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ABSTRACT

It is commonly assumed that intermediate-depth seismicity is in some way
linked to dehydration reactions inside subducting oceanic plates. Although
there is growing evidence that the hydration state of an oceanic plate is con-
trolled by its structure and degree of faulting, we do not have a quantitative
understanding of this relationship. Double seismic zones offer the possibility of
investigating changes in oceanic-plate hydration not only along strike but also
with depth beneath the slab surface. To quantify the impact of oceanic-plate
structure and faulting on slab hydration and intermediate-depth seismicity, with
a focus on the genesis of double seismic zones, we correlate high-resolution
earthquake catalogs and seafloor maps of ship-based bathymetry for the north-
ern Chilean and Japan Trench subduction zones. The correlations show only
a weak influence of oceanic-plate structure and faulting on seismicity on the
upper plane of the double seismic zone, which may imply that hydration is
limited by slow reaction kinetics at low temperatures 5-7 km below the seafloor
and by the finite amount of exposed wall rock in the outer-rise region. These
factors seem to limit hydration even if abundant water is available. Seismicity in
the lower plane is, in contrast, substantially enhanced where deformation of the
oceanic plate is high and distributed across intersecting faults. This likely leads
to an increase in the volume of damaged wall rock around the faults, thereby
promoting the circulation of water to mantle depths where serpentinization is
faster due to elevated temperatures. Increased lower-plane seismicity around
subducting oceanic features such as seamounts or fracture zones may also
be caused by enhanced faulting around these features. Our results provide a
possible explanation for the globally observed presence of rather homogeneous
upper-plane seismicity in double seismic zones as well as for the commonly
patchy and inhomogeneous distribution of lower-plane seismicity.

H INTRODUCTION

Subduction zones are among the least understood parts of the global water
cycle. It is generally accepted that subducting oceanic plates carry substantial
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amounts of water, which is partly released during the slab’s descent into the
mantle (Rupke et al., 2004; Hacker, 2008; van Keken et al., 2011). Transform
faults, basement outcrops such as seamounts or magmatic ridges, as well
as oceanic fracture zones can act as conduits for fluids into an oceanic plate
(Wolery and Sleep, 1976; Kllgel et al., 2011; Faccenda, 2014; Cooper et al.,
2020). At the trench and outer-rise region of subduction zones, bending-related
normal faults allow fluids to hydrate the crust and upper mantle (Ranero et
al., 2003). It has been proposed that the degree and depth extent of plate
hydration at the outer rise is controlled by the magnitude of tectonic faulting
(Ranero et al., 2003, 2005; Boneh et al., 2019). There are doubts about whether
outer-rise normal faulting is capable of promoting substantial deep hydration
within the oceanic mantle (e.g., Korenaga, 2017). However, recent observa-
tions of severely lowered shear-wave velocities to depths of >25 km at the
Mariana outer rise (Cai et al., 2018) appear to provide direct evidence for deep
hydration at the outer rise. Moreover, reaction-induced fracturing provides a
plausible physical mechanism for mantle serpentinization that could operate
in outer-rise regions (Pliimper et al., 2012).

At shallow depth in a subduction zone (<10 km), the dominant processes
that liberate water are assumed to be compaction dewatering and clay and
opal dehydration reactions in subducting sediments and the upper oceanic
basement (Saffer and Tobin, 2011). While this water usually gets dispelled
beneath the accretionary prism or outermost forearc, water contained in the
middle and lower oceanic crust and uppermost mantle is bound in more stable
hydrous minerals. The most prominent such mineral phases are amphibole and
lawsonite for basalt and gabbro, and different variants of serpentinite for per-
idotitic mantle. Beyond those, there is a large variety of additional, commonly
exotic, mineral phases capable of transporting water to depth (for oceanic crust,
cf. Ono, 1998; for mantle, cf. Ferrand, 2019). Water bound in the crystal lattice
of such minerals is retained to high pressures and high temperatures and only
gets liberated when pressure and temperature (P-T) conditions that promote
phase transformations of the hydrous minerals are reached.

Intermediate-depth earthquakes (i.e., between 60 and 300 km) are com-
monly thought to be linked to dehydration processes in the subducting slab,
although the exact mechanism of earthquake creation is still contentious
(Yamasaki and Seno, 2003; Hacker et al., 2003; Kelemen and Hirth, 2007;
Ferrand et al., 2017). From the geologic record of fossil subduction zones
(e.g., Scambelluri et al., 2017) and from laboratory studies (thermal runaway
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processes; Kelemen and Hirth, 2007; John et al., 2009), there is evidence that
the genesis of intermediate-depth earthquakes is theoretically also possible
under dry conditions. The observation that intermediate-depth seismicity
usually occurs where dehydration reactions are expected inside subducting
lithosphere (e.g., Hacker et al., 2003), however, suggests that these processes
might not be dominant on a global scale. It is also discussed whether a combi-
nation of dehydration-related earthquake nucleation and rupture propagation
via thermal runaway may provide an explanation for intermediate-depth seis-
micity (Zhan, 2020).

Ranero et al. (2005) documented a correlation between focal mechanisms
of outer-rise earthquakes and intermediate-depth earthquakes for Central
America and Chile and suggested a causal link. However, a similar interrelation
seems to be absent along the Tonga-Kermadec subduction zone (Warren et
al., 2007). Kirby et al. (1996) observed higher numbers of intermediate-depth
earthquakes along the prolongations of first-order structural features like ridges
and seamount chains for the South American margin. Double seismic zones,
parallel arrangements of earthquake hypocenters along two planes following
the slab dip but separated by 15-35 km, have been observed at many sub-
duction zones in this depth interval (Brudzinski et al., 2007). Although several
questions regarding the genesis of double seismic zones are still unanswered,
it is generally accepted that their presence requires a hydrated subducting
plate and possibly also the presence of a certain level of stress (Faccenda
et al., 2012). The lower plane of double seismic zones is situated within the
oceanic mantle lithosphere and has repeatedly been linked to the breakdown
of antigorite serpentinite at temperatures of 600-650 °C (e.g., Peacock, 2001).
For the upper plane of double seismic zones, it is not entirely clear whether
earthquakes occur in the oceanic crust or the uppermost kilometers of the
lithospheric mantle (Abers et al., 2013). In the crust, eclogitization of basaltic
or gabbroic crustal rocks (Kita et al., 2006; Nakajima et al., 2013; Yuan et al.,
2000) is the most commonly inferred mineral reaction, whereas in the upper-
most lithospheric mantle, the dehydration of brucite or antigorite might be
the main driver for upper-plane seismicity (e.g., Bloch et al., 2018a). While
upper-plane seismicity tends to be rather homogeneously distributed along
a given subduction segment, lower-plane earthquake occurrence is more
variable, with tightly confined clusters and large aseismic areas (lgarashi et
al., 2001; Sippl et al., 2018). This may indicate that while the subducting plate
is largely homogenously hydrated at depths of 5-7 km beneath the slab sur-
face, special conditions are necessary to allow hydration at depths of >25 km
beneath the slab surface.

In this study, we examine the hypothesis that intermediate-depth earth-
quakes spatially coincide with the expected depth of dehydration reactions
inside subducting slabs. We correlate the structure of the oceanic plate and the
magnitude of tectonic faulting in the outer-rise region to the density of upper-
and lower-plane earthquakes at intermediate depths. Using high-resolution
earthquake catalogs that distinguish between upper- and lower-plane events,
we can now obtain information about spatial variations in the magnitude
and the depth of hydration along individual subduction zones. Correlating

this information with the structure and deformation of the ocean floor at the
respective outer rise allows us to evaluate whether regions of intense upper-
and/or lower-plane seismicity have an identifiable ocean-floor signature farther
updip. We perform this analysis for the Japan Trench and the northern Chile
margin, the only regions where both seismicity and bathymetry data of suffi-
cient resolution are available (Fig. 1).

Il DATA AND METHODS
Bathymetric Data

Detection and characterization of bending-related faults was conducted by
means of shipborne bathymetric data. In the case of northern Chile (Fig. 2),
we used the compilation provided by Geersen et al. (2018a), which includes
data from German and U.S. research cruises as well as masked data from
the Global Multi-Resolution Topography (GMRT) synthesis (Ryan et al., 2009).
For the Japan Trench and marine forearc (Fig. 3), we collated bathymetric
information from multiple research cruises accessed through the Data and
Sample Research System for Whole Cruise Information (DARWIN) database
(Japan Agency for Marine-Earth Science and Technology, 2016). The data from
the Japanese cruises were complemented by the data provided by Geersen
(2019), masked data from the GMRT synthesis (Ryan et al., 2009), and bathy-
metric data collected during R/V SONNE cruise SO251-1 (Strasser et al., 2017).

Fault Mapping and Characterization

For both margins, we used existing fault maps (Kobayashi et al., 1998;
Nakanishi, 2011; Nakata et al., 2012; Geersen et al., 2018a), which were updated
and extended based on the new collection of shipborne bathymetric data. The
fault outcrops at the seafloor were digitized and stored in an ArcGIS database.
To estimate fault activity throughout the study region, we calculated the mean
elevation on both sides of the faults within 1-km-wide segments parallel to
the fault trace. By multiplying the elevation difference for each fault with the
length of the respective fault, we determined the exposed fault area, which we
use as a proxy for fault activity. The derived exposed fault areas therefore rep-
resent average values for each fault and do not account for secondary effects
such as localized erosion of the fault scarp or post-tectonic sedimentation.
Fault strike directions were calculated in ArcGIS using the “linear direction
mean” tool and plotted with the NetworkGT toolbox (Nyberg et al., 2018)
(Fig. 4). This toolbox was also used to analyze the connectivity of the faults
on the oceanic plate. The “branches and nodes” tool distinguishes between
isolated faults, faults that crosscut other faults, and faults that abut (splay)
from other faults. Isolated end points of faults are classified as | nodes, fault
intersections are classified as X nodes, and splays are classified as Y nodes
(Fig. 5) (cf. Sanderson and Nixon, 2015, 2018). Due to the local presence of
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Figure 1. Bathymetric maps of the northern Chilean (A) and Japan Trench (B) subduction zones. White dashed lines mark isochrons of oceanic-plate age (Miiller et al., 2008). Red
line represents the deformation front. Colored dots show event locations and depths in 2007 from the earthquake catalogue of Sippl et al. (2018) for northern Chile and the Japan
Meteorological Agency earthquake catalog (https://www.jma.go.jp/en/quake/) for Japan.
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Figure 2. Spatial distribution
of upper-plane (A) and low-
er-plane (B) seismicity on the
double seismic zone in north-
ern Chile between 2007 and
2017. Displayed are the number
of events that occurred within
a region of 30 km2 Promi-
nent seismicity features are
outlined by the cyan boxes (A—
aftershock series; C—cluster;
P—patch) (cf. Fig. 7). White lines
and numbers indicate selected
boundaries between 10-km-
wide segments of the oceanic
plate that were introduced to
group the tectonic observations
(cf. Figs. 5-6). Curved black lines
are slab-surface isolines at 40,
80, and 120 km depth. Panel A
shows the color-coded depth to
the seafloor, whereas panel B
shows a line drawing of ocean-
ic-plate faults in the trench and
outer-rise region on top of the
shaded-relief bathymetric map.
Faults that are oriented parallel
(within a range of 30°) to the
paleo-spreading fabric are high-
lighted by red lines, whereas
new bend faults are shown by
black lines; yellow lines repre-
sent faults striking 100°-140°,
which is oblique to the paleo-
spreading fabric and oblique
to the trend of the trench and
coastline. Three figures at the
bottom show the along-dip
location of earthquakes for se-
lected segments over the entire
observation period (2007-2017).
MP —Mejillones Peninsula.
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Figure 3. Spatial distribution of
upper-plane (A) and lower-plane
(B) seismicity on the double seismic
zone in the Japan Trench subduction
zone between 2000 and 2017. Displayed
are the number of events that occurred
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lines and numbers indicate selected
boundaries between 10-km-wide seg-
ments of the oceanic plate that were
introduced to group the tectonic ob-
servations (cf. Figs. 5-6). Curved black
lines are slab-surface isolines at 40, 80,
120, 160, 200, and 240 km depth. Panel
A shows the color-coded depth to the
seafloor, whereas panel B shows a line
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some trench sediments (especially in the Japan Trench), it was not always
possible to map the surface outcrops of intersecting faults on both sides
of the intersection. Because in these cases it is unclear whether the fault
intersection forms an X or a Y node, we group X and Y nodes and only distin-
guish between isolated faults (I nodes) and intersecting faults (X nodes and
Y nodes). To systematically quantify spatial changes in oceanic-plate faulting,
we introduced 10-km-wide oceanic-plate segments that strike in the direction
of plate convergence (Figs. 2-3). The segments start at the deformation front
and extend 40 km onto the oceanic plate. For each segment, we summed up
the cumulative fault length and the cumulative exposed fault area for groups
of faults with different strike directions. We further analyzed the number of |
nodes as well as X and Y nodes for each segment.

New bend faults

(A) Northern Chile 100°-140° faults

330°

330° 30°

300° / N N\ 60° 300°

] 90° 270° [ :

Seismicity

Spatially variable detection rates of earthquakes due to non-homogeneous
network distribution can severely skew earthquake numbers in seismicity
catalogs. Areas with a lower detection threshold will commonly appear to
be particularly active, whether or not this is actually the case. To overcome
this limitation, we discarded all events below a magnitude of completeness
(M,; see, e.g., Wiemer and Wyss, 2000), above which the catalogs are assumed
to not lack any events.

For the northern Chilean margin, we analyzed an earthquake catalog that is
an extension of the catalog of Sippl et al. (2018) and contains 130,840 events
from the time period 2007-2017. Event classifications into upper plate, plate
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Figure 4. Rose diagrams of fault orientations for the northern Chilean (A) and Japan Trench (B) subduction zones. Red indicates reactivated spreading related
faults; gray, new bend faults; yellow, faults striking 100°-140°, which is oblique to the paleo-spreading fabric and oblique to the trend of the trench and coast-

line (Chile only). (Continued on following page).

Geersen et al. | Oceanic-plate faulting and intermediate-depth seismicity



http://geosphere.gsapubs.org

GEOSPHERE | Volume 18 | Number 2

New bend faults
(B) Japan Trench Reactivated spreading related faults
o

330° 30°

330°

300° / , SN 600 300° e 300°

270° 90° 270° 270°

240° iy 120° 240° \ / 240° \

210° 150°

150° 210° - 150°
180° 180° 180°
80 Segments 60-69 80 Segments 70-79 80 Segments 80-86
0° 0° 0°
330°

330° 30° 30° 330° - 30°

300° ) 300° 60° 300° ) g 60°

270° 90° 270° 90° 270° 90°
240° : 120° 2400\ ’ 120° 2400\ S 120
210° — 150° 210° 150° 210° - i ~ 150°
180° 180° 180°
Segments 30-39 Segments 40-49 Segments 50-59
330° 0 30° 30° 330° 0 30°
300° / 3000 / O\ 60° 300° 7\ 60°
270° 270° 90° 270° 90°
240° \ / 240° \_ N , /1200 220°\ i 120°
210° ‘ 150° 210° 150° 210° ‘ 150°
180° 180° 180°

Segments 0-9 Segments 10-19 Segments 20-29
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interface, upper plane, lower plane, and deep volume are provided with the
catalog (for specifics on how these are obtained, refer to Sippl et al. [2018]).
The catalog contains 5806 events that are classified as upper plane and 3650
events in the lower plane. Downdip from a slab surface depth of ~80 km, the
seismicity geometry changes and the planes can no longer be distinguished.
Events from this ~25-30-km-thick volume at depths of 80-120 km (analyzed
in detail in Sippl et al. [2019]) were classified independently. For the analy-
sis presented in Figures 2 and 5, we added those events in this volume that
occurred in the uppermost 10 km of the slab to the upper plane, and those
that occurred at levels deeper than 20 km below the slab surface to the lower
plane. Location uncertainties in the catalog are <6 km in the vertical direction
(Sippl et al., 2019), which implies that only very few events might be misclas-
sified between upper or lower plane. The M, of the earthquake catalog was
estimated as 2.7 (Hainzl et al., 2019).

For northeastern Japan, we analyzed the Japan Meteorological Agency
(JMA) earthquake catalog (https://www.jma.go.jp/en/quake/) for the years
2000-2017. This catalog contains 2,734,452 events for all of Japan. We limited
our analysis to earthquakes along the Japan Trench (latitudes 34.5°-45°N,
longitudes 138°-146.5°E). Because no event classification into upper plate,
upper plane, lower plane, and plate interface is supplied with the JMA catalog,
and because it is commonly hard to separate the upper plane from the plate
interface, we limited our analysis to earthquakes with hypocenters deeper than
50 km. This exceeds upper-plate thickness around Japan (generally <40 km;
see Katsumata, 2010) and therefore should remove all plate-interface seismicity
from the catalog. The remaining number of earthquakes after these restrictions
is 237941. The dip angle of slab seismicity in the JMA catalog is markedly
different from the slab-surface geometry given in the Slab2 model (Hayes et
al., 2018), which is likely a consequence of using a one-dimensional velocity
model for hypocenter location. To separate upper and lower plane, we thus
handpicked a plane that separates these different populations on a series of
narrowly spaced north-south and east-west profiles (Fig. 6A). The obtained
points were linearly interpolated together with the trench location, where the
plane was required to be located at a depth of 15 km. Events that were located
above and below the resulting plane by <30 km (Figs. 6B, 6C) were classified
as upper- and lower-plane events. This implies that the classification into
upper- and lower-plane events does not rely on absolute distance from the
slab surface. Because the distance between the two planes is ~25 km (Fig. 6),
we believe that the total number of events that are wrongly assigned to one
of the planes is negligible. For the catalog’s M, in the Japan Trench area, we
made a conservative estimate of 1.5 based on the maps of Nanjo et al. (2010).

Both earthquake catalogs document seismicity over a time span of more
than a decade (11 years for northern Chile, 18 years for Japan). While this is
longer than what is analyzed in most comparable studies, it obviously does
not account for a full seismic cycle. However, intraslab seismicity has been
shown to be much more steady state than, for example, earthquake occurrence
on the megathrust (e.g., Sippl et al., 2019). It is further contentious whether
the moment release from intermediate-depth earthquakes is modulated by

interplate processes at all (Bouchon et al., 2018). To account for temporal varia-
tions due to the occurrence of large intraslab events, we examine regions with
enhanced seismicity in detail and divide them into aftershock series, patches,
and clusters (Fig. 7). Aftershock series feature a prominent peak in seismic-
ity after a large-magnitude main shock followed by a rapid decay of event
numbers following Omori’s law. Patches, in contrast, define broad regions
(hundreds of square kilometers) of elevated seismicity rate that are persistently
active over the entire observation period. Clusters are likewise characterized
by persistent elevated seismicity rates that are stable in space and time but
extend only over small areas (tens of square kilometers).

For both earthquake catalogs, we further estimated b-values by the slopes
of cumulative semilog Gutenberg-Richter curves of magnitude frequency, tak-
ing into account only events with M > M.. To illuminate possible along-strike
changes in b-values while retaining large-enough event numbers to ensure
robustness of results, we derived b-values for 11-segment moving windows.
The results are shown in Figure 5 for the upper and lower planes of the north-
ern Chile and Japan subduction zones.

Projection of Tectonic Features onto the Subducting Slab

The projection of large-scale features such as fracture zones and seamount
chains onto the subducting slabs beneath Japan was performed following the
kinematic approach from Harmon et al. (2019). The method determines the
location of the tectonic features on the subducting slab by moving the feature
down the slab interface using the convergence velocity. It requires an estimate
of the projection of the feature along the surface of the Earth prior to subduc-
tion and its location relative to the trench and the slab interface. The method
assumes that trench geometry and slab geometry have been stable for the past
15 m.y. To estimate the fracture-zone positions at the surface of the Earth prior
to subduction, we used the plate-motion model of Matthews et al. (2016) and
projected ridge “flowlines” near the transforms from the Pacific-lzanagi plate
ridge system. For seamount chains, we used a great-circle fit to the trend of the
seamounts. We used the slab interface and trench location from the Slab2 model
for the Kurile slab (Hayes et al., 2018) and convergence rates and directions
taken from the plate-motion model of Matthews et al. (2016) to determine the
trench position back in time. We used a 0.5 m.y. time step for the projections.

We assessed the validity of the assumption of a stable trench and slab
geometry by inspection of the Matthews et al. (2016) plate-motion model to
verify (1) that the local trench geometry has been stable over the past 15 m.y.,
and (2) that the accelerations in the relative plate motions have been small.
We used the second test for acceleration as a proxy for slab geometry changes
assuming that changes in velocity result from changes in vertical motion of
the slab and therefore shallowing and steepening of the slab dip. For the Euro-
pean-Pacific plate system in the region of interest along the Japan Trench, the
trench geometry is stable except in the southernmost part of the study area,
south of 35.5°S. Here the boundary is affected by the rotation of the Izu-Bonin

Geersen et al. | Oceanic-plate faulting and intermediate-depth seismicity



http://geosphere.gsapubs.org
https://www.jma.go.jp/en/quake/

B
39°N .
50
43.5°N —
€
=3
<
o 150
@®
41°N 3
2
o
8 50 ;
e
o
[0}
38.5°N o
150¢
100 200 300 400
36°N r Distance along profile [km]
5 II_ DSZ upper plane
: 40 80 120~ 160 20 DSZ lower plane
! Depth below sea level [km] P
138°E 140.5°E 143°E 145.5°E 148°E
C Number of earthquakes Number of earthquakes
0 1000 2000 0 4000 8000

N Chile Japan Trench

-30

N
o

=
o
1

[

o

N
o
o

N

Ul
=
o

N
o

Depth from slab surface [km]
=
ul
Depth from seperator plane [km]

w

o
w
o

Figure 6. Implemented distinction between upper- and lower-plane seismicity in the double seismic zones (DSZs). Whereas the northern Chile catalog comes with labels
for upper- and lower-plane events, we had to separate these ourselves for the Japan Meteorological Agency (JMA) catalog. (A) Separator plane between upper- and
lower-plane events, hand-picked at 764 locations along 28 east-west or north-south profiles along the Japan Trench subducting slab, complemented by points located
beneath the trench. Circles show the locations of individual depth picks. (B) Two examples of profiles through the JMA seismicity, with the separator plane shown as a
blue dashed line. Seismicity classified as belonging to the upper plane is shown in green, lower plane in red. Note the depth cutoff at 50 km that we introduced so as to not
erroneously include plate-interface events. (C) Histograms of earthquake depth relative to the slab surface (for northern Chile) or the separator plane (for Japan). Note the
separation between upper- and lower-plane seismicity. Whereas plate-interface seismicity is also shown for northern Chile, it was removed by our depth cutoff for Japan.
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Figure 7. Time evolution of seismicity rates in the highly active spots marked in
Figures 2 and 3. For each of these spots, the evolution of monthly event numbers
(black; only for events with M > M,, where M, is magnitude of completeness [see
text]) as well as the monthly maximum magnitudes (red) are shown. We classified
highly active spots into aftershock series (named with A), patches (P), and clus-
ters (C) based on aerial extent and seismicity characteristics. Aftershock series are
marked by sharp increases in seismicity rate following one or several events with
high magnitudes; clusters and patches show rather constant background seismicity
rates throughout the investigated time and are differentiated based on aerial extent
(patches are large regions; clusters cover a small area). The color of the identifiers
(AX, PX, CX) indicates whether the corresponding seismicity feature is located in
the upper (green) or lower (red) seismicity plane. While mostly aftershock series are
found in the upper plane, features with relatively constant event numbers over time
appear to dominate in the lower plane.
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microplate. Accelerations for the European-Pacific plate system near the region
of interest have also been small over the past 15 m.y., also <5 km/m.y. over a
2 m.y. period. Therefore, we believe the trench and slab geometries have been
sufficiently stable to allow interpretation of our projections with confidence.
We did not project the Iquique Ridge onto the subducting Nazca slab. This
is because the lack of ship-based bathymetric data seaward of the northern
Chilean trench results in a high degree of uncertainty with respect to the trend
of the ridge relative to the trench and the convergence direction. This trend,
however, is the main parameter controlling the location of the subducted ridge
at depths. Furthermore, the Iquique Ridge is flanked by a group of seamounts
that seem to subduct into our study area and that may have a different genetic
origin (and therefore trend on the oceanic plate) compared to the ridge.

Bl NORTHERN CHILE
Geologic Setting of the Northern Chilean Subduction Zone

Along northern Chile, the Eocene oceanic Nazca plate subducts under the
South American plate toward the east-northeast at a rate of ~7 cm/a (Fig. 2)
(Angermann et al., 1999; Miller et al., 2008). The South American plate is sub-
stantially thickened in this area (crustal thickness ~60 km; Yuan et al., 2002),
and has at least partially lost its mantle lithosphere beneath the Altiplano and
Puna Plateaus east of the cordillera (Beck et al., 2015). With such a thick upper
plate, the seismogenic zone of northern Chile extends to depths of ~55 km
(Sippl et al., 2019), which hints at a relatively cold subduction setting.

The geometry of the subducted portion of the Nazca plate changes from
a straight slab dipping at ~25° in the north (Dorbath et al., 2008) to a step-like
pattern south of ~21°S where a flat section at ~80 km transitions into a steeper
slab at larger depths (Sippl et al., 2018). The flattening likely increases farther
southwards and transitions into the Pampean flat-slab section between 28°S
and 32°S (Ramos et al., 2002). Slab seismicity shows a double seismic zone with
~20 km inter-plane spacing at depths of 45-80 km. Farther downdip, the double
seismic zone changes into a 25-km-thick, highly active volume of earthquakes
(Sippl et al., 2018; Fig. 2). Focal mechanisms in the upper and lower plane as
well as in the highly active volume at depth show downdip extension, except
in the upper plane where it is overlain by and thus likely mechanically coupled
to the plate interface (Bloch et al., 2018b; Sippl et al., 2019).

Located adjacent to the hyper-arid Atacama Desert, the margin receives
minimal terrestrial sediment influx and the trench is largely starved of sediment
(Coulbourn and Moberly, 1977; Geersen et al., 2018a). This lack of sediment
leads to a pristine preservation of tectonic structures on the oceanic Nazca
plate, which are well documented in the morphology of the seafloor (Fig. 2).
This setting offers a great opportunity for studying how the structure and defor-
mation pattern of the oceanic plate changes along the margin. The Iquique
Ridge represents the most prominent structural feature on the Nazca plate
off northern Chile (Figs. 1-2). In the trench and outer-rise region, the ridge

is located between ~20°S and ~22°S (Geersen et al., 2018a; Bello-Gonzalez
et al., 2018). It is flanked by multiple individual seamounts that are elevated
as much as 1500 m from the surrounding seafloor (Geersen et al., 2018a).
Geersen et al. (2015) further documented a series of subducting seamounts
under the marine forearc, which may also be linked to the Iquique Ridge.
Apart from the Iquique Ridge and the adjacent seamounts, there are no other
first-order structural features such as fracture zones, hotspot tracks, or base-
ment ridges that are currently colliding with the marine forearc. Although
repeatedly described in a qualitative way (Moberly et al., 1982; von Huene et
al., 1999; Sallares and Ranero, 2005; Ranero et al., 2006; Geersen et al., 2015,
2018a, 2018b), spatial variations in oceanic plate faulting offshore northern
Chile have not been quantified.

Oceanic-Plate Faulting off Northern Chile

Oceanic-plate faults in the trench and outer-rise region off northern Chile
separate into three main strike directions (Fig. 4A). South of segment 23
(~21.7°S; Fig. 2), most faults strike parallel to the trench and coastline in a
north-south direction (black lines in Fig. 2). Geersen et al. (2018a) interpreted
these faults as extensional faults that newly developed after the oceanic plate
started to bend. In contrast, north of segment 42 (~20°S), 140°-160° is the
dominant strike direction (Fig. 4A). These faults (red lines in Fig. 2) likely rep-
resent the northwest-southeast-trending seafloor-spreading fabric formed at
the mid-oceanic ridge. Striking <30° oblique to the trench and coastline, these
faults are reactivated as extensional faults during plate bending (Ranero et al.,
2005; Billen et al., 2007; Geersen et al., 2018a). A transition in strike direction
occurs between 20°S and 21.7°S (segments ~23-42) where new bend faults and
reactivated spreading related faults are both active. This transition zone, which
coincides with the location of the Iquique Ridge in the trench and outer-rise
region, is further shaped by a third fault group that strikes 100°-140° (yellow
lines in Fig. 2; Fig. 4). This direction is oblique to both the trench and coastline
as well as the paleo-spreading fabric. The two left graphs in Figure 5A show
the stacked cumulative fault length and exposed fault area per segment for
the three different fault groups. Both parameters are highest in the transition
zone, where faults striking in multiple directions coexist in the vicinity of the
Iquique Ridge.

The along-margin variations in strike direction result in a very distinct
pattern with respect to the spatial distribution of | nodes on the one hand
and X and Y nodes on the other hand (i.e., the distribution of isolated faults,
crosscutting faults, and faults that abut from other faults). North of 20°S and
south of 21.7°S, the almost exclusive presence of reactivated spreading-related
faults (north) and new bend faults (south) leads to the dominance of | nodes.
Here, faults that crosscut other faults are rare. In contrast, the transition zone
between segments ~23 and 42 shows a high abundance of X and Y nodes,
indicating the crosscutting relationship of new bend faults, reactivated spread-
ing-related faults, and faults that strike 100°-140°.
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Upper- and Lower-Plane Seismicity in Northern Chile

Intermediate-depth seismicity in northern Chile is dominated by a highly
active north-south-trending belt between ~80 and 100 km depth, which is vis-
ible in both seismicity planes (Fig. 2). Upper-plane seismicity further features
a prominent region of enhanced activity north of the Mejillones Peninsula
below the onshore part of the seismogenic zone (A1 in Figs. 2A and 7). This
feature is related to the Michilla earthquake of 16 December 2007, a M,, 6.9
event that occurred in the aftershock series of the M,, 7.7 Tocopilla earthquake.
Unlike the latter, which ruptured the downdip part of the plate interface,
the Michilla earthquake occurred on a vertical fault that extended from the
plate interface to the oceanic Moho, effectively rupturing through the sub-
ducting oceanic crust (Fuenzalida et al., 2013). The Michilla event spawned
its own aftershock series, and microseismicity levels along its fault plane
have been elevated compared to the surroundings until today. In the event
classification scheme of Sippl et al. (2018) that we adopt here, events occur-
ring >3 km and <16 km below the slab surface are defined as belonging to
the upper plane. This means that the aftershocks of the Michilla earthquake,
which extend from the plate interface (0 km below slab surface) to the oce-
anic Moho (7 km below slab surface), get classified as plate-interface and
upper-plane events in approximately equal parts. Besides the Michilla cluster,
upper-plane seismicity updip of the highly active north-south—trending belt
is relatively homogeneous, with slightly elevated event numbers in the off-
shore region northwest of the Mejillones Peninsula (A2 in Figs. 2 and 7) as
well as in several small clusters around 20°S-21.5°S (e.g., C1 in Figs. 2 and
7). Features A1 and A2 in the region of the Mejillones Peninsula were most
active in the aftershock sequence of the 2007 Tocopilla earthquake but have
featured low activity rates since then (Fig. 7). Feature C1 at 21.3°S, in con-
trast, does not show any marked activity peaks in time but rather represents
a temporally stable feature of elevated background seismicity. Downdip of
this region, upper-plane seismicity inside the highly active belt decreases
north of 19.5°S and south of 22.5°S. The peculiar shape of the belt is due
to a large-scale discontinuity of event locations around 21.2°S, with events
south of this discontinuity occurring farther down the slab. For a detailed
description of this geometry, whose origin is still not well understood, the
reader is referred to Sippl et al. (2018).

The distribution of lower-plane seismicity in northern Chile is more het-
erogeneous compared to the upper plane, including larger areas with few or
no events (Fig. 2B). Between 19.0°S and 20.7°S, the lower plane updip of the
active north-south-trending belt is only weakly active. The majority of low-
er-plane seismicity there is concentrated in the central part of the subduction
zone, between segments 10 and 31 (Figs. 2 and 5). Around 21°S, a highly active
patch of lower-plane events is situated under the marine forearc, at depths
of 50-75 km (P1 in Fig. 2). Southeast of this patch, a second highly active
structure traces the coastline at a depth of ~70-90 km, extending from 21.0°S
to 22.7°S (P2 in Fig. 2). The elongated geometry of feature P2, with the long
axis oriented parallel to the coast and the trench, is peculiar. Both patches

were continuously active throughout the studied time period (Fig. 7). Farther
downdip, the lower plane in the highly active north-south—trending belt is
characterized by very high event numbers between ~20.5 and 22.5°S (Fig. 2B).
The peculiar geometry of the belt including the offset at ~21.2°S is even more
prominent compared to the upper plane. Moreover, the area of high event
numbers in the belt is situated directly downdip of patches P1 and P2 and is
separated into two parts, with the southern part displaced downdip relative
to the northern one. It therefore seems to be mimicked by the two clusters
farther updip. The b-values (Fig. 5) mainly follow the trends that are found in
the seismicity distribution, with relatively homogeneous values between 0.85
and 1.05 throughout the upper plane and a higher variability of values in the
lower plane. The region of elevated lower-plane seismicity between segments
20 and 30 coincides with markedly higher b-values (>1) in the lower seismicity
plane. Lower-plane b-values are quite low (<0.7) north of segment 37, where
lower-plane event numbers are low.

Bl JAPAN TRENCH
Geologic Setting of the Japan Trench Subduction Zone

The Japan Trench subduction zone is shaped by the subduction of the Early
Cretaceous Pacific plate under the Okhotsk plate (Fig. 3) (Mdller et al., 2008).
Convergence occurs at ~9.2 cm/a toward the northwest (DeMets et al., 2010).
Adjacent to the gap between the islands of Honshu and Hokkaido, the transition
from the Japan Trench to the Kuril Trench is marked by a prominent kink in
trench orientation, from north-northeast (Japan Trench) to east-northeast (Kuril
Trench). This particular geometry leads to more subduction obliquity offshore
Hokkaido relative to Honshu and has important ramifications for slab geometry
and the regional thermal structure (e.g., Wada et al., 2015). Beneath Honshu,
the Pacific plate subducts in a remarkably straight geometry at an angle of
~30° until it impinges on and gets deflected by the 660-km-depth discontinuity
(Tao et al., 2018). Slab dip steepens under Hokkaido toward the Kuril Islands
(Syracuse et al., 2010). Intermediate-depth seismicity outlines the archetyp-
ical double seismic zone first identified by Hasegawa et al. (1978), with two
separated planes of earthquakes ~25-30 km apart (Igarashi et al., 2001; Zhang
et al., 2004). The double seismic zone extends to depths of ~200 km. While
event density, especially in the lower plane, is variable, the double seismic
zone is present along the entire length of the margin discussed here. Earth-
quake focal mechanisms show downdip extension in the lower and downdip
compression in the upper plane of the double seismic zone (Hasegawa et al.,
1978; Kawakatsu and Seno, 1983), which has been interpreted as the signature
of plate unbending (Kawakatsu, 1986).

Around 36°N, the northeast-striking Joban Seamount Chain collides with
the marine forearc, with Daiichi-Kashima Seamount currently located in the
trench axis. The seamount chain projects into the subduction zone at ~36°N
(cf. white dots in Fig. 3 for subducting linear features). Around 41°N, at the
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transition from the Japan to the Kuril Trench, Erimo Seamount rises from the
trench floor. A second smaller seamount has been inferred north of Erimo
Seamount under the outermost marine forearc (Fig. 3; Yamazaki and Okamura,
1989). In contrast to the Daiichi-Kashima Seamount, Erimo Seamount and
the subducted smaller seamount represent isolated topographic anomalies
that do not belong to seamount chains. In addition to the seamounts, two
prominent oceanic fracture zones are currently subducting in the study region.
Around 36°N, the north-northwest-trending Kashima fracture zone intersects
the Japan Trench slightly northeast of the Daiichi-Kashima Seamount. The
Kashima fracture zone subducts toward the northwest under the central to
northern part of Honshu. Toward the northeastern edge of the study region,
the northwest-trending Nossapu fracture zone is subducting at the Kuril Trench
under the northeastern edge of Hokkaido.

Sediment thickness on the oceanic plate is generally thin (<400 m) and only
locally increases to ~600 m near the deformation front (Ludwig et al., 1966;
Boston et al., 2014). The thin sediments allow the identification of tectonic
structures on the oceanic plate along the Japan Trench. Different authors
have qualitatively and/or quantitatively investigated the deformation of the
Pacific plate in the trench and outer-rise region offshore Japan (Kobayashi et
al., 1998; Nakanishi, 2011; Tsuru et al., 2000; Boston et al., 2014; Fujie et al.,
2018). Nakanishi (2011), in his careful description of bending-related defor-
mation, reported two main strike directions of bending-induced faults. The
first group strikes parallel to the magnetic lineation (~60°-70°) and is formed
by reactivated paleo-spreading fabric, whereas the second group strikes in
a north-south direction and is represented by new bend faults parallel to the
trench axis. However, no study has yet systematically quantified oceanic-plate
faulting along the ~1000 trench kilometers from the Chiba Prefecture (Honshu)
to the northeastern tip of Hokkaido.

Oceanic-Plate Faulting along the Japan Trench

The oceanic plate is dominated by two main sets of faults striking in
different directions (Fig. 4B; cf. Nakanishi, 2011). The first group strikes in a
north-south direction (340°-040°), which is parallel to the trench and coast-
line along the island of Honshu (black lines in Fig. 3). These faults dominate
the tectonic setting along the Japan Trench (south of segment ~60). Ori-
ented oblique to the magnetic lineation (~064°; Miller et al., 2008), these
faults likely represent new bend faults (Nakanishi, 2011). Along the northern
margin of the Joban Seamount Chain, the new bend faults are partly over-
printed by faults striking 040°-080°. This strike direction is parallel to the
maghnetic lineation, and the faults likely represent spreading-related faults
that are reactivated during plate bending (Nakanishi, 2011). The reactiva-
tion of the paleo-spreading fabric in these segments coincides with a slight
deviation in the trend of the trench from approximately north-south farther
to the south to NNE-SSW farther to the north. Around the transition from
the Japan Trench to the Kuril Trench, the dominant strike direction of faults

on the oceanic plate changes from approximately north-south (340-040°) to
approximately ENE-WSW (040°-080°). North of segment 70, plate bending is
solely accommodated by reactivated spreading-related faults. The cumulated
(per segment) exposed fault area is highest at the southern end of the study
region (segments 0-7) and between segments 45-50 (Fig. 5B). This correlates
to the two regions where new bend faults represent the only active faults on
the oceanic plate (Fig. 4B).

The change in fault strike direction and the regional coexistence of faults
striking in multiple directions is reflected in the distribution of | nodes and
X and Y nodes (Fig. 5). Along the northern margin of the Joban Seamount
Chain (plate segments ~25-39), the coexistence of all three node types indi-
cates that faults commonly intersect other faults. This is similarly observed
at the transition from the Japan to the Kuril Trench, where bending-induced
faulting changes from the generation of new bend faults to the reactivation
of spreading-related faults. Elsewhere, the dominance of | nodes indicates the
absence of fault intersections.

Upper- and Lower-Plane Seismicity along the Japan Trench
Subduction Zone

Intermediate-depth seismicity along the Japan Trench subduction zone
is markedly different from that along northern Chile. The two planes of the
double seismic zone are located farther apart (Fig. 6), and while they gradu-
ally approach each other toward greater depths (e.g., van Keken et al., 2012),
there is no sudden closure of the gap between them or a massive increase in
event numbers at a certain depth like in northern Chile. The events are also
shifted to larger depths compared to northern Chile, which is likely a conse-
quence of a colder thermal regime in the older Pacific slab. Thus, our imposed
cutoff at 50 km depth that was used to separate plate-interface seismicity
from intraslab seismicity should not significantly truncate the distribution of
lower-plane seismicity.

Upper-plane seismicity in northeastern Japan is relatively homogeneous
in most places but shows three prominent regions of elevated event num-
bers (A1, A2, and C1 in Figs. 3A and 7). Feature A1, which exhibits the largest
concentration of upper-plane seismicity, had a large peak of activity in 2003
(Fig. 7). The peak in activity corresponds to the M 7.1 Miyagi earthquake and
its aftershock series (Okada and Hasegawa, 2003). This large upper-plane
event ruptured a steep plane from the slab top to ~15 km below. A large part
of the rupture and its aftershock sequence thus occurred between the two
planes of regular background seismicity (see also Kita et al., 2010) but was
apparently all mapped into upper-plane seismicity by our approach. Feature
A2, located offshore Oshika Peninsula, mainly contains events from the year
2011, when the M 9.0 Tohoku earthquake triggered a population of unusually
deep (50-65 km) aftershocks inside the subducting plate (Asano et al., 2011).
Cluster C1, lastly, consists of two subclusters and, unlike the other two upper-
plane clusters, is not caused by a single large event and its aftershock sequence,
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but rather features relatively stable background seismicity during our entire
observation period (Fig. 7). Beyond these features, there appears to be a con-
sistent downdip change in upper-plane seismicity. Event numbers are highest
along the coastline between the 40 and 80 km slab-surface contours (Fig. 3) at
depths of ~70-90 km. This corresponds to the belt of slightly elevated event
numbers in the upper plane described by Kita et al. (2006). Farther downdip,
the seismicity rate appears to decay. No along-strike changes in upper-plane
event numbers are visible, except for aftershock series A1 showing up as a
spike of upper-plane event numbers around plate segment 40 (Fig. 5). We
note a subtle increase in upper-plane event numbers across the projection of
the Joban Seamount Chain but no measurable change where the Kashima
fracture zone is projected (Fig. 3). Upper-plane b-values are likewise relatively
stable along strike, varying within the interval 0.7 < b < 0.9. The broad peak
between segments 35-45 corresponds to the spike in event numbers at seg-
ment 40 (aftershock series A1); the broadening is an effect of the 11-segment
moving window we used for the b-value computation. Its presence indicates
that events in the aftershock series A1 feature a higher b-value than the back-
ground seismicity elsewhere in the upper seismicity plane.

For the lower plane, there are two patches with elevated activity. Feature
P1 is located south of 38°N (plate segments 5-30), and P2 is located north
of 42°N (segments >80; see Figs. 3 and 5). Figure 7 shows that both patches
show elevated activity rates throughout the study period. In addition to the
patches, there are three aftershock series (A3-Ab) that exhibit activity peaks
characteristic for mainshock-aftershock sequences. A small region of enhanced
activity on the southwestern edge of patch P1 is nearly co-located with upper-
plane cluster C1 but is rather constantly active through time and shows no
abnormal event rates in 2003 when the M 7.1 Miyagi earthquake took place.
Due to a larger distance between trench and shoreline and a larger spacing
between the seismicity planes in northeastern Japan, lower-plane events
along the coastline are situated at deeper depths compared to their counter-
parts in northern Chile. Lower-plane seismicity is sparsest and commences
farthest from the trench around the kink in the subduction geometry between
Honshu and Hokkaido. Figure 3 shows elevated event numbers in feature P1,
which covers a wide region across the subducting Joban Seamount Chain
and Kashima fracture zone. However, there remains considerable variation
in the prominence and width of seismicity-rate anomalies around these two
seafloor features at different depth levels. Lower-plane b-values are, as also
observed in northern Chile, more variable than their upper-plane counterparts
(Fig. 5B). They correlate with lower-plane seismicity activity, with high b-values
in regions of more lower-plane events. While b-values of 0.8-0.95 are found
south of segment 25, which corresponds to the northern flank of the Joban
Seamount Chain, there is a prominent b-value minimum at segments 40-55
where values as low as 0.55 are obtained. North of segment 55, b-values range
between 0.7 and 0.9. Lower-plane b-values along central Honshu (south of
segment 30) are on average slightly higher compared to their counterparts
along Hokkaido (north of segment 50; Fig. 5B), which is consistent with the
findings of Kita and Ferrand (2018).

l DISCUSSION

Does Intermediate-Depth Seismicity Correlate with Hydration in the
Subducting Plate?

Since Kirby et al. (1996) documented a correlation between subducting
features on the Nazca plate and numbers of intermediate-depth earthquakes
beneath South America, it has been suspected that intermediate-depth seis-
micity may be quantitatively related to the hydration of the subducting plate.
Barcheck et al. (2012) found no strong global correlation between intermedi-
ate-depth seismicity and the projected water content of subducting slabs. Their
assumed water contents were, however, based only on slab thermal models
and the mineralogy derived from these. Nowadays, there is growing evidence
that the nature of oceanic-plate faulting exerts a major influence on the amount
and depth of plate hydration, which is in turn correlated to earthquake activity
in the subducting slab (Ranero et al., 2003; Shillington et al., 2015; Fujie et al.,
2018; Boneh et al., 2019). Whether the relation between hydration and seis-
micity is similar for both the upper and lower planes in double seismic zones,
or whether there are systematic differences between both planes, is currently
not known. Previous studies have indicated that earthquakes within the upper
plane are commonly homogenously distributed along a margin, whereas
activity within the lower plane is commonly patchy and even absent in some
regions (lgarashi et al., 2001; Kita et al., 2010; Sippl et al., 2018).

Lower-plane earthquakes are commonly associated with the dehydration
of antigorite serpentinite (Peacock, 2001), which typically occurs in a narrow
temperature window (600-650 °C) and largely independent of pressure con-
ditions (Schmidt and Poli, 1998). This implies that the presence of lower-plane
seismicity depends on whether some antigorite is available beyond the depth
of the 600 °C isotherm. It further seems plausible that a higher amount of antig-
orite results in a higher amount of hydration at the isotherm, thereby inducing
higher seismicity rates. There may be limitations to this relation, given that
laboratory experiments have shown that the dehydration of pure antigorite is
aseismic whereas antigorite dehydration in a mixture of antigorite and olivine
produces acoustic emissions (Ferrand et al., 2017). In practice, however, this
likely does not play a major role because pure antigorite (corresponding to
complete serpentinization of the mantle) would almost never be present in
a subducting slab. Even in the uppermost kilometers of lithospheric mantle,
serpentinite fractions estimated from seismic wave speeds are mostly on the
order of 5%-20% (e.g., lvandic et al., 2008; Grevemeyer et al., 2018), and even
for the highest available estimate of 40% for the Nicaragua subduction zone
(Van Avendonk et al., 2011), it is unlikely that the abovementioned limitation
would be significant.

For the upper plane of double seismic zones, the link between slab hydra-
tion and seismicity is less well understood compared to the lower plane. There
is no consensus on the full range of dehydration reactions that are responsible
for seismicity within this plane. It has been suggested that upper-plane events
can occur in both the lowermost oceanic crust and uppermost oceanic mantle
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(Abers et al., 2013). This would imply very different mineralogy and thus dif-
ferent sets of dehydration reactions. The comparison of event rates between
upper planes of different subduction zones is therefore not necessarily mean-
ingful. Most studies that investigated seismicity across subducting features
on the oceanic plate did not differentiate between upper- and lower-plane
earthquakes (Lange et al., 2010; Dzierma et al., 2012). Nakajima and Hase-
gawa (2006), however, found an elongated region of increased upper-plane
seismicity beneath southeastern Japan, which they correlated to a subducting
fracture zone. Spatial variations in slab hydration due to the subduction of
oceanic features may therefore, at least under certain circumstances, influence
upper-plane seismicity.

Influence of Oceanic-Plate Faulting on Upper-Plane Seismicity

Upper-plane seismicity in both subduction zones is dominated by a single
margin-parallel belt of elevated event numbers. In northern Chile, the belt is
located downdip of the 80 km slab isoline (Fig. 2A), whereas in Japan it trends
along the coast, roughly coinciding with the 60 km slab isoline (Fig. 3A). The
existence of the belt in northern Chile is not limited to the upper plane but
coincides with a region where the entire upper 25-30 km of the slab becomes
seismogenic (cf. profiles in Fig. 2). The active volume includes the upper plane,
the lower plane, and the region in between (see profiles in Fig. 2). It possibly
owes its existence to cascading dehydration reactions of previously metastable
minerals (Sippl et al., 2019) at temperatures <600 °C, but the processes respon-
sible for its generation are currently not well understood. The margin-parallel
belt of elevated upper-plane activity along the Japan subduction zone (Fig. 3)
has been previously recognized by Kita et al. (2006), who tentatively identi-
fied a part of the additional seismicity there as small events that occur as a
consequence of volume reduction during eclogitization of the lower oceanic
crust (Nakajima et al., 2013).

Apart from the belts, the upper plane in both subduction zones is rather
homogeneously active, and also the b-values are much more homogeneous
compared to the lower plane (Fig. 5). We are not able to identify a quantitative
relation between the magnitude of oceanic-plate faulting and upper-plane
seismicity. More faults as well as larger cumulative exposed fault areas do
not appear to result in more earthquakes in the upper plane. The same holds
true for the pattern of oceanic-plate faulting. Neither the reactivated spread-
ing-related faults nor the new bend faults or the 100°-140° striking faults in
Chile result in an increase in upper-plane earthquake activity or a significant
change of b-value. Where spatially confined regions of elevated seismicity
rate are observed within the upper plane, they usually relate to aftershock
sequences of large intraplate earthquakes (Fig. 7). The subducting seamounts
that flank the Iquique Ridge (cf. Fig. 8) do not lead to significantly increased
upper-plane event numbers in northern Chile (Fig. 2). The same holds true
for the Kashima fracture zone and the Joban Seamount Chain, which are
subducting along the Japan Trench.

The reported persistent background activity of the upper plane complies
with previous observations from both subduction zones (lgarashi et al., 2001;
Sippl et al., 2018). A sufficient amount of hydration seems to be persistently
reached at the respective depth of the upper plane regardless of whether the
plane is located in the lowermost oceanic crust or uppermost oceanic man-
tle, (i.e., at 57 km below the seafloor). This is consistent with the ubiquity of
bending-related faults in the trench and outer-rise region in both subduction
zones. All oceanic plates are subject to extensional stresses when they start
to bend at the outer rise, which may explain why almost all subduction zones
have an upper plane of intermediate-depth seismicity. The only exceptions to
this pattern occur where extremely young and thus warm oceanic plates are
subducting, such as along the western North American coast, where interme-
diate-depth seismicity seems to be essentially absent (Bostock et al., 2019).

But why does an increase in oceanic-plate faulting not cause a systematic
increase in upper-plane seismicity? This observation may be explained with
temperature-dependent reaction kinetics of the reactions that bind water in
hydrous mineral assemblages. While water is brought to depth along dis-
crete fractures, the surface area of wall rock directly exposed to this water is
small. Hydration reactions thus need to proceed from the fracture surfaces
into the wall rock, which is a slow, diffusion-like process. Numerical modeling
of serpentinization has shown that the propagation of the reaction front into
the wall rock has its optimum speed at a temperature of ~270 °C (lyer et al.,
2012). Temperatures at the outer rise at 5-7 km beneath the seafloor, where
the upper plane later develops, are much lower than this optimum, which
implies that hydration reactions proceed significantly slower (Fig. 9). This
could imply that although more faulting with intersecting faults of different
orientations (Figs. 2-5) does create an extensive fracture network that pro-
motes the infiltration of water, the sluggish reaction kinetics at low temperature
prevent more water from being bound into hydrous minerals. This leads to
the homogeneous appearance of upper-plane seismicity along northern Chile,
Japan, and elsewhere, irrespective of the style and magnitude of faulting at
the outer rise (e.g., Igarashi et al., 2001). At lower-plane depths, in contrast,
the limiting factor for seismicity is not the speed of wall-rock hydration, which
is much quicker due to elevated temperatures there (Peacock, 2001; lyer et al.,
2012), but the availability of water (see the next section).

Influence of Oceanic-Plate Faulting on Lower-Plane Seismicity

Earthquake activity in the lower plane stands in contrast to the largely
homogeneous activity in the upper plane. Here, most of the active regions
show up as persistent features over the entire observation period (Fig. 7). Fur-
thermore, there are large regions in both subduction zones where no or only
very few earthquakes are observed within the lower plane. The b-values of the
lower plane fluctuate more compared to the upper plane, with higher values
in regions of elevated seismicity (Fig. 5). Together, these observations suggest
that slab hydration at lower-plane depths of >25 km below the slab surface is
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Figure 8. Detailed bathymetric maps of fault patterns in response to excess topography on the oceanic plate in the Chilean trench and outer-rise regions. (A) Three-dimensional
perspective view of the oceanic Nazca plate along the northern Chilean trench, looking from the continental slope onto the outer trench wall and outer rise. Segment numbers refer
to our oceanic-plate segments (see Fig. 2). (B) Seafloor morphology in the central Chilean trench in the region of the O’Higgins Seamounts. The west-east-trending seamounts are
flanked by escarpments trending parallel to the seamounts that may have resulted from flexural faulting of the lithosphere along the Juan Fernandez Seamount Chain. In the trench
region, the coexistence of these flexural faults with new bending-induced normal faults causes the generation of a network of active intersecting faults.
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Figure 9. Conceptual model on how isolated seamounts (A) as well as groups or chains of seamounts (in this case representative for different analogues of excess topography on
the oceanic plate) (B) impact faulting and hydration (prior to subduction) as well as dehydration and seismicity (during subduction) in the upper and lower planes of double seismic
zones. Along the northern Chilean and Japan Trench subduction zones, upper-plane seismicity is little affected by the pattern and magnitude of oceanic-plate faulting. For the lower
plane, isolated seamounts may cause localized faulting, hydration, dehydration, and seismicity as interpreted for different locations along the Japan Trench. A linear chain or a dense
accumulation of seamounts, as observed for the Iquique Ridge (Chile) or the Joban Seamount Chain (Japan), can increase oceanic-plate faulting and intermediate-depth seismicity.

quite variable. Given that we observe comparable short-wavelength changes
in the deformation pattern of the oceanic plates in the trench and outer-rise
region, we suggest that lower-plane seismicity is substantially influenced by
oceanic-plate faulting. Below, we discuss the structural and tectonic settings
that may supportincreased localized hydration to depths beyond 25 km below
the slab surface in the northern Chilean and Japan Trench subduction zones
as well as elsewhere.

In northern Chile, lower-plane patch P1 is located between plate segments
~22-32 under the offshore forearc (Fig. 2). These segments show the maximum
cumulative fault lengths and exposed fault areas in the trench and outer-rise
region. Furthermore, they show the highest variation in fault trends and high-
est number of intersecting faults due to the coexistence of new bend faults
and reactivated spreading-related faults. The increase in fault density and
magnitude of faulting (cf. Fig. 8) may well lead to an increase in the volume
of faulted and damaged rock, especially around the fault intersections (Fig. 9).
Activation of the new bend faults and the reactivated spreading-related faults
during large intraplate events likely enhances the circulation of water down to
a depth around the 270 °C isotherm in the mantle, where serpentinization is
expected to be fastest (Billen et al., 2007; Obana et al., 2012; lyer et al., 2012).

Patch P1 further coincides with a group of at least 15 major seamounts
on the oceanic plate that seem to trend along the southeastern flank of the
Iquique Ridge (Fig. 8). It has been suggested that these seamounts represent
the unsubducted conjugate of the Austral Plateau on the Pacific plate (Gutscher
etal., 1999). This would argue for the presence of additional seamounts under
the offshore forearc and coastal area of northern Chile (i.e., where patches P1
and P2 are located). The downdip continuity of these two lower-plane patches
into a region of markedly increased seismicity >20 km below the slab surface
inside the highly active belt of intermediate depth seismicity between 80 and
120 km depth (Fig. 2) may outline a larger-scale structure of elevated deep
hydration, possibly represented by the Austral Plateau, that has been sub-
ducted over a long time scale. Elevated b-values within these patches further
support the notion of locally increased hydration.

A linear chain of large seamounts (i.e., the Joban Seamount Chain) is also
observed at the southwestern corner of the Japan Trench subduction zone.
Here, the seamounts subduct at the southern edge of lower-plane patch P1
(Fig. 3). On the oceanic plate, the Joban Seamount Chain is flanked on its
northern side by an ~100-km-wide zone where the coexistence of new bend
faults (strike direction 340°-040°) and reactivated spreading-related faults
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(strike direction 040°-080°) leads to an increase in fault intersections (X and
Y nodes; Fig. 5). As a consequence, faulting is taken up equally by new bend
faults and spreading-related faults. In contrast, farther to the southwest (plate
segments 0-10) as well as to the northeast (segments 40-60), bending-induced
deformation is almost solely accommodated by new bend faults. Projected
into the subduction zone, the zone of active and intersecting faults on the
northern flank of the Joban Seamount Chain correlates with a wide region of
enhanced lower-plane activity (patch P1; Fig. 3).

Another observation that suggests a possible influence of subducting sea-
mounts on lower-plane seismicity comes from the spatial extent of clusters C2
and C3 as well as several smaller clusters inside patches P1 and P2 that we do
not treat individually in the Japan Trench subduction zone (Fig. 3). These clusters
show a circular to elliptical shape and commonly occur rather isolated within
regions of low background activity in the lower plane. The only structure that
shows a comparable shape as well as wavelength of change are the seamounts
on the Pacific plate (Fig. 3). Some of the seamounts near the trench, such as
the Takuyo-Daisan Guyot, were created ca. 120 Ma near the Pacific superswell
region (Pringle and Duncan, 1995), and the region around patch P1 and cluster C2
would also project back to the superswell in a similar time frame, ca. 120-130 Ma.

There are two mechanisms that seem plausible for causing enhanced man-
tle hydration around a seamount. First, in Chile as well as Japan, the seamounts
are flanked by a complex network of new bend faults and reactivated spread-
ing-related faults, leading to a high number of fault intersections. In addition to
bending-related faulting parallel to the trench, flexural faulting parallel to the
seamounts may further increase the magnitude of deformation and the number
of fault intersections, as observed for the O’'Higgins Seamounts in central Chile
(Fig. 8b). Together, these may lead to an increase in the volume of faulted and
damaged rock around the fault intersections and thus increased hydration of
the oceanic mantle when the faults are activated (Billen et al., 2007; Obana
et al., 2012) (Fig. 9). Second, it has recently been hypothesized that intraplate
volcanism might create a fracture network that allows for metasomatism of
the lithospheric mantle beneath the Moho (Park and Rye, 2019). The hypothesis
is based on seismic observations of anisotropic, seismically slow underplated
layers and anomalous swell topography beneath Hawaii and the Azores (Park
and Rye, 2019). The enhanced and deep cracking near the volcanic centers is
due to a combination of enhanced thermal cracking (Korenaga, 2007, 2017)
owing to magmatism and/or thermal rejuvenation, metasomatic volumetric
expansion (e.g., Klein et al., 2015), and/or flexural stresses induced by volca-
nic loading (e.g., Hieronymus and Bercovici, 2001). This hypothesis could be
consistent with our bathymetric observations.

Finally, lower-plane patch P1 in the southwestern corner of the Japan Trench
partly coincides with the subducting Kashima fracture zone (Fig. 3). The patch
marks a broad increase in background seismicity around the fracture zone (Fig. 3),
accompanied by elevated b-values. There is evidence that the oceanic basement
around fracture zones differs from normal oceanic crust. It may be partly com-
posed of mantle rocks that have been altered by serpentinization (Blackman
et al., 1998; Sauter et al., 2013; Ripke and Hasenclever, 2017). For the Lesser

Antilles subduction zone, fracture zones have been identified as potential car-
riers of serpentinized oceanic mantle into the subduction zone (Schlaphorst et
al., 2016; Paulatto et al., 2017; Cooper et al., 2020), although it has to be noted
that these fracture zones developed in slow-spreading Atlantic crust. Increased
earthquake activity in the subducting plate has been previously reported from
around fracture zones in different subduction zones (e.g., Kirby et al., 1996; Lange
etal., 2010; Dzierma et al., 2012). Fracture zone-induced changes in composition
and alteration of the oceanic basement may lead to locally enhanced input of
water (hydrated mantle minerals) into a subduction zone. While this may affect
the entire subduction zone from the shallow plate boundary to large depths, the
influence might be highest on the intensity of lower-plane seismicity due to the
excess availability of hydrated mantle minerals. Another series of fracture zones,
including the Nossapu fracture zone, is located at the northeastern corner of
the Kuril Trench (Fig. 3). These fracture zones are outside the area where we
could distinguish upper- and lower-plane events in the JMA earthquake catalog,
thus we cannot analyze their possible seismicity signature in this manuscript.

B CONCLUSIONS

From the combined analysis of high-resolution earthquake catalogs, which
allow us to distinguish intermediate-depth seismicity that belongs to the upper
or lower planes of double seismic zones, and high-resolution ship-based bathy-
metric data that allow us to map, characterize, and quantify faults on the
oceanic plate prior to subduction, we draw the following conclusions:

(1) The magnitude and style of oceanic-plate faulting prior to subduction can
vary significantly along a subduction zone.

(2) Increased deformation of the oceanic plate correlates to regions of enhanced
earthquake activity in the lower plane of double seismic zones but is not
reflected in the pattern of upper-plane seismicity.

(3) The lack of a spatial correlation between oceanic-plate faulting and upper-
plane seismicity may be due to the fact that slow reaction kinetics at 5-7 km
depth below the seafloor in the outer-rise region limit slab hydration despite
the pervasive presence of oceanic-plate faults.

(4) To facilitate the circulation of water to mantle depths beyond 25 km, a high
degree of faulting in combination with the presence of crosscutting faults
that increase the volume of damaged wall rock around the faults is necessary.
At these locations, enhanced hydration paves the way for an active lower
plane once the hydrated mantle subducts beyond the 600-650 °C isotherm.

(5) Elevated lower-plane b-values correlate to regions of crosscutting faults in
the outer-rise region, where enhanced hydration is inferred. These active
fault networks lead to higher event numbers with a relatively larger propor-
tion of smaller events, consistent with the hypothesis of Kita and Ferrand
(2018). Whether b-values are systematically higher in the upper plane (as
discussed by Florez and Prieto [2019]) may depend on the exact choice of
the analyzed region due to a high degree of spatial variability of lower-plane
b-values over short distances.
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(6) Structural and topographic features on the oceanic plate may enhance
oceanic-plate faulting and therefore modify the composition and hydration
state of the surrounding mantle. Once subducted, these features are com-
monly characterized by a high degree of lower-plane seismicity, whereas
the upper plane shows no comparable signature.

Due to the lack of high-resolution earthquake catalogues that facilitate
distinguishing between the upper and lower planes of double seismic zones,
our current analysis is limited to the Japan Trench and northern Chile margins.
However, future improvements in the resolution of local seismicity catalogues
will allow further quantification of the complex interrelation between ocean-
ic-plate faulting, lithosphere hydration, and intermediate-depth seismicity.
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