reflections are
not obviously associated with the bending faults above, and there is no evidence that they offset the Moho. Moho
reflections vary across the entire profile, though most notably in the bending area where amplitudes are generally
reduced compared to those seen before bending. Within ~50 km from the trench, the Moho appears intermit-
tently, producing a very weak signal beneath areas where some of the largest bending faults are observed before
disappearing almost entirely within ~20 km from the trench.

4.1.2. Sediment and Basement Structure Offshore Sumatra

CGGVA40 lies entirely within the bending area. Here, the crust dips gently toward the trench at ~0.8° until around
33 km from the trench where the dip increases to as much as ~1.8° as it approaches the trench (around half as much
as the maximum dip on ALO5). Basement relief varies up to ~130 m over 5-10 km distances assuming relative
deviations from a smoothed fit to the basement (Figure 2b). At distances greater than 25 km from the trench, a thin
veneer of 100-350 m thick, weakly reflective pelagic sediments blankets the crust. Here, we observe a combination
of sparse steeply dipping faults with small throws (10-50 m) and undulations that correspond to short wavelength
(0.5-1 km) variations in the basement topography. Closer to the trench axis, this layer begins to thin rapidly before
terminating below a progressively thickening sequence of more reflective trench infill that reaches ~800 m in
thickness. The unconformity between these two sedimentary sections creates a strong reflection that coincides
with the steepening of the subducting plate and the initiation of faulting. These seaward dipping normal faults are
less abundant than in Alaska and, like those imaged by Singh, Hananto, Mukti, Permana, et al. (2011) on profile
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CGGV20 (Figure 1b), are irregularly spaced 0.4-8 km apart with fault throws that reduce up-section. We observe
basement throws between 50 and 110 m, which are considerably smaller than those seen to the north (300—400 m).
The basement reflection is sharp and well imaged, except for a ~6 km wide area about 11 km from the trench where
we observe a basement high. Reflectivity at and below the basement (and down to the Moho) in this area appears
significantly distorted by high-frequency artifacts, that could be related to the sampling of out of plane energy.
Moreover, this is the only area where the 2A event is not well resolved (Figure 2b); the associated retrograde arrivals
appear in nearly all the surface gathers at offsets between 5 and 8 km (Figure S10 in Supporting Information S1),
and stack in on average ~290 ms (or ~640 m) below the basement horizon.

The oceanic crust is highly reflective throughout the entire section and is characterized by the presence of numerous
seaward and trenchward-dipping reflections that cross through most of the oceanic crust and even into the uppermost
mantle. Most of these arrivals cannot be definitively linked with disruptions at the basement interface, however, some
of these dipping reflections appear to cross through the Moho discontinuity (without clearly offsetting it) and extend
deep into the upper mantle (e.g., ~50 km from the trench; Figure 2b). The Moho is well imaged everywhere but varies
drastically in amplitude and style of reflectivity. In some areas, this event is a single sharp reflection, as is the case on
ALOS5; however, in other areas (e.g., ~40 km from the trench), we observe a more banded style of reflectivity.

4.2. Velocity Models, Porosity and Water Content

Figures 4 and 5 show the final inverted models, their corresponding velocity anomalies (obtained by subtracting
the starting model), and the total gradient magnitudes for ALO5 and CGGV40, respectively. Travel-time residuals
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Figure 4. Tomography results for ALO5. (a) Preferred final model after 11 iterations of travel-time inversion (Chi-square of 1.02). Thick solid black lines are the
seafloor and basement horizons fixed during inversion. Solid thin lines are 1 km/s velocity interval contours from 3 to 6 km/s. The data are masked by the DWS, which
has non-zero values down to ~1.2 km below the basement on average. (b) Velocity anomaly calculated by subtracting the starting model from the final model. Velocity
contours are plotted from —1 to 1 km/s with a 0.25 km/s interval. (c) Total velocity gradient magnitude in the upper crust calculated from (a). Dotted black line is the
depth converted 2A event horizon and the solid white line is the mean depth of the 2A.
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Figure 5. Same as in Figure 4, but for the CGGV40 after 10 iterations of travel-time tomography (Chi-square of 0.95). The longer streamer allows for sensitivity down

to ~2.3 km below the basement.

for both final models are plotted as a function of receiver location and time as well as source location with
streamer offset in Figure 6 and show a good fit to the data at nearly all distances. The deepest ray penetration is
down to ~1.2 km below the basement along profile ALOS and ~2.4 km along CGGV40 as a result of incorporat-
ing more than twice as much source-receiver offset during inversion (Figure 3). The ray coverage is dense across
both profiles (Figure S4 in Supporting Information S1), except for a few small areas (e.g., ~15 and ~10 km from
the trench on ALO5 and CGGV40, respectively). The average layer 2A thickness is 540 m on ALOS and 640 m
on CGGV40, and these values agree well with the depth of the transition zone recovered on IODP site 1256D
(Figures 7a and 7b; Carlson, 2014a). Both models appear to recover the high vertical velocity gradient in the
uppermost crust. The transition to a lower gradient in the upper crust agrees very well with the depth converted
2A/B horizon (Figures 4c and 5c), although the effect is less apparent on ALOS. The velocity structure along
CGGV40 varies more in all directions compared to ALOS. Although more extensive pre-processing was needed
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Figure 6. Travel-time residuals for both inversions. (a) Starting (red) and final (blue) travel-time residuals for ALO5 as a function of receiver location. Positive residuals
indicate the starting model is too slow >50 km from, and negative residuals suggest it is too fast within 50 km of the trench. (b) Final residuals for ALOS5 as a function
of source distance from the trench and receiver offset. (c)-(d) Same as in (a) and (b), but for CGGV40. Receiver offset gradually decreases toward the end of the line as
data were omitted where the vessel was turning.

for ALO5 and greater pick uncertainty was assigned, the difference in levels of heterogeneity inferred in both
crusts is likely to be real.

To estimate the amount of porosity from the velocities inferred from the streamer tomography, we use a DEMT
scheme of Taylor and Singh (2002). We calculate velocity-porosity relationships in the same way as Audhkhasi
and Singh (2019) for inverse crack aspect ratios between 5 and 50 and infer a basalt lithology with saturated
pores for the entirety of both models (Figure 7). To avoid overestimating the total amount of water in the crust,
we calculated the elastic parameters needed for DEMT assuming a zero-porosity altered basalt with a P-wave
velocity of 6.74 km/s (containing ~2 wt.% of structural water; Carlson, 2014b, which is significantly less than
the highest measured values around 7 km/s for unaltered basalt (Wilkens et al., 1991). The density is taken to be
2,930 kg/m? (Carlson, 2014a), and the corresponding S-wave velocity is 3.89 km/s assuming a Poisson's ratio of
0.25, as reported by Collier and Singh (1998). For seawater filling the pores, we assumed a P-wave velocity of
1.515 km/s (the same used for downward continuation), S-wave velocity of 0 km/s, and density of 1,030 kg/m?>.
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Figure 7. Porosity estimation method. (a) Velocity-porosity relationships calculated using a DEMT for basalt (solid lines) and diabase (dashed lines) host materials
filled with seawater for different inverse aspect ratios between 3 and 50 labeled in red. The blue lines are the Hashin-Shtrikman upper (+) and lower (—) bounds. (b)
Zoom in of the curves in (a) from 0% to 20% porosity along with borehole measurements of velocity and apparent porosity for the lava, transition zone, and dike
sections from sites 1256D and 504B (Carlson, 2010). Solid green and blue lines are the best fitting models from Carlson (2014a) for the lavas and dikes, respectively.
For mature oceanic crust, inverse aspect ratios between 5 and 15 for the lavas and 10-30 for the dikes best explain the borehole data.

The relationships calculated via DEMT were then used to produce porosity models for each inverse aspect ratio,
which were then converted to wt.% H,O. Figure 8 shows relative velocity probability plots as well as porosity
and wt.% H,O assuming an inverse crack aspect ratio of 10 computed at each depth below the basement interface
for both profiles. While lower inverse crack aspect ratios (5—7) might explain some of the values measured in
the lavas at site 1256D, we choose a value of 10, as it is necessary to account for the fact that in situ porosity
measurements of basalt do not capture the additional, large-scale porosity features associated with fractures and
abyssal hill faulting that have a strong impact on seismic velocity (Carlson, 2014b). Table 1 summarizes our
estimates of upper crustal pore water as well as the limited estimates made, both before and after bending, for
studies focusing on subduction zones. Water content was recalculated from porosity values using the same elastic
parameters specified for DEMT.

4.2.1. Upper Crustal Velocity, Porosity, and Water Content Estimates Offshore Alaska

Sediment velocities offshore Alaska are constrained by the values measured at DSDP site 183 (Creager at
al., 1973) (Figure 1). The same two sedimentary units that we fixed during inversion were recovered in the bore-
hole data. In our model, velocities reach an average of 1.6 km/s at the high-amplitude sedimentary reflector that
represents the boundary between the pelagic and turbidite sediments and increase to an average of ~1.95 km/s at
the base of the sedimentary layers.

Within the upper oceanic crust, the most striking feature is the marked decrease in velocities at all depths that
begins with the onset of bending related faulting (Figure 4a). This negative velocity anomaly (Figure 4b) is
evidenced by the change in shape of the extrapolated gathers (Figures 3a and 3b) and the shift in initial travel-time
residuals from mostly positive to negative values toward the trench (Figure 6a). The 1D velocity and porosity
plots (Figure 8a) show an approximately bimodal distribution before and after bending that closely mirrors where
reduced P-wave velocities in the upper mantle were observed by Shillington et al. (2015) along the same profile.
Prior to bending, between 70 and 90 km from the trench, velocities average 4 km/s at the top of layer 2A, 5.2 km/s
at the base of 2A, and approach 6.4 km/s at the depth limit of resolution. In the bending area, averaged between
25 and 45 km from the trench, these values are reduced to 3.5 km/s, 4.6 km/s, and 6.2 km/s, respectively. This
corresponds to an increase in average porosity before and after bending from 8.0% to 11%%, equivalent to 2.8 to
3.9 wt.% H,0, for 540 m of subducting basalt (i.e., layer 2A) or from 4.8% to 7.1%, equivalent to 1.7 to 2.6 wt.%
H,O, for 1.15 km of subducting basalt (i.e., full model thickness before bending) (Table 1).

From ~40 to 55 km, where velocities begin to decrease, the vertical velocity gradients decrease from values as
high as 4 s~! to values as low as 1 s™!. The amplitude of the layer 2A event is also considerably reduced in this
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Same as in (a) and (b) but for CGGV40. Blue and green lines are the averaged velocities and porosities between 43 and 46 km (low velocity anomaly) and 30-37 km,

respectively.

region. A similar deviation occurs in a 5 km area around 20 km from the trench, but with velocities in layer 2A
that are higher than the surrounding values. This occurrence corresponds to a decrease in both time and depth
of the 2A horizon with respect to the basement. Apart from this area, the general trend of decreasing velocities
toward the trench is maintained throughout the bending area. Within ~15 km from the trench, we observe vertical
gradients greater than 3 s~! and velocities as low as 3 km/s below the largest observed bending faults; however, the
data quality in the region rapidly deteriorates and the area is subject to greater dependence on the starting model
(Figure S7 in Supporting Information S1). Checkerboard tests suggest that at least the upper ~500 m in this area

ACQUISTO ET AL.

15 of 23

85U8017 SUOLULLOD 3A IR0 3(edldde 8Ly Aq peuienob ae sejole YO ‘8N JO Se|ni o A%eiq 18Ul UO A8|IM UO (SUONIPUOD-PUR-SLUBY WD A8 | 1M AReIql1 U1 |UO//SONY) SUORIPUOD pUe SWe 1 8L 88S " [7202/20/9T] U0 A%iqiauliuo A8IM ‘NSNI SUNDA!G 1BMod Ad TS.4208r2202/620T 0T/10p/wod A8 im Areiq put|uo'sqndnBey/sdiy wo.j pepeojumoq ‘0T ‘220z ‘95E669T2



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB024751

Table 1

Summary of Water Content Estimates From Studies of the Incoming Plate

Water content estimates (wt.% H,0)

Before bending After bending
2A 2B 2A 2B
Setting struct. pore struct. pore struct. pore struct. pore
Global averages and drill cores 2 - 2 - 28 - 20 -
2-3b 0.5-2°
1-3¢
ALO5 - 2.8 - - - 39 - -
CGGV40 - - - - - 32 - 0.8,1.3
Nicaragua (Naif et al., 2015) - 2.6-4.3 - 0.9 - 3.0-4.8 - 1.6
Cascadia (Canales et al., 2017) - - - 0.5-2.1 1.7-1.9 2.8-32 0.3 2324

3Global averages are from Peacock (1990). "Estimates from drill cores are from Riipke et al. (2004). *Estimates from drill cores are from Carlson (2003).

is well resolved (Figure S5 in Supporting Information S1), suggesting an average porosity of 10%, or 3.2 wt.%
H,0, with values as high as 20%, or 7 wt.% H,O in the uppermost 1.15 km of crust nearest the trench (Figure 8b).
Within layer 2A, this corresponds to an average velocity of 3.6 km/s, 15% porosity, and 5.3 wt.% H,O.

4.2.2. Upper Crustal Velocity, Porosity, and Water Content Estimates Offshore Sumatra

Sediment velocities offshore Sumatra are very slow in the pelagic section, averaging 1.65 km/s. This is roughly
consistent with interval velocities calculated for similar lithologies at DSDP Site 211 to the southwest (von der
Borch et al., 1974). These values increase to an average of 1.8 km/s in the turbiditic section and reach more than
2 km/s just above the crust. The 15 km-long streamer provides coverage of the entirety of layers 2A and 2B, as
defined by the depth-converted 2A horizon and the ~6.7 km/s contour (e.g., Carlson, 2018). Layer 2A velocities
show minor variation across the entire profile, with no systematic decrease toward the trench as observed across
ALOS, where a far greater number of faults are imaged. Velocity gradients at the top of 2A are very strong,
approaching values of 6 s~!, with mean velocities of 3.5 km/s (the same as the average in the bending area along
ALOS). Velocities average ~5.1 km/s at the 2 A/B transition and approach 6.7-6.8 km/s at the depth limit of
resolution (i.e., roughly coinciding with the base of layer 2). This corresponds to average porosities of ~16% (5.4
wt.% H,0) at the top of the crust, ~5.4% (1.9 wt.% H,0) at the base of 2A, and values that approach 0 at the base
of layer 2 (Figures 8c and 8d). The average velocity within layer 2A is ~4.4 km/s, corresponding to ~9% porosity
and ~3.2 wt.% H,O. Values are ~6.0 km/s, ~2.4% porosity, and ~0.8 wt.% H,O within layer 2B, and ~5.5 km/s,
~4.4% porosity, and ~1.5 wt.% H,O for 2.3 km of subducting upper oceanic crust (Table 1).

Velocities are slower in the first 10 km (>55 km from the trench) of the profile, which approaches a large
seamount to the southwest, reaching values down to 3 km/s, or up to ~21% porosity and ~7.5 wt.% H,0O at the top
of the crust (Figure 6d). Within layer 2B, we observe multiple 5-10 km-wide zones of anomalously low veloc-
ities. The largest of these anomalies is observed between 38 and 48 km from the trench, reaching a maximum
velocity reduction of ~8% from the model average of 6 km/s to 5.5 km/s (equivalent to an increase from 0.8 to
1.4 wt.% H,0) around 1.4 km below the basement (Figures 8c and 8d). Similar anomalies are observed in the
crust within the first 10 km of the model and between 20-30 km and 5-10 km from the trench. In all cases, these
anomalies do not appear to be linked with any obvious fault structures above in the crust and sediments.

5. Discussion

Major differences are seen in the structures and properties of the incoming upper oceanic crust outboard the
Alaska and Sumatra trenches despite their similar ages and fast rates at which the crust was accreted. Only a few
estimates of upper crustal P-wave velocities in the outer rise exist and are generally of lower resolution than can
be achieved using streamer tomography (ref., e.g., Ivandic at al., 2008). Of all the studies that employ the same
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methodology of downward continuation and travel-time tomography, the majority focus on young oceanic crust
near spreading centers (e.g., Arnulf et al., 2011, 2014a; Henig et al., 2012) or landward of the trench (e.g., Qin &
Singh, 2018), with only two recent studies providing estimates for mature oceanic crust (in the Atlantic Ocean:
Audhkhasi & Singh, 2019; Kardell et al., 2019). Our study provides some of the first high-resolution estimates
of the amount of pore water present in the upper oceanic crust within the outer rise domains of two seismically
active subduction zones.

5.1. Hydration State Before Bending

Outside the bending area offshore Alaska, velocities observed at the top of the crust are higher than those found
in the bending area (Figure 4b) but are still on the lower end of those observed in situ at DSDP site 1256D
for ~16 Myr old oceanic crust (Figure 8a; Carlson, 2014a). This is not surprising, as drilled samples do not
encompass large scale porosities (e.g., faults) that are sampled by the seismic waves (e.g., Harding et al., 2016;
Jarrard et al., 2003; Wilkens et al., 1991). The average at the top of the crust here (4.1 km/s) is nearly identical
to the statistically constant value observed by Audhkhasi and Singh (2019) for mature, slow-spread oceanic crust
in the equatorial Atlantic. Conversely, Kardell et al. (2019) report larger values in general for intermediate-to
slow-spread crust of similar ages increasing to >4.5 km/s at the top of ~58 Myr old the crust. The discrep-
ancies between both regions could arise from contrasting lithologies of layer 2A (pillows vs. flows; Wilkens
et al., 1991) or evolutionary histories between the regions. However, we also cannot rule out differences related
to varying regularization parameters used during inversion, such as our use of a larger ratio of horizontal to verti-
cal smoothing weights. On ALOS, the smooth basement structure favors the blanketing of sediments that have
sealed the top of the crust since at least the lower Oligocene (Creager et al., 1973), and possibly since 3—4 Myr
after formation. Given the continuous deposition of pelagic sediments thereafter, we suspect that there could be
minimal free water present in the uppermost crust prior to bending on ALOS, as these conditions favor the filling
of pore spaces through chemical precipitation of mineral phases (e.g., Nedimovic et al., 2008). The bending area
offshore Sumatra, which CGGV40 resides entirely within, has less curvature than that offshore Alaska, as well
as thinner sediment cover that consists mostly of weakly reflective pelagic sediments (von der Borch et al., 1974)
that are eventually overlain by trench fill. This could indicate that the crust was never fully sealed, thus allow-
ing the continued exchange of seawater with time and eventual reopening of cracks due to bending. We also
observe a general correlation between basement highs and lows corresponding to locally slower and faster veloc-
ities, respectively, along both profiles (Figures 4b and 5b) that could represent the fossilized signature of crustal
discharge and recharge (i.e., up-flow and down-flow) (Newman et al., 2011). This implies long wavelength
heterogeneities in the amounts of subducting pore and structural water, with basement highs likely containing
more pore water prior to bending. This effect is stronger in the upper crust offshore Alaska, where the basement
is more undulatory across shorter wavelengths. Thus, layer 2A offshore Sumatra may have held greater amounts
of pore water overall prior to bending, though it is difficult to speculate on exact quantities.

5.2. Comparison With Previous Hydration Estimates

While numerous OBS refraction studies performed in the outer rise show similar reductions in upper mantle
velocities near the trench (Horning et al., 2016; Ivandic et al., 2008; Shillington et al., 2015; Van Avendonk
et al., 2011), they often provide only limited constraints on the velocity structure of the upper to mid oceanic
crust. Wide-angle reflection/refraction tomography results obtained perpendicular to the heavily sedimented
Cascadia subduction zone show a reduction in upper crustal (0.5-1.5 km below basement) velocities toward the
trench that corresponds to as much as ~4 wt.% H,O; however, layer 2A is not well constrained as ocean-bottom
seismometers were spaced at 16 km (Horning et al., 2016). Canales et al. (2017) provide some of the first esti-
mates of both pore and structural water along a trench-parallel profile acquired during the same survey. They
report layer 2A (0-370 m below basement) velocities between 4.1 and 4.6 km/s and layer 2B (0.5-1.5 km below
basement) velocities between 5.1 and 5.8 km/s, corresponding to ~2.8-3.2 wt.% and 2.3-2.4 wt.% of H,O,
respectively (Table 1). They also calculate the amount of structural water within 2A, which approaches estimates
of global averages at ~2 wt.% H,O that then decreases below expected values within layer 2B down to 0.3 wt.%
H,O (Canales et al., 2017; Carlson, 2003; Peacock, 1990). Ivandic et al. (2008) observe a similar decrease in
velocities, most notably in the upper mantle, along an OBS profile near the Middle America Trench offshore
Nicaragua, with velocities in the bending area averaging between 4.1 and 4.3 km/s at the top of the basement and
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around 6 km/s at the bottom of layer 2 (1.5 km below basement). A recent high-resolution controlled source elec-
tromagnetic survey conducted in the same area provides estimates of porosity between ~7.5-12% before bending
that increases to ~9-14% on average after bending in 600 m of extrusives. Respectively, these values decrease to
2.7% and 4.8% in the dikes and 0.7% and 1.7% in the gabbros (1.6-5.5 km below basement) (Naif et al., 2015).

Our high-resolution velocity models of the incoming oceanic crust in the outer rise outboard both the Shumagin
Gap and Enggano Island suggest the presence of significant amounts of free water trapped in basaltic pores
(Table 1). Velocities are slower than those reported in the uppermost crust in most previous studies (e.g., Ivandic
et al., 2008; Van Avendonk et al., 2011), and exhibit much higher vertical velocity gradients within layer 2A
than are usually captured in OBS models. The estimated porosity values averaged within layer 2A (540 m thick)
before (4.7 km/s, 8.0% porosity, or 2.8 wt.% H,0) and after bending (4.2 km/s, 11% porosity, or 3.9 wt.% H,0)
on ALOS5 agree well with the lower bounds reported by Naif et al. (2015) offshore Nicaragua. Average layer 2A
(640 m thick) values on CGGV40 (4.4 km/s, 9% porosity, or 3.2 wt.% H,0) are more like estimates made offshore
Cascadia (Canales et al., 2017), indicating that the upper crust in the bending area here could be just as saturated
as that offshore Alaska. Layer 2B exhibits much greater variability across the profile, with average values again
resembling those in the bending area on ALO5 down to ~1.3 km below the basement (Figures 8c and 8d). Our
estimate of pore water within layer 2B (0.8 wt.% H,0) appears much lower than is reported offshore Cascadia
and Nicaragua, in part because we assume a thicker layer 2B. Taking a similar thickness for layer 2B (~1 km)
increases the average to 1.3 wt.% H,O which increases to ~1.8 wt.% H,O where the low velocity anomalies are
observed. Beneath the largest low-velocity zone within Layer 2B (43—46 km from the trench, Figure 5), values
remain well below average down to the depth extent of resolution, suggesting a continuation of this hydration
with depth, which may not be the case everywhere. Thus, while layer 2B appears to contain anomalous amounts
of free water, the hydration of this layer is more localized and of a slightly lesser degree overall than what has
been inferred elsewhere.

5.3. Contrasting Deformation Styles Between Alaska and Sumatra

While the apparent degrees of hydration in the outer rise are similar between both profiles, we observe contrasting
structural features that may have contributed to differing styles of deformation affecting the crust. Prior to bending
on ALOS, the sediment column and upper crust show little to no signs of disruption indicating a fairly straightfor-
ward evolution. The main mode of deformation is related to the bending of the plate, which has produced a dense
system of normal faults, facilitating the reintroduction of seawater into the crust. Although we do not observe the
same focusing of fluids within the crust as is clearly seen in resistivity images (Naif et al., 2015), and which is
favored by numerical models (Faccenda, 2014), this could be due to the inherent smoothing effect of travel-time
tomography (Van Avendonk et al., 1998). Indeed, checkerboard tests indicate that we are unable to recover well
velocity anomalies smaller than 4-5 km wide (Figures S5 and S6 in Supporting Information S1) whereas fault
damage zones are expected to be hundreds of meters to a few kilometers wide (Cochran et al., 2009). Addition-
ally, our decision to specify a ratio of horizontal to vertical derivative smoothing weights of 6 during travel-time
inversion does not seem to preclude the recovery of obvious structure that may be linked to these faults (Figure S7
in Supporting Information S1). Rather, our preferred models resolve well the vertical velocity gradients required
to produce the triplicated arrivals in layer 2 while also capturing the long wavelength velocity structures. There-
fore, given the coincident reduction in upper mantle velocities along ALOS5 reported by Shillington et al. (2015),
we believe that bending faults in the outer rise outboard the Shumagin Gap create pathways for fluids to hydrate
the crust and penetrate down into the uppermost mantle.

Offshore Enggano Island, the curvature of the down going plate is much less pronounced, and very few bending
faults are observed (Figure 2b), meaning hydration of oceanic crust in this area cannot be explained through
bending related faulting. We interpret the more localized velocity reductions to be associated with the extensive
active deformation currently taking place in the Wharton Basin, east of the Ninetyeast Ridge (Figure 1b). A large
diffuse zone of deformation exists within the Indian Ocean (Bull & Scrutton, 1990) that is further complicated
by the subduction of the Indo-Australian plate beneath the Sunda plate to the east. In the Wharton Basin, this
complex deformation consists of N-S striking fracture zones and a conjugate system of shear zones that are visi-
ble in bathymetry data and reflection images (Hananato et al., 2018; Singh et al., 2017). While the reactivation of
these fracture zones often produces large basement offsets, there is not always a strong expression at the seafloor,
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as may be the case on CGGV40 (Figure 2b; Carton et al., 2014). Therefore, the oceanic crust here could have
experienced active deformation that allows water to penetrate deeper (into layer 2B) than is normally the case
through hydrothermal circulation alone.

5.4. Downdip Implications of Subducting Hydrated Oceanic Crust

Crustal hydration is believed to influence numerous subduction zone processes, including plate coupling and
the generation of large earthquakes (Bilek & Lay, 2018). The state in which water is present (either free or
mineral-bound) determines the depth at which it is released, with free water being released at shallower depths
along the megathrust, and mineral-bound water being expelled at greater depths beneath the mantle wedge and
beyond (e.g., Faccenda, 2014; Hacker et al., 2003). Given the relatively cold thermal structure of both subduction
zones, structurally bound water is not likely to be expelled before at least 70 km depth (Abers et al., 2017; van
Keken et al., 2011). Therefore, the dewatering of hydrous bound minerals is not likely to influence megathrust
properties in the seismogenic zone but could impact arc magmatism and intermediate-depth earthquakes through
dehydration embrittlement (e.g., Hacker et al., 2003). Using an altered basalt host lithology (Carlson, 2014b) to
calculate porosity allows us to assume all the pores are saturated with seawater, which makes sense given that
both areas are actively deforming (Figure 2). However, this assumption means that our estimates likely represent
upper bounds on the amount of free water present in the uppermost crust, especially offshore Sumatra where the
timing of hydration is less clear. Additionally, if layer 2B is a lithologic layer (i.e., diabase host rock), then our
estimates of porosity there could be slightly underestimated (Figure 7).

Analyses of seismicity with depth and isotopic ratios of arc lavas suggest that dehydration downdip of ALOS is
confined primarily to the downgoing crust and uppermost mantle, extending down to 150-200 km depth, imply-
ing the presence of hydrous bearing minerals (Wei et al., 2021). More intermediate-depth earthquakes appear at
depths greater than 120 km in the Shumagin gap compared to neighboring segments, in support of the inferred
serpentinization of the upper mantle by Shillington et al. (2015); however, our results only provide an estimate of
the amount of free water present in the upper crust. The relatively high amount of free water stored in the upper-
most crust, once subducted, might influence the megathrust slip behavior (e.g., Saffer & Tobin, 2011). It has been
showed at other subduction zones worldwide that weakly coupled regions appear to correlate with fluid-enriched
portions of the megathrust (Saffer, 2017). To date, in the Shumagin segment, weak geodetic coupling has been
proposed to arise from the thin and heterogeneous sediment cover and heterogenous plate boundary introduced
by bending-related faults (Li et al., 2018; Shillington et al., 2015). However, our study shows that the free water
stored in the uppermost crust might also influence megathrust slip behavior there. As the plate boundary subducts
to greater depths and temperature increases, it is likely that some of the free fluids react with the host rocks to
form hydrous minerals, though quantifying this process would require more data. Hydrous minerals will be
carried to greater depths and the releasing of free water through dehydration reactions would occur around
80-100 km depths (Abers et al., 2020). This would be in agreement with higher water content found in the arc
lavas of the Shumagin gap volcanoes (Wei et al., 2021). Decaying seafloor spreading magnetic anomalies in this
region suggests that bending faults in the Central Aleutians allow for the rejuvenation of hydrothermal circulation
near the trench, a process that subsequently alters magnetic minerals in the crust (Choe & Dyment, 2021). Thus,
we propose that on ALOS, the thinning sediment cover and heterogeneity of the plate boundary near the trench
(Figure 2a) facilitates the open exchange of seawater within the uppermost crust. This, along with deformation of
the upper plate and heterogeneity of the plate boundary, could contribute to the weak coupling in the region and
elevated seismicity at all depths (Li et al., 2018; Shillington et al., 2015)

Conversely, offshore Sumatra, the lack of a dense system of bending related faults coupled with the progres-
sive thickening of the sediment cover (up to 1 km) means there are fewer direct pathways for seawater to come
in contact with the crust near the trench axis (Figure 2b). The active circulation of seawater may therefore be
confined to the sediments and uppermost crust within 20-30 km from the trench and may persist farther away
from the trench in the crust covered by a thin layer of pelagic sediments. A recent GPS study around Enggano
Island suggests the presence of an ongoing multiyear slow-slip event (SSE) on the shallow megathrust beneath
the island (Mallick et al., 2021). This phenomenon supports the presence of fluids in a subducting sediment
channel, the latter of which has been observed to the north near the Mentawai islands (Qin & Singh, 2018). To
explain this long-lived SEE, the authors propose a model consisting of increased pore fluid pressure in fault
gouge along the shallow portion of the megathrust. Here we propose that the high porosities throughout layer 2A
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and 2B could contribute to explaining the presence of this SSE just downdip of CGGV40 like recently proposed
for the Hikurangi subduction zone (Chesley et al., 2021). Because deformation in the Wharton basin could have
persisted for many millions of years far away from the trench, it is possible that the uppermost crust along
CGGV40 contains significant amounts of water as a result. Rather than pervasively hydrating the crust, the hydra-
tion within layer 2B appears localized within multiple 5-10 km-wide zones. Localized hydration is suggested
to increase the upward flux of water beneath the forearc and arc whereas water stored in a more homogeneous
manner is expected to be carried to greater depths (Wada et al., 2012).

6. Conclusion

Recent advances in the processing of multichannel seismic data allow for the recovery of oceanic crustal velocity
models at unprecedented resolutions. We apply these techniques to high-quality datasets acquired seaward of
segments belonging to the Alaskan and Sumatran subduction zones to provide some of the first high-resolution
constraints on the porosity and water content of fast-spread, mature upper oceanic crust in the outer rise. Our
model offshore Alaska, ALOS, yields good coverage throughout oceanic layer 2A both before and after bending,
while our model offshore Sumatra, CGGV40, provides information on the entirety of layer 2 within the bending
area. We observe anomalously low velocities within layer 2A in the bending area along both profiles which
implies elevated quantities of free water; however, the dominant mode of deformation through which the crust is
rehydrated is likely not the same in both regions. Outboard the Shumagin Gap, the curvature of the downgoing
plate and favorably oriented pre-existing fabric produce a dense system of bending related faults that extend down
into the uppermost mantle and is coupled with a thinning sediment cover toward the trench. This leads to the
rejuvenation of open hydrothermal circulation in the crust, and as the crust subducts and temperature increases,
some of the free water can be expelled or react with the host rocks to form hydrous minerals that are carried
down to sub-arc depths and beyond, impacting both arc magmatism and intermediate-depth seismicity. Offshore
Enggano Island, the crust appears equally as hydrated despite the lack of abundant bending faults. We suggest that
this is linked to the ongoing complex deformation of the Indo-Australian plate, more subtle plate bending than
in Alaska and lack of thick sedimentary cover away from the trench that never fully seals the basement. These
results are consistent with the observation of a slow slip beneath Enggano Island that requires dewatering along
the shallow megathrust as well as the imaging of a large, intact subducted seamount that favors a weak coupling
of the plate interface.
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Raw Seismic reflection data from this study are available through the Marine Geoscience Data System (http://
www.marine-geo.org/tools/entry/MGL1110).
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Erratum

In the originally published version of this article, Figure 4 included typographical errors involving faint lines. The
errors were purely typographical and the implementation of Figure 4 was unaffected. New Figure 4 was updated.
In addition, the Author Contributions list contained typographical errors involving contributions directed to only
few authors. The errors have been corrected, and this may be considered the authoritative version of record.
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