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Abstract

The occurrence of intermediate depth earthquakes at 50-300 km depth in subduction
zones is puzzling, because high temperatures and pressures at these depths do not allow
standard brittle failure. Instead, two main candidate mechanisms have been proposed:
dehydration embrittlement and localized thermal shear runaway. It is highly debated
which of these two mechanisms is the dominant one, and how the two mechanisms
may combine to explain the different styles of seismicity observed in the various parts
of subduction systems. While dehydration embrittlement requires that hydrated min-
erals undergo a phase transition to provide a free fluid phase, shear runaway may oc-
cur under dry conditions but within restricted pressure-temperature conditions. These
different premises should allow the mechanisms to be distinguishable based on the
thermal-petrologic conditions under which earthquakes occur, as these conditions vary
significantly between different parts of the subduction system. However, the resolution
of seismic images and standard hypocenter solutions do not usually allow earthquakes
to be robustly located in relation to the discontinuities outlining the different domains

of the subduction system (e.g., subduction interface and slab Moho).

This thesis provides new insight into what generates intermediate depth earth-
quakes. The work is divided in three parts: (I) a traveltime tomography study, which
recovers the outline of the subducting crust and the location of earthquakes in the West-
ern Hellenic subduction zone, (II) a combined seismological-geodynamic investigation,
which links intraslab earthquakes to the little-known phenomenon of mantle wedge
seismicity, and (III) the development of a new method that helps constrain earthquake

locations relative to subduction discontinuities.

Part T investigates the south-to-north transition from oceanic to continental sub-
duction in the Western Hellenic subduction zone. The goal is to see how this tran-
sition affects fluid release and related seismicity along strike. Although the northern
and southern trenches are offset, seismicity and tomographic images show a smooth
transition between slab retreat and slab convergence from south to north. Relocated

hypocenters outline a single-planed Wadati-Benioff Zone with significant along-strike
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variability, including an abrupt termination toward the transition to continental subduc-
tion. Seismic anomalies point to fluid-related metamorphism in three parts of the sys-
tem: eclogitization of the crust near 90 km depth, subarc melting of the mantle below
the volcanic arc, and large-scale silica enrichment in the lower part of the overriding
crust.

Part IT examines the cause of mantle wedge seismicity clusters, and why the sub-
ducting crust updip of these clusters is aseismic. Newly detected and relocated earth-
quakes, focal mechanisms, and thermal-petrologic models reveal that earthquakes ef-
fectively track the flow of fluids from their slab source at >80 km depth to their sink at
shallow (<40 km) depth. Between source and sink, the fluids flow updip under a sealed
plate interface, facilitating intraslab earthquakes. In some locations, the seal breaks and
fluids escape through vents into the mantle wedge, thereby reducing the fluid supply
and seismicity updip in the slab. The vents themselves may represent nucleation sites

for larger damaging earthquakes.

Part IIT develops a new seismic processing workflow to enhance and analyze sec-
ondary phases of local earthquakes. Secondary phases include seismic wave reflections
and conversions that provide information on the earthquake location relative to the dis-
continuities. The workflow comprises rotation, alignment, bandpass- and polarization-
filtering, optimized sorting and plotting of three-component seismograms in station
gathers, followed by a comparison with theoretical arrival times of relevant phases.
Each station gather exhibits on average two to three secondary arrivals, some of which
independently confirm earthquake sources in the mantle wedge and on the plate inter-

face.

Taken together, the three parts of the thesis shed new light into how a cold slab
undergoes metamorphism and releases water with depth — two processes that cause
melting below the arc, establish pathways for fluid-induced earthquakes in the system,

and contribute to chemical enrichment of the lower crust and mantle wedge.



List of publications

Paper I

Felix Halpaap, Stéphane Rondenay, Lars Ottemoller, Seismicity, 2018. Deformation
and Metamorphism in the Western Hellenic Subduction Zone - New Con-
straints from Tomography, Journal of Geophysical Research: Solid Earth 123,
4. doi: http://dx.doi.org/10.1002/2017JB015154.

Paper 11

Felix Halpaap, Stéphane Rondenay, Alexander Perrin, Saskia Goes, Lars Ottemoller,
Hakon Austrheim, Robert Shaw, Thomas Eeken, 2019. Earthquakes track sub-
duction fluids from slab source to mantle wedge sink, Science Advances, in

press.

Paper 111

Felix Halpaap, Stéphane Rondenay, Qinya Liu, Florian Millet, Lars Ottemoller. To-
ward waveform-based characterization of slab earthquakes, to be submitted
to Journal of Geophysical Research: Solid Earth.

Paper I is published under an open-access license which permits use and distribution
(including reprint) in any medium, provided the original work is properly cited and no

modifications or adaptations are made.






Contents

Preface
Acknowledgements
Abstract
List of publications

1 Introduction

1.1 Intermediate-depth earthquakes . . . . . . . ... ... .. ... ....
1.1.1 Dehydration reactions . . . . . . . . . ... ... ... ...
1.1.2 Candidate mechanisms . . . . . . . ... ... ... ......

1.1.3 Imaging metamorphism and intermediate-depth earthquakes in
subductionzones . . . . . . . . .. ..o
1.2 Research questions and objectives . . . . . . ... ... .. ... ...
1.3 Study area: The Western Hellenic Subduction Zone . . . . . . . .. ..
14 Dataandmethods . . . . . . ... ... .. ... ...

1.5 Contributions at scientificmeetings . . . . . . . .. ... ... ... ..

2 Scientific results
Paper I: Seismicity, Deformation and Metamorphism in the Western Hellenic
Subduction Zone - New Constraints from Tomography . . . . . . . ..
Paper II: Earthquakes track subduction fluids from slab source to mantle
wedgesink . . ...

Paper III: Toward waveform-based characterization of slab earthquakes . . . .

3 Synthesis
3.1 Mainfindings . . . . . . ..
32 Outlook . . . . . . e

vii



X Contents

A Common station gathers of subduction zone earthquakes 191

Bibliography 213



1 Introduction

The physics of shallow earthquakes, which occur due to brittle shear failure of a rock
or stick-slip friction on preexisting faults, are relatively well understood (Green Il and
Houston, 1995). These shallow earthquakes mostly occur down to a depth of 30 km
within areas with a standard geothermal gradient, and somewhat deeper within subduc-
tion zones. However, earthquakes can be recorded down to a depth of approximately
650 km to 700 km in subduction zone environments (with 680 km regarded as the reli-
able maximum, e.g., Frohlich, 2006; Stark and Frohlich, 1985; Ye et al., 2016), where
pressurized fluids can have an effect on the failing mechanisms.

1.1 Intermediate-depth earthquakes

About one quarter of all earthquakes worldwide occur at intermediate depth (50 km to
300 km). With very few exceptions (e.g., at Gibraltar, and Vrancea in Romania), these
intermediate-depth earthquakes appear in active subduction zone environments where
they can cause severe damage (Frohlich, 2006). An example is the M=7.8 Chillan
earthquake in Chile in 1939, which occurred at 80 km to 100 km depth and caused
approximately 28 000 fatalities (Beck et al., 1998).

From experimental and modeling studies reviewed by Lay (1994) and Poli and
Schmidt (2002), it is known that water contained inside the subducting plate plays an
important role for mineral reactions in subduction zones and that most of it is released
before the lithospheric material reaches 300 km depth. A bimodal distribution of the
global occurrence of earthquakes versus depth suggests that different mechanisms ap-
ply to intermediate-depth earthquakes (50 km to 300 km) and deep-focus earthquakes
(> 300 km depth; e.g., Green Il and Houston, 1995; Jung et al., 2004). It can safely be
said that water modulates, if not even triggers seismic events in subduction zones, but
there is still no consensus as to what is the main mechanism for intraslab intermediate-

depth seismicity.
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1.1.1 Dehydration reactions

Oceanic crust contains up to 5—6 wt% H»,O in different forms (Schmidt and Poli, 1998).
First, it is present in the pore spaces in sediments, from where it is mostly squeezed out
after burial at up to 15 km depth (Hacker et al., 2003), while residual fluid trapped in
pores may persist to larger depths (Bostock, 2013). Second, it is contained as part of
the crystal structure in several minerals, of which the most important in mafic rocks
(such as oceanic crust) are lawsonite, zoisite, chloritoid, and talc, as well as chlorite
(dehydration ca. at 800 °C), and serpentine (dehydration at ca. 600 °C) in peridotites
(see Fig. 1.1, Poli and Schmidt, 2002). Upon subduction, the slab is dehydrated in
both gradual and stepwise manners due to the different mineral reactions that occur
when each of the minerals mentioned above reach phase transition conditions. These
dehydration reactions occur at different depths depending on the thermal properties
of a given slab, with most of the dehydration taking place between 70 km to 300 km
(Schmidt and Poli, 1998).

Two important parameters which strongly influence seismic activity and its depth
inside subduction zones are the velocity of the subducting plate and its age. The faster
and older (hence also colder and thicker) the subducting crust is, the deeper seismic
activity stretches into the slab due to delayed mineral reactions. An example of fast
subduction of old crust is Tonga, where the 109 Ma old Pacific plate subducts below
the Australian plate at 165 mm/yr (Syracuse et al., 2010). On the opposite end of the
spectrum is the Cascadia subduction zone, where the young (7 Ma) Juan de Fuca plate
dives below North America at 3545 mm/yr (DeMets et al., 1994), which causes the
slab to heat up faster. In the Tonga-Kermadec system, abundant intraslab seismicity
can be recorded down to depths greater than 600 km (Frohlich, 2006) while very few
intraslab earthquakes below ca. 70 km are present in the Cascadia subduction zone (e.g.,
McCrory et al., 2012).

1.1.2 Candidate mechanisms

Two main candidate mechanism for intermediate-depth seismicity are currently dis-
cussed in the literature, and further mechanisms have been proposed. These two mech-
anisms are dehydration embrittlement (e.g., Jung et al., 2004; Kirby et al., 1996)
and self-localizing thermal runaway (e.g., John et al., 2009; Kaus and Podladchikov,
2006; Kelemen and Hirth, 2007). Further mechanisms include transformational fault-

ing and anticrack formation (e.g., Green II and Houston, 1995; Kirby et al., 1996).
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Figure 1.1: Schematic cross section of a subduction zone with important geothermal
isolines and phase transitions, showing dehydration reactions. Mineral abbreviations:
A: phase A; amp: amphibolite, cc: calcite; cld: chloritoid; dol: dolomite; mag: mag-
nesite; zo: zoisite; 10A: 10 A-phase. Labels in capital letters mark phase stability
boundaries in peridotite. Modified, with permission from Poli and Schmidt (2002).

Evidence for either of the main mechanisms is contributed by a wide range of research
covering about 15 orders of magnitude in scale, including laboratory experiments in
geochemistry, petrology, and rock physics; mapping and field studies in petrology and
(structural) geology; imaging and monitoring studies in geophysics; and numerical
modeling in geodynamics. The works of Frohlich (2006); Green Il and Houston (1995)
provide thorough overviews of such research, while Hasegawa and Nakajima (2017)

recently reviewed the observational seismic evidence on intermediate-depth seismicity.

Dehydration embrittlement is a process in which the volume change connected
with the dehydration of a water-bearing mineral under differential stress results in the
formation of a fault in which ultrafine grains of the reaction product are concentrated.
The process is observed at a wide range of pressures (P), temperatures (T) and at both
negative and positive volume changes in laboratory experiments (Jung et al., 2004).
These experiments suggest that the mechanism is viable to cause earthquakes down
to 400 km depth. Limitations regarding the suitability of this processes to explain the
earthquakes in the lower layer of a double seismic zone inside slabs have been dis-

cussed, as this would require significant amounts of water down to 40 km depth inside
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the subducting lithosphere (e.g., Faccenda et al., 2009; Jung et al., 2004). While the
term "dehydration embrittlement"” in its original sense refers only to seismic failure in
vicinity to the dehydration reaction (as defined above), it is now often used in a wider
sense that refers to all fluid-modulated embrittlement of rock related to dehydration flu-
ids. In this wider sense, dehydration fluid may have migrated over any distance within
the slab before causing seismic failure (c.f. Hasegawa and Nakajima, 2017). Within
the subducting crust, seismic low-velocity zones point to the presence of considerable
amounts of water, both in mineral-bound form (e.g., Rondenay et al., 2008), and as

free-fluid phase in ultra-low velocity zones (e.g., Shiina et al., 2017; Song et al., 2009).

John et al. (2009) describe the process of self-localizing thermal runaway, or shear-
localization, which allows failure of rock in the absence of a free fluid phase at depths
greater than 70 km by thermal runaway. In this process, ductile deformation causes
heating of a shear zone, which is weakened by the increased temperature and thus leads
to further release of differential stress. The feedback between heating and deformation
can lead to local melting of the rock, which cools into a glassy material referred to as
pseudotachylite. In some locations where rocks have been educted from large depths,
pseudotachylites are unique evidence of paleo-earthquakes at intermediate depth. Lo-
cations where these type of rocks can be found in outcrops include Holsngy (Western
Norway, Austrheim and Boundy, 1994), Cape Corse (Corsica, French Mediterranean,
Andersen et al., 2014; Austrheim and Andersen, 2004), and Monviso (Italian Alps, An-
giboust et al., 2011). These field observations have guided research on self-localizing
thermal runaway, which Kelemen and Hirth (2007) and John et al. (2009) have con-
strained in numerical models. There is also seismic evidence pointing to localized
thermal runaway, as for example reported by Prieto et al. (2013), who found that high
stress drops and low radiation efficiency for intermediate-depth earthquakes signify
large energy dissipation due to shear heating. The two main intermediate-depth fault-
ing mechanisms described above are possibly related to, and further constrained by,
anticrack formation (Green Il and Houston, 1995) and localized eclogitization of dry
metastable rocks (Austrheim and Boundy, 1994).

Defining the exact location in the slab where earthquake-promoting processes oc-
cur is a challenge. These processes include localized dehydration and mineral trans-
formations (especially eclogitization), as well as the migration of fluids. The difficulty
stems from the wide range of pressures and temperatures over which the mineral trans-
formation reactions occur, and their critical dependence on the supply and composition

of fluids. In low temperature slabs, eclogitization can take place down to ca. 70-120 km
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(2.4-3.5 GPa), while in high temperature slabs such as Cascadia, all eclogitization may
be completed at 40 km depth. However, field outcrops such as those found on Holsngy
(Kiihn et al., 2000) show that even at ca. 60 km burial depth and 700 °C, eclogitization
affects the rock volume in a highly heterogeneous fashion, with the eclogite/rock-ratio
ranging from 10-50 %. On Holsngy, blocks of lower grade granulite of several tens
of meters in size are distributed in a matrix of eclogite, even though P-T conditions
reached at depth were beyond those required for eclogitization. A related hypothesis is
that earthquakes may also influence or enhance metamorphism by fracturing the rock
and thus increasing the surface for mineral reactions, as suggested by Austrheim and
Boundy (1994); Austrheim et al. (2017); and Jamtveit et al. (2018). These authors re-
port that shear zones, including pseudotachylites, are mostly found in eclogite zones,
which might indicate a possible feedback between deformation, temperature and meta-

morphism.

The occurrence of intermediate-depth earthquakes varies considerably between
different subduction zones and between the various parts of subduction systems. To
understand the earthquake’s mechanism, we need to gain a better understanding of the
premises and processes that promote their generation, including subduction proper-
ties such as slab stress field, slab structure, age, mineralogical composition, subduc-
tion velocity, type (oceanic/continental) of the subducting crust, and fluid content (e.g.,
Hacker et al., 2003). As for all shallow earthquakes, we expect the stress field to be
the driving force behind any deformation. But while all active subduction zones exhibit
a stress field that forces deformation, only a subset of these subduction zones feature
widespread seismicity (e.g., Izu-Bonin) while others are largely aseismic at depth (e.g.,
a large part of Cascadia). Even within the seismically active subduction zones, the oc-
currence of earthquakes is limited to certain parts of the system. These seismically
active regions can be limited along subduction strike (e.g., in the subducting Juan de
Fuca plate in Cascadia, Wells et al., 2002), subduction depth (e.g., Cascadia: 60—80 km,
McCrory et al., 2012, New Zealand: 250 km, Eberhart-Phillips et al., 2013) or depth
below the subduction interface, where two layers of earthquakes often mark double
seismic zones (Brudzinski et al., 2007; Wei et al., 2017; Yamasaki, 2003). Together, the
evidence suggests that seismic and aseismic areas are likely defined by a combination
of parameters, including, but not limited to, the thermal-petrologic conditions (Abers
et al., 2013; Wei et al., 2017), stress field, and pore fluid distribution. To better under-
stand these parameters, it should be possible to match the boundaries between seismic
and aseismic areas with measurable changes in the seismic parameters (e.g., seismic

velocities, density, anisotropy etc.). Resolving and deciphering these changes and how
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they relate to seismic failure can help us better constrain the earthquake mechanisms
by placing lower and upper bounds on key parameters including temperature, pressure,

composition, pore pressure, and fluid content.

1.1.3 Imaging metamorphism and intermediate-depth earthquakes in
subduction zones

Geophysical methods, in particular seismology, have improved our understanding of
seismicity in various subduction zones. To pinpoint the exact location of hypocenters
in relation to large-scale discontinuities and/or local changes in seismic parameters,
geophysics relies on advances in high-resolution imaging, earthquake source monitor-
ing, and improved instrumentation. Images of seismic properties can be obtained with
a wide variety of methods that excel at resolving different features. Listed here from
larger to smaller scale, seismic imaging methods include: global-scale (waveform)-
tomography, teleseismic tomography, surface wave tomography, traditional receiver
function (RF) studies, local earthquake tomography, RF migration studies, large-scale
active-source reflection surveys. The limitations of each method can be overcome by
combining the results of several methods, or inverting jointly for some parameters such
as the seismic velocities or density. The following overview on imaging studies focuses
on seismological methods, while there are some other geophysical imaging methods
that have been successful in imaging the relevant depth range of 30-200 km. These
include magnetotelluric surveys that recover electric resistivity (e.g., McGary et al.,
2014; Wannamaker et al., 2014), and to a limited degree gravity surveys that recover
density (e.g., Liicke and Arroyo, 2015).

In the last two decades, the number of studies that have imaged subduction sys-
tems in targeted high-resolution studies has greatly increased. Previously, assumptions
on the slab shape at depths between 40 km to 200 km were mostly based on hypocenter
locations outlining the Wadati-Benioff Zone. Due to the lack of high-resolution im-
ages, the earthquake’s relation to the subducting crust could often not be satisfyingly
established. With the advent of dense temporary broadband deployments and improved
imaging methods, we now know that intermediate-depth seismicity occurs within the
subducting crust and mantle, and that the distribution of earthquakes changes along
strike and subduction depth of slabs. Subducting oceanic crust has an average thick-

ness of about 6 km to 8 km - a scalelength that not every method can resolve.

Methods that have proven successful at imaging the subducting crust at depths
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ranging 30-200 km are local earthquake tomography (e.g., Nakajima et al., 2009;
Zhang et al., 2004), very large-scale reflection seismic surveys (The Ancorp Working
Group et al., 1999) and the migration of receiver functions based on the generalized
Radon transform (GRT, Bostock et al., 2001; Rondenay et al., 2001; Shragge et al.,
2001). The receiver function method is better at imaging sharp boundaries than seismic
tomography. It excels at 2-D imaging of the subducting crust, but to recover informa-
tion about structural variations along-strike the subduction zone, other 3-D RF methods
or tomography are needed. The 2-D GRT-RF method and local earthquake tomography
have been used in a range of studies, each resulting in remarkable catalogs of compa-
rable images. Images of the subducting crust based on 2-D RF migration are available
for subduction zones including Alaska (Rondenay et al., 2008, 2010), Cascadia (Abers
et al., 2009; Nicholson et al., 2005; Rondenay et al., 2001), Japan (Kawakatsu and
Watada, 2007; Kumar and Kawakatsu, 2011), Costa Rica and Nicaragua (MacKenzie
et al., 2010), Mexico (Kim et al., 2012), and the Hellenic Subduction zone in Greece
(Pearce et al., 2012; Suckale et al., 2009). Tomographic images based on local seismic-
ity, with only some of them showing a dipping low-velocity layer, have been obtained
for instance in Alaska (Eberhart-Phillips et al., 2006), Cascadia (Ramachandran and
Hyndman, 2012; Savard et al., 2018), Costa Rica (Dinc et al., 2010), Japan (Hayashida
et al., 2012; Hirose et al., 2008; Nakajima et al., 2009; Zhang et al., 2004), Lesser
Antilles (Paulatto et al., 2017), Nicaragua (Syracuse et al., 2008), and New Zealand
(Eberhart-Phillips and Reyners, 1999, 2009; Eberhart-Phillips et al., 2013; Reyners
et al., 2006). Very large-scale reflection surveys like ANCORP are even superior in
2-D resolution of the subducting crust, but they are prohibitively more costly. For this
reason, only The Ancorp Working Group et al. (1999) have imaged subducting crust
down to about 100 km depth with this method, in Chile.

Several of these studies have found that intermediate-depth earthquakes in subduc-
tion zones do not only occur in the subducting crust, but also below, in the subducting
mantle (e.g., Abers et al., 2013; The Ancorp Working Group et al., 1999). Abers et al.
(2013) found that intermediate-depth earthquakes are limited to the subducting mantle
in warmer, younger subduction zones such as Cascadia, but that the mantle probably
needs to be hydrated. In old and thus comparably cold subducting slabs, earthquakes
also occur throughout the subducting crust, but increasingly close to the subducting
Moho with increasing depth. Abers et al. (2013) argue that owing to faster subduc-
tion rates with a quicker increase in pressure, cold slabs pass through the dehydration
window quicker than warm slabs. Along this cold P-T path, the net volume change

of rock and fluid upon metamorphism is positive, while along the warm P-T path, the
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net volume change is negative. They ascertain that only a positive net volume change,
however, leads to an increase in pore pressure that drives dehydration embrittlement
and causes earthquakes in cold slabs. Dehydration along various P-T paths is explic-
itly observable in subduction zones with double seismic zones, in which the separation
distance between the two seismically active planes is a function of plate age (Brudzin-
ski et al., 2007). However, hydration of the slab mantle to a depth of 40 km below the
slab’s surface is required to explain the lower plane of seismicity, and the processes
that lead to such deep hydration need to be understood. A common hypothesis is that
crustal-scale bending faults that form just before the subducting plate enters the trench
are able to transport enough water into the slab (Faccenda et al., 2009; Ranero et al.,
2003; Shillington et al., 2015). Alternatively, fluid may be supplied to this part of the
slab once its upper layers start dehydrating. In the depth range where dehydration oc-
curs, slabs unbend, which creates a layer of tectonic under-pressure in the slab’s core.
This layer attracts fluid which then preferentially migrates updip within the layer (Fac-
cenda et al., 2012).

Seismology provides strong evidence that dehydration embrittlement in its orig-
inal sense (i.e., mineral dehydration directly triggering seismic failure) is found in
so-called seismic belts. Seismic belts have primarily been identified in Tonga and E
Japan (Kita et al., 2006, 2010; Wei et al., 2017). They are regions within the upper
seismic plane of a double seismic zone that exhibit higher seismicity rates than the
slab above and below, and whose location matches well temperatures of about 500 °C
(Wei et al., 2017). At these conditions, the oceanic crust’s blueschist facies rock un-
dergo dehydration and transform into dry eclogite - a transformation beyond which
no more crustal earthquakes are observed (van Keken et al., 2012). However, not all
intermediate-depth earthquakes can be inferred to occur at specific temperatures like
these, and many extraordinary observations suggest that multiple mechanisms may be
acting in different parts of the system, or interact with one another. Such extraordinary
observations at intermediate-depth include seismicity between the planes of a double
seismic zone (Kita and Ferrand, 2018; Nakajima et al., 2013), triple seismic zones
(Kawakatsu and Seno, 1983; Nakajima et al., 2009; Wang, 2002), earthquakes in the
mantle wedge (Chang et al., 2017; Davey and Ristau, 2011; Laigle et al., 2013; Uchida
et al., 2010), earthquakes in inactive subduction zones such as Gibraltar and Romania,
highly active earthquake nests such as Vrancea, Hindu Kush and Bucaramanga (Pri-
eto et al., 2012), and mantle earthquakes deep within collision belts (e.g., Wang et al.,
2016).
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Standard catalog locations of intermediate-depth earthquakes are usually not ac-
curate enough to place hypocenters unequivocally above, in, or below the subducting
crust. This difficulty is tackled from two angles; by installing target-oriented temporary
networks and applying advanced earthquake location methods. These methods include
earthquake location based on probabilistic approaches (e.g., Lomax et al., 2009), 3-
D traveltime tomography with earthquake relocation to reduce the effect of structural
heterogeneity (e.g., Thurber, 1983), the double-difference technique to reduce relative
location errors within seismicity clusters (Waldhauser and Ellsworth, 2000), and com-
binations of these methods. Precise locations of slab seismicity are available for a num-
ber of regions, including Alaska (Li et al., 2013), Cascadia (Cassidy and Waldhauser,
2002), New Zealand (Eberhart-Phillips and Reyners, 2012), Nicaragua (Kyriakopou-
los et al., 2015; Syracuse et al., 2008), and Japan (e.g., Hasegawa et al., 2009; Uchida
et al., 2010, and citations therein). Still, even in these locations an additional diffi-
culty arises from the interpretation of what feature represents the subducting crust in
the images, and how it relates to seismicity. The subducting crust is often assumed
to appear as dipping low-velocity layer imaged in all GRT-RF and some local earth-
quake tomography studies. This assumption, however, is not definite, as the LVL might
only represent for instance a fluid-rich upper layer within the subducting crust, plus a
sediment layer, or a serpentine layer above the slab (Bostock, 2013). This additional
problem has not been entirely addressed, but advances have been made in locations
such as Japan, where source and receiver coverage for seismic imaging outshine any

other location worldwide (Hasegawa et al., 2009).

In this thesis, I address the challenges concerning slab structure and earthquake
locations in a new way in terms of region, dataset, and methodologies. Deep seismicity
in the Western Hellenic Subduction Zone in Greece has not been characterized at the
level of detail that is available for other subduction zones, but the deployment of several
dense temporary arrays and permanent networks now offers unprecedented data cov-
erage of the region. To these data, I apply a repertoire of methods including template-
matching based earthquake detection, traveltime tomography, double-difference relo-
cation, and integration with high-resolution 2-D GRT images. The Hellenic subduction
zone is well-suited as a natural laboratory for cold subduction zones owing to large
variations in subduction parameters along strike, comprehensive historical earthquake
catalogs and field studies, good onshore accessibility of the forearc, and recent efforts

in imaging and monitoring from temporary and permanent seismic networks.
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1.2 Research questions and objectives

The main body of this thesis comprises three parts, for which I summarize the main
research questions and objectives in this section. The central research question that I

probe is:
What causes intermediate-depth earthquakes?

A wide range of research has attempted to answer this question (see section 1.1.2
above), and two main candidate mechanisms have been developed: dehydration em-
brittlement and localized thermal runaway. However, it is not clear whether one mech-
anism dominates over the other, whether the two mechanisms can operate concurrently,
and whether they may be coupled.

To better understand which of the mechanisms may be acting in parts of the subduction
system, I approach the main question from the viewpoint of an observational seismol-

ogist and pose these additional, complementary questions (1-3 below).

1. Where do intraslab earthquakes occur relative to the main discontinuities (e.g.,
slab Moho, subduction interface) and the expected phase transitions for different

subduction environments?

In the first part, I focus on this question within the Western Hellenic subduction zone
(WHSZ). The motivation to focus on the WHSZ is two-fold. First, in the last decade,
there has been a tremendous upgrade in seismic monitoring capability through deploy-
ment of temporary networks and additional permanent stations in the region. Second,
the deep seismicity and structure of the WHSZ are not yet well resolved. The objectives

in this first part are:

1.1 to obtain a comprehensive and accurate catalog of earthquakes, waveforms, and

arrival picks,

1.2 to obtain 3-D models of seismic P-velocity and P-to-S velocity ratio (Vp/Vs-

ratio),

1.3 to map the transition between oceanic and continental subduction, the subduction
interface, and the slab Moho from the velocity models, hypocenters and other

data (e.g., published receiver function cross sections).

One unexpected result of the first part was that deep earthquakes do not only occur in
the slab, but also in confined clusters within the mantle wedge and on the interface.

Such observations were unknown a decade ago (Hacker et al., 2003), and only three
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authors had described similar features until 2013 (Davey and Ristau, 2011; Laigle et al.,
2013; Uchida et al., 2010). Motivated by the peculiarity of these clusters, the next

question naturally arose:
2. What causes earthquakes in the mantle wedge?

In the second part, I evaluate three potential processes that may produce mantle wedge
earthquakes, and discuss what these sites teach us on intermediate-depth earthquakes in
general. The three potential processes include (a) ruptures within exotic material (e.g.,
piled seamounts, plume underplating) of distinct composition and high viscosity in
the mantle wedge (Laigle et al., 2013; Uchida et al., 2010), (b) serpentine dehydration
embrittlement (Davey and Ristau, 2011), and (c) pulses of fluids released from the plate
interface (Nakajima and Uchida, 2018; Paulatto et al., 2017). To help discriminate

these different processes, I pursue the following objectives:

2.1 to analyze whether there are systematic differences between earthquakes in the

wedge, on the interface, and in the slab,

2.2 to constrain the location of dehydration reactions in the WHSZ, and check
whether mantle wedge earthquakes are related to these reactions both in the
WHSZ and globally,

2.3 to probe whether clusters of mantle wedge seismicity show time-dependent be-

havior.

Comments and reviews on the second paper revealed that mantle wedge seismicity is
a controversial topic. The controversy stems from the fact that mantle wedge seismic-
ity is generally rare and only resolved by some high-resolution studies. Meanwhile,
for Greece, since the integration of hypocenters and structure required me to push the
analyses to the limit of their resolution, some room was left to debate with regards to
the exact source region of these earthquakes. To reduce this uncertainty, I propose next
to obtain independent evidence for earthquake origins in the mantle wedge and other
source regions (i.e., subduction interface, subducting crust and slab mantle). This is

expressed in the last research question:

3. Can we discern between earthquakes from different source regions in the subduc-

tion system based on their waveforms?

In this last part, I address the question by focusing on the following objectives:

3.1 implement a workflow to synthesize seismic waveforms and arrival times of earth-

quakes within a complex subduction zone model,
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3.2 implement a scheme to adequately process and compare observed seismic wave-

forms of microearthquakes,

3.3 evaluate waveform characteristics, and determine whether these help distinguish

between earthquakes originating in different parts of the system.

In the following sections of this thesis’s first chapter, I introduce the main study area
which is the WHSZ, the dataset that comes from multiple seismic networks in the re-
gion, and the methods that I apply to these data. Research into the questions listed
above was a collaborative effort, and findings were presented in contributions at sci-
entific meetings that are listed at the end of the chapter. The second chapter contains
three scientific papers in which I focus on each of the research questions, in the order
1-3 as listed above. The last chapter synthesizes the main findings from chapter 2 and

concludes with an outlook on open research topics.

1.3 Study area: The Western Hellenic Subduction Zone '

The Hellenic arc bends around the west and south of Greece, from the heel of Italy,
around the Aegean toward southern Turkey along a 1300-km-long trench (see inset
map in Fig. 1.2). The large-scale setting is the collision between the African plate to the
south, the Eurasian plate to the north and the Arabian plate to the east. At the intersec-
tion sit the smaller Adriatic, Aegean and Anatolian plates. Considering plate motions
relative to the large Eurasian plate, the Aegean plate moves southwestward, overriding
the Ionian lithosphere of the African plate to the south and the Adriatic microplate to
the west (McKenzie, 1972). The Aegean plate also rotates counter-clockwise together
with the Anatolian plate due to the northward advance of the Arabian plate (Flerit et al.,
2004; Reilinger et al., 2006). At the same time, the African plate moves northward at

~2 mm/yr. The overall result is the Hellenic Subduction Zone.

The western portion of the system is referred to as the Western Hellenic subduc-
tion zone (WHSZ) and extends for 400 km along Greece’s west coast (see Fig. 1.2).
The WHSZ is home to large variations in subduction properties along strike, includ-
ing subduction rate, trench retreat, occurrence of deep seismicity, and overriding plate
extension. These variations are related, either directly or indirectly, to a change in con-

vergence regime from the subduction of oceanic crust in the south to continental crust

I'This section consolidates the introduction to the study area from paper I, section 1 (Introduction)
and section 2.1 (Structure of the Western Hellenic Subduction Zone). A survey of seismic imaging and
seismicity studies in the area can be found in paper I, sections 2.2 and 2.3, but is not included here.
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in the north. Of these variations, the rate of subduction is perhaps the most easy to
explain — oceanic crust is less buoyant and therefore subducts at a faster rate than the
more buoyant continental crust to the north. What causes the other subduction prop-
erties to vary, on the other hand, is less well understood. To gain better insight into
the processes that affect subduction properties, we need to better characterize not only
what is happening in the regions of oceanic and continental subduction, but also the

transition from one regime to the other.

In the south, the oceanic crust of the Ionian sea consists of 6 km to 8 km of crys-
talline crust overlain by up to 6 km of sediments (Bohnhoff et al., 2001; Kokinou et al.,
2005, 2006; Pearce et al., 2012). Measurements of magnetic remanence across the lo-
nian sea yield model ages of 220 Ma to 230 Ma (Speranza et al., 2012), making it one
of the oldest preserved sea floors worldwide. While the southern portion of the WHSZ
exhibits the classical features of a subduction zone, the northern portion proved more
elusive until the last decade, when new seismic images clarified the situation. Indeed,
with the northern portion not featuring any intermediate-depth seismicity, there was no
evidence that active subduction was taking place until high-resolution scattered wave
images by Pearce et al. (2012) showed ongoing subduction of thick continental crust of
the Adriatic plate beneath northern Greece. The basement crust of this Adriatic plate
has a thickness of 19 km to 30 km, with a progressive thinning toward the Corfu mar-
gin, and is covered by a 7 km-thick carbonate platform (Finetti and Del Ben, 2005).
The dichotomy between south and north results in a southern oceanic slab that is three
to four times more negatively buoyant than the continental slab to the north, and a cur-
rent trench retreat of ~35 mm/yr in the south compared to the 4 mm/yr to 10 mm/yr
in the north (Royden and Papanikolaou, 2011; Vassilakis et al., 2011).

Given the presence of active subduction along the entire WHSZ, what happens at
the transition from oceanic (south) to continental (north) subduction? Abundant surface
observations yield a detailed picture of the top of the system. The subduction trench
is offset horizontally by 140 km at the Kephalonia Transform Fault (KTF), with faster
rollback of the oceanic slab causing a south-westward displacement of the trench in the
southern segment (Royden and Papanikolaou, 2011). The KTF is a dextral fault along
which strong strike-slip earthquakes have occurred in the past (Karastathis et al., 2015;
Sachpazi et al., 2000; Shaw and Jackson, 2010) — most recently the 2015 My=6.5
Lefkada earthquake (Melgar et al., 2017) and, just to the south, the 2018 My,=6.8
Zakynthos earthquake (Christos et al., 2018).

Over the past 1-4 Myr, the KTF has connected to the North Anatolian fault system
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through the so-called Central Hellenic Shear Zone (CHSZ, Papanikolaou and Royden,
2007; Royden and Papanikolaou, 2011). While this has split the Aegean plate into
a more active extensional backarc domain in the south than in the north, differential
motion between the southern and northern segments is not concentrated at the KTF.
Instead, it is distributed over the entire CHSZ, which is up to 100 km wide (see, e.g.,
Papanikolaou and Royden, 2007; Royden and Papanikolaou, 2011; Vassilakis et al.,
2011). The CHSZ comprises a region of immature strike-slip faulting, spanning from
the Corinth rift to the Northern Gulf of Evia. It remains unclear whether shear defor-
mation in the region is driven from the east by the Anatolian plate, or from below by
differential slab retreat. The slab top on either sides of the fault appears to be vertically
offset by less than 20 km in the 50-80 km depth range, suggesting an effective rollback
of only 70km in that part of the system (Pearce et al., 2012). At the edge of the ex-
tensional domain, the Corinth rift is undergoing rapid extension at a rate of 10 mm/yr
to 16 mm/yr, making it one of the youngest and fastest spreading rift basins on Earth
(Nixon et al., 2016). The crust there is extensionally thinned, with thicknesses rang-
ing from 25 km beneath the eastern Corinth rift, to 45 km below the central Hellenides
mountains (Zelt et al., 2005).

The current Hellenic volcanic arc starts just south of the Corinth rift, on the
Methana peninsula, and extends for 500 km toward western Turkey. The arc includes
the islands of Milos-Antimilos, Santorini, Kos-Nisyros and is Pliocene to modern in
age (Rizzo et al., 2016). It is not clear why there is no volcanic activity beyond Milos
though, given that deep seismicity extends 150 km farther north along the strike of the
WHSZ, suggesting that the slab dehydrates over that region. Based on a correlation be-
tween the distribution of volcanic rocks and the location of slab tears imaged by mantle
tomography, Pe-Piper and Piper (2007) suggest that the current volcanism occurs due
to advection of lithospheric mantle and melting associated with slab tearing.

How the patterns of deformation and the location of volcanoes translate from the
surface to the state of the system at greater depth is not yet resolved. Intermediate-depth
seismicity appears to terminate rather abruptly beneath the northeastern extension of the
KTF (see, e.g., Hatzfeld and Martin, 1992), but it is unclear whether this termination
is due to a simple change in composition of the subducted slab or to a change in the
stress field associated with slab tearing, either along-strike or beneath the KTF (e.g.,
Piromallo and Morelli, 2003; Royden and Papanikolaou, 2011; Spakman et al., 1988).
Seismic studies carried out until now have not been able to image directly the oceanic-

to-continental transition, either due to limited resolution or insufficient data coverage.
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Figure 1.2: Map of mainland Greece, showing major tectonic features and seismic de-
ployments. The inset map depicts the plate configuration in the region and the region
zoomed into in the large map. Abbreviations used in the map: KTF: Kephalonia Trans-
form Fault, NAF: North Anatolian Fault; GoC: Gulf of Corinth, GoP: Gulf of Patras,
NGoE: Northern Gulf of Evia, HUSN: Hellenic unified seismic network, GE: Geofon
global seismic network, CRL: Corinth rift laboratory.
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1.4 Data and methods

The research in this thesis is based on a broad repertoire of passive seismic data and
methods. In this section, I give a short overview of the seismic experiments and net-
works that contribute to the dataset, and of the tools and computer codes that I employed

in the analyses.

The Hellenic subduction zone has long been a research playground of geoscientists
from Europe and North America. In 2006 — 2009, a team of scientists carried out the
"Multidisciplinary Experiment for Dynamic Understanding of Subduction under the
Aegean" (MEDUSA, Rondenay, 2006). It consisted of two dense lines of 40 broadband
seismometers each striking in the approximate direction of the slab’s dip. Each line
used the same set of seismometers that were deployed for about 1.5 years, with the first
line placed across the Peloponnese-Attica region in central Greece from 2006-2007

and the second line across northern Greece from 2008—2009.

With their narrow shape, the deployments were primarily designed for receiver
function analysis. High-resolution images using the data have been published by
Suckale et al. (2009), Pearce et al. (2012), and Sachpazi et al. (2016), while the sys-
tem’s anisotropy structure has been resolved by Olive et al. (2014) and consolidated by
Evangelidis (2017). The distribution of stations, however, is not ideal for local earth-
quake monitoring that this thesis focuses on. Furthermore, permanent stations in the
region did not typically save continuous waveform data prior to 2008, and earthquake
detection capabilities were limited until the inception of the Hellenic Unified Seismic
Network (HUSN) in 2008. Fortunately, two other temporary projects were operating
in the region during overlapping time periods, which greatly improved station cover-
age. These projects are "Exploring the Geodynamics of Subducted Lithosphere Using
an Amphibian Deployment of Seismographs" (Egelados, Friederich and Meier, 2008)
and "Seismic Imaging of the Mantle Beneath the Anatolian-Aegean Domain" (Sim-
baad, Paul et al., 2013), for which data is publicly available through the Federation
of Digital Seismograph Networks (FDSN). While Egelados covered the Hellenic sub-
duction zone from the Peloponnese to Crete and the Turkish coast, Simbaad consisted
of one main profile across West-Central Anatolia with backbone stations around the
Aegean. I do not use all the data of the Egelados and Simbaad experiments, but instead
focus mainly on the Peloponnese-Attica region, which comprised 20 Egelados stations

and 5 Simbaad stations.

During the course of my research, data availability in the region increased further
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with the establishment of a dedicated node for the European Integrated Data Archive
(EIDA) at the National Observatory of Athens (NOA). Since 2016, the number of us-
able stations from several Greek seismic monitoring networks has been constantly in-
creasing. These permanent networks include short-period and broadband sensors oper-
ated by NOA (1997), the University of Athens (2008), the University of Patras (2000),
and the University of Thessaloniki (1981). In addition to the Greek networks, a con-
sortium of French institutions runs a permanent seismic network for near-fault observa-
tions around the Gulf of Corinth. This observatory, called the "Corinth Rift Laboratory"

(2013), has also been generating large volumes of publicly available data.

In my work, I use seismic data from each of these networks, in particular for
the dataset processed in paper II. The expanded coverage afforded by these recently-
established networks has allowed me to produce a new improved catalog of deep earth-
quakes for the region. This catalog is based on both newly detected earthquakes and
previous catalogs - including catalogs published by the International Seismological
Centre (ISC, 2017) and NOA (2018). The latter also contains a database of moment

tensors.

To process these data, I rely on a repertoire of tools that are implemented in mostly
open-source software packages. Below, I give an overview of these tools by listing the
methods, the computer code in which they are implemented, their capabilities, and the

type of input and output data:

1. Seisan seismological analysis software (Havskov and Ottemoller, 1999) is used
for routine processing of earthquake data, including database management, ar-
rival time picking, location of earthquakes and many additional tasks. With these
capabilities, the software and its databases form the backbone of seismological
analyses in all chapters of this thesis. For some tasks, Seisan relies on tools that
were developed independently, but are now integrated into the analysis package.
In the context of methods applied in this thesis, three tools are especially impor-

tant:

a) Hypocenter program (Lienert and Havskov, 1995), included in the Seisan
software, is employed for the location of earthquakes. The program can use
absolute arrival times of a wide range of seismic phases at local, regional and
teleseismic distances to find an optimal earthquake origin (including time
and location). It computes these parameters via an iterative least-squares
inversion of arrival times, where residuals are calculated for each phase in a

given 1-D velocity model. The program provides a first hypocenter solution
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for all earthquakes processed in papers I and II.

b) FocMec program (Snoke et al., 1984), included in the Seisan software, is
employed for solving focal mechanisms. The program relies on picked po-
larities of P- and S-waves to find focal mechanism solutions. It can also
use the amplitude ratios of P- and S-waves to converge toward, and better
constrain, an optimal solution. I use this method to obtain focal mechanism

solutions in paper II.

c) Velest code (Kissling et al., 1994), included in the Seisan software, is em-
ployed for constraining a 1-D velocity model for local earthquake relocation,
and as an initial model for 3-D tomography studies. The code solves the cou-
pled problem of earthquake origins and 1-D velocity structure through itera-
tive least-squares inversion of absolute first-arrival times of P- and S-waves.
An optimal solution is obtained by evaluating the misfit between observed

arrival times and computed arrival times for a 1-D velocity model.

2. Simul-family of codes is employed for 3-D local earthquake traveltime tomog-

raphy (versions SimulPS12 and SimulR16: Bleibinhaus and Gebrande, 2006;
Bleibinhaus and Hilberg, 2012; Bleibinhaus et al., 2003; Eberhart-Phillips, 1990;
Thurber, 1983). This type of tomography relies on absolute arrival time measure-
ments of P- and S-waves, from either earthquakes or controlled sources. It uses
primarily arrival times of first arriving waves, but can also use reflected and/or re-
fracted phases. The method uses an iterative, linearized least-squares inversion
scheme which produces staggered updates of velocity models (P-velocity and
Vp/Vs-ratio) and individual earthquake hypocenters. I use this method in paper I
to obtain 3-D models of P-velocity and Vp/Vs-ratio.

. HypoDD code is employed for high-resolution relative relocation of earthquakes

based on the double-difference method (Waldhauser, 2012; Waldhauser and
Ellsworth, 2000). This method relies on measurements of both absolute arrival
times and differential traveltimes measured at each station for earthquake pairs
(i.e., sets of two earthquakes that are located close to one another). Differen-
tial traveltimes can be obtained both from a catalog of arrival time picks, or from
cross-correlating waveforms within each earthquake pair. A chain of event pairs is
then constructed and the traveltime measurements are iteratively inverted for the
hypocenter locations. The algorithm can substantially reduce the uncertainty of
earthquake locations relative to one another. Although early implementations as-

sumed a 1-D background velocity model, the latest version (2.1) allows raypaths
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to be computed in a 3-D background model, further reducing relative location un-
certainties. I use the method to improve the location of earthquakes both in papers
Iand II.

4. Obspy Python toolbox for seismology (Beyreuther et al., 2010) is employed for
the implementation of robust, object-oriented processing workflows. The toolbox
can handle a wide variety of tasks in seismology, and I employ it in particular for
downloading and archiving of waveform data in connection with Seisan, and the

processing of continuous waveform data in paper II.

5. EQCorrscan software package (Chamberlain et al., 2017) is employed for tem-
plate matching, detection and automatic picking of newly detected earthquakes
(relies on Obspy functionality and is integrated with the Seisan databases). I use
this tool to substantially expand the dataset of deep earthquakes in Greece, es-
pecially by adding small-magnitude events that previous analyses did not detect.
Additionally, I employ, improve, and parallelize its functions to calculate differ-
ential traveltimes from cross-correlating waveforms, which I then use in HypoDD
(see 3.).

6. Gismo toolbox is employed for seismic data analysis in an object-oriented envi-
ronment in Matlab (Reyes and West, 2011; Thompson and Reyes, 2017). With
its waveform and correlation toolboxes, Gismo is a powerful tool for the analysis
of repeating and near-repeating earthquakes with similar waveforms. It accesses
the Seisan databases to load earthquake data (origin, picks, amplitudes etc.) and
waveforms, which can then be analyzed and compared with a range of functions.

I use this tool primarily for the analysis of secondary phases in paper III

7. Specfem?2D spectral element modeling code (see, e.g., Komatitsch, 2005) is em-
ployed for the accurate simulation of seismic wave propagation in complex media.
At its core, Specfem2D solves the weak form of the seismic wave equation on a
spectral element mesh in the time domain. It allows complexities such as topogra-
phy at the free surface, internal discontinuities, anisotropy, (an- / poro-) elasticity,
and any lateral variations in elastic parameters and density. The spectral element
mesh consists of quadrilateral elements and can be created either with an inter-
nal mesher, or with more advanced external meshing tools (described in the next
point). Arbitrary source and receiver geometries can then be used to initiate and
record wave propagation within this mesh. I use this method to obtain synthetic

seismograms within a 2-D subduction zone model in paper II1.
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8. Trelis meshing software (https://www.csimsoft.com/trelis, the commercial

version of the former Cubit software) is employed for the creation of a mesh of
quadrilateral elements for wave propagation simulations in Specfem. Compared
to the Specfem-internal meshers, Trelis allows the meshing of complex geome-
tries and offers a graphical user interface for quality control of the mesh. I use this
mesher to construct the subduction zone model on which I run wave simulations

in paper III.

. FM3D multistage fast marching code is employed for the computation of multi-

phase arrival times in complex 3-D layered models (de Kool et al., 2006; Rawl-
inson and Sambridge, 2004). The code solves the eikonal equation through finite
differences in a layered 3-D domain with heterogeneous velocity distribution. I
use the code to obtain traveltimes of direct, converted, and reflected phases of
deep earthquakes in a 3-D velocity-discontinuity model of the WHSZ in paper
II1.

1.5 Contributions at scientific meetings
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2The name of the presenting author is underlined if they are not listed as the first author.
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Seismicity, Deformation, and Metamorphism
in the Western Hellenic Subduction Zone:
New Constraints From Tomography

Cténh Rond. 1

Felix Halpaap''"’, Stép ,and Lars Otteméller’

Department of Earth Science, University of Bergen, Bergen, Norway

Abstract The Western Hellenic Subduction Zone is characterized by a transition from oceanic to
continental subduction. In the southern oceanic portion of the system, abundant seismicity reaches depths
of 100 km to 190 km, while the northern continental portion rarely exhibits deep earthquakes. Our study
investigates how this oceanic-continental transition affects fluid release and related seismicity along strike.
We present results from local earthquake tomography and double-difference relocation in conjunction with
published images based on scattered teleseismic waves. Our tomographic images recover both subducting
oceanic and continental crusts as low-velocity layers on top of high-velocity mantle. Although the northern
and southern trenches are offset along the Kephalonia Transform Fault, continental and oceanic subducting
crusts appear to align at depth. This suggests a smooth transition between slab retreat in the south and
slab convergence in the north. Relocated hypocenters outline a single-planed Wadati-Benioff Zone with
significant along-strike variability in the south. Seismicity terminates abruptly north of the Kephalonia
Transform Fault, likely reflecting the transition from oceanic to continental subducted crust. Near 90 km
depth, the low-velocity signature of the subducting crust fades out and the Wadati-Benioff Zone thins

and steepens, marking the outline of the basalt-eclogite transition. Subarc melting of the mantle is only
observed in the southernmost sector of the oceanic subduction, below the volcanic part of the arc.
Beneath the nonvolcanic part, the overriding crust appears to have undergone large-scale silica enrichment.
This enrichment is observed as an anomalously low Vp/Vs ratio and requires massive transport of
dehydration-derived fluids updip through the subducting crust.

1. Introduction

The Western Hellenic Subduction Zone (WHSZ) is home to large variations in subduction properties along
strike, including subduction rate, trench retreat, occurrence of deep seismicity, and overriding plate extension.
These variations are related, either directly or indirectly, to a change in convergence regime from the subduc-
tion of oceanic crust in the south to continental crust in the north. Of these variations, the rate of subduction
is perhaps the most easy to explain—oceanic crust is less buoyant and therefore subducts at a faster rate than
the more buoyant continental crust to the north. What causes the other subduction properties to vary, on
the other hand, is less well understood. To gain better insight into the processes that affect subduction prop-
erties, we need to better characterize not only what is happening in the regions of oceanic and continental
subduction but also the transition from one regime to the other.

While the southern portion of the WHSZ exhibits the classical features of a subduction zone, the northern por-
tion proved more elusive until the last decade, when new seismic images clarified the situation. Indeed, with
the northern portion not featuring any intermediate depth seismicity, there was no evidence that active sub-
duction was taking place until high-resolution scattered wave images by Pearce et al. (2012) showed ongoing
subduction of thick continental crust beneath northern Greece.

Given the presence of active subduction along the entire WHSZ, what happens at the transition from oceanic
(south) to continental (north) subduction? Abundant surface observations yield a detailed picture of the top
of the system. The subduction trench is discontinuous at the Kephalonia Transform Fault (KTF), with faster
rollback of the oceanic slab causing a southwestward displacement of the trench in the southern segment.
But the differential motion between the southern and northern segments is not concentrated at the KTF.
Instead, it is distributed in an ~100 km wide zone extending inland from the KTF into the Central Hellenic Shear
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Zone (CHSZ) (see, e.g., Papanikolaou & Royden, 2007; Royden & Papanikolaou, 2011; Vassilakis et al., 2011).
In this region, which includes the Gulf of Corinth, deformation occurs along generally E-W striking normal
faults that crosscut older trench-parallel structures. How these patterns of deformation are translated from
the surface to greater depth is, however, not yet resolved. Intermediate depth seismicity appears to terminate
rather abruptly beneath the northeastern extension of the KTF (see, e.g., Hatzfeld & Martin, 1992), but it is
unclear whether this termination is due to a simple change in composition of the subducted slab or to a
change in the stress field associated with slab tearing, either along strike or beneath the KTF (e.g., Piromallo,
2003; Royden & Papanikolaou, 2011; Spakman et al., 1988). Seismic studies carried out until now have not been
able to image directly the oceanic-to-continental transition, either due to limited resolution or insufficient
data coverage.

Here we present a set of improved seismic velocity models and earthquake locations that give us new insight
into processes that occur in the oceanic and continental subduction portions of the WHSZ, as well as in the
transition between the two regimes. After a brief summary of the study area (section 2), we describe the
methodologies (section 3) and the data set (section 4) used in our study. The analyses are performed on a new,
integrated set of P and S wave arrival times from local earthquakes recorded at permanent and temporary
stations deployed across Greece and neighboring countries. These are inverted with a modified version of the
SIMULR16 package (Bleibinhaus, 2003) for local traveltime tomography and with hypoDD 2.1D (Waldhauser,
2012) for earthquake relocations. The results are presented (section 6) and interpreted (section 7) with the
goal of better characterizing the transition between oceanic and continental subduction in western Greece
and understanding how this transition affects seismicity, the stress field, and fluid processes across the region.

2. Geodynamic Setting

2.1. Structure of the Western Hellenic Subduction Zone

The Hellenic arc bends around the west and south of Greece, from the heel of Italy, around the Aegean toward
southern Turkey along a 1,300 km long trench (see inset map in Figure 1). The large-scale setting is the collision
between the African plate to the south, the Eurasian plate to the north, and the Arabian plate to the east.
At the intersection sit the smaller Adriatic, Aegean, and Anatolian plates. Considering plate motions relative
to the large Eurasian plate, the Aegean plate moves southwestward, overriding the lonian lithosphere of the
African plate to the south and the Adriatic microplate to the west (McKenzie, 1972). The Aegean plate also
rotates counterclockwise together with the Anatolian plate due to the northward advance of the Arabian plate
(Flerit et al., 2004; Reilinger et al., 2006). At the same time, the African plate moves northward at ~2 mm/yr.
The overall result is the Hellenic Subduction Zone.

The western portion of the system, which we have previously defined as the WHSZ, extends for 400 km along
Greece's west coast (see Figure 1). It is in the middle of this subsegment that the transition from oceanic to
continental subduction occurs. In the south, the oceanic crust of the lonian sea consists of 6 km to 8 km of
crystalline crust overlain by up to 6 km of sediments (Bohnhoff et al., 2001; Kokinou et al., 2005, 2006; Pearce
etal., 2012). Measurements of magnetic remanence across the lonian sea yield model ages of 220 Ma to 230 Ma
(Speranza et al., 2012), making it one of the oldest preserved sea floors worldwide. In the north, the basement
crust of the Adriatic plate has a thickness of 19 km to 30 km, with a progressive thinning toward the Corfu
margin, and is covered by a 7 km thick carbonate platform (Finetti & Del Ben, 2005). This dichotomy results in
a southern oceanic slab that is 3 to 4 times more negatively buoyant than the continental slab to the north
and a current trench retreat of ~35 mm/yr in the south compared to the 4 mm/yr to 10 mm/yr in the north
(Royden & Papanikolaou, 2011; Vassilakis et al., 2011).

The differential rollback between the lonian and Adriatic slabs is accommodated by the KTF, a dextral fault
along which strong strike-slip earthquakes have occurred in the past (Karastathis et al., 2015; Sachpazi et al.,
2000; Shaw & Jackson, 2010). At the KTF, the trench is offset horizontally by 140 km (Royden & Papanikolaou,
2011). However, the slab top on either sides of the fault appears to be vertically offset by less than 20 km
in the 50-80 km depth range, suggesting an effective rollback of only 70 km in that part of the system
(Pearce et al., 2012). While the trench is well defined south of the KTF, it is mostly covered by sediments and
thus lacks a clear bathymetric signature to the north. Instead, the most prominent seafloor feature north of
the KTF is the Apulian escarpment, which runs in a northwestern direction and represents the edge of the
Adriatic (Apulian) microplate. As such, the Apulian escarpment represents the continuation, past the tip of the
KTF, of the boundary between oceanic crust of the lonian sea and the continental crust of the Adriatic plate
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Figure 1. Map of mainland Greece and the Western Hellenic Subduction Zone, showing major geological features and
the seismic stations used in this study. The inset shows an overview map of the eastern Mediterranean, with convergent
plate boundaries in blue, transform boundaries in red, and inactive boundaries in green. The yellow rectangle in the
inset marks the area shown in the main figure. Black numbers on white indicate the local coordinate system used

for our analysis, whose origin is located at station XS.5001 and which is rotated by 30° counterclockwise from east
(from a point at 39°N, 22°E), such that x increases in the direction of subduction dip and y increases along the strike

of the subduction zone toward NW. See legend for the description of other symbols and lines.

(Finetti & Del Ben, 2005). But unlike the KTF, which is very active seismically, the Apulian escarpment is
characterized as a passive margin without significant seismicity (Del Ben et al., 2015; Finetti & Del Ben, 2005).

Over the past 1-4 Myr, the KTF has connected to the North Anatolian Fault system through the so-called
Central Hellenic Shear Zone (Papanikolaou & Royden, 2007; Royden & Papanikolaou, 2011). This has split the
Aegean plate into a more active extensional backarc domain in the south than in the north. The Central
Hellenic Shear Zone comprises a region of immature strike-slip faulting, spanning from the Corinth rift
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to the Northern Gulf of Evia. It remains unclear whether shear deformation in the region is driven from the east
by the Anatolian plate or from below by differential slab retreat. At the edge of the extensional domain, the
Corinthriftis undergoing rapid extension at a rate of 10 mm/yr to 16 mm/yr, making it one of the youngest and
fastest spreading rift basins on Earth (Nixon et al., 2016). The crust there is extensionally thinned, with thick-
nesses ranging from 25 km beneath the eastern Corinth rift to 45 km below the central Hellenides mountains
(Zelt et al., 2005).

While the boundary between Adriatic and lonian slabs has been fairly well constrained at the surface via direct
observations, its structure at depth has been inferred mainly via geodynamic models until now. For example,
models of Royden and Papanikolaou (2011) that are based on the age and thickness of accreted sediments
suggest that lonian lithosphere has been subducting since ~8 Ma below the Peloponnesus, resulting in the
subduction of 300 km of lonian oceanic crust. This implies that the oceanic crust should have reached ~150 km
depth at 260 km horizontal distance from the current trench, assuming a shallow slab dip of 17° steepening
to 45° below 90 km depth (based on Papazachos et al., 2000; Pearce et al., 2012; Zhu et al., 2015, and this
study). The oceanic-continental plate boundary which subducts at the KTF should thus progressively bend
toward the east, as indicated by the red dashed line in Figure 1, to join with the putative boundary of the
subducted lonian crust. At depth, the differential rollback between the two slabs could be accommodated by
trench-normal tear, as has been suggested by Govers and Wortel (2005).

In addition to the structural differences described above, the transition from oceanic to continental sub-
duction should also cause variations in the amount of fluid that enters the system. Indeed, there is seismic
evidence that the Adriatic plate entering the WHSZ is drier than the lonian plate (Finetti & Del Ben, 2005;
Kokinou et al., 2005). This evidence is based on the detection of bending faults, which play an important role
in hydrating the crust and mantle of a slab prior to subduction. For the WHSZ, such bending faults that pen-
etrate the entire crust have been imaged in the lonian (Kokinou et al., 2005) but not in the Adriatic (Finetti
& Del Ben, 2005). This variation in hydration should have an influence on seismicity and magma generation
along the WHSZ, something that we investigate in more details with our new models.

The current Hellenic volcanic arc starts just south of the Corinth rift, on the Methana peninsula, and extends
for 500 km toward western Turkey. The arc includes the islands of Milos-Antimilos, Santorini, and Kos-Nisyros
and s Pliocene to modernin age (Rizzo etal., 2016). It is not clear why there is no volcanic activity beyond Milos
though, given that deep seismicity extends 150 km farther north along the strike of the WHSZ, suggesting that
the slab dehydrates over that region. Based on a correlation between the distribution of volcanic rocks and
the location of slab tears imaged by mantle tomography, Pe-Piper and Piper (2007) suggest that the current
volcanism occurs due to advection of lithospheric mantle and melting associated with slab tearing.

2.2. Slab Images

Images of the Hellenic subduction zone at depth have been obtained through a range of seismic methods.
These include seismic tomography at continental/mantle scales (e.g., Bijwaard et al., 1998; Koulakov et al.,
2009; Piromallo, 2003; Spakman et al., 1988; Zhu et al., 2015) and local scales (Lamara, 2015; Papazachos &
Nolet, 1997), receiver function studies (e.g., Gesret et al., 2011; Li et al., 2003; Sachpazi et al., 2016; Sodoudi
etal,, 2015), inversion of scattered teleseismic waves (e.g., Pearce et al., 2012; Suckale et al., 2009), active-source
reflection imaging (e.g., Finetti & Del Ben, 2005; Kokinou et al., 2005, 2006; von Huene et al., 1997; Zelt et al.,
2005), and refraction imaging (e.g., Bohnhoff et al., 2001). For a comprehensive overview of seismic studies
that have been conducted until now in the region, we refer the reader to Suckale et al. (2009) and Pearce et al.
(2012). Here we limit our review to those studies which are directly relevant to understanding the transition
from oceanic to continental subduction in the WHSZ.

Tomographic studies have imaged the structure of the Hellenic subduction zone over a wide range of scales.
Atsmall scale, local earthquake tomography images the slab as a high-velocity tabular feature that dips gently
from the surface down to 140 km depth (Lamara, 2015; Papazachos & Nolet, 1997). At larger scale, regional
and teleseismic tomography shows an ~150 km thick plate dipping at ~45° between 200 km and 1,200 km
depth (Bijwaard et al., 1998; Koulakov et al., 2009; Piromallo, 2003; Spakman et al., 1988; Zhu et al., 2015).
While the lower portion of the slab appears fairly continuous across the mantle transition zone and into the
lower mantle, the upper-mantle portion is discontinuous in most models beneath western Greece. Spakman
et al. (1988) and Wortel and Spakman (2000) have suggested that this gap represents a trench-parallel slab
tear which propagates from the north to the south.
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Methods based on teleseismic receiver functions yield higher-resolution images than tomography in the
0-200 km depth range. Two profiles showing the subducted crust beneath southern and northern Greece
were obtained by inversion of scattered teleseismic waves recorded at stations of the Multidisciplinary
Experiment for Dynamic Understanding of Subduction under the Aegean (MEDUSA) (see black lines in
Figure 1; Pearce et al., 2012; Suckale et al., 2009). In the south, the lonian crust is seen by Pearce et al. (2012)
as an 8 km thick low-velocity layer extending from 35 km depth beneath the coast to 90 km depth beneath
Attica. In the north, the Adriatic crust is also seen as a low-velocity layer, but it is much thicker (20 km) and
extends down to only 70 km depth (as imaged by S wave scattering potential 53/p). The termination of the
low-velocity signature at depth has been interpreted by Suckale et al. (2009) and Pearce et al. (2012) as rep-
resenting the transformation of crustal rocks into eclogite. Both the southern and northern segments dip at
the same angle of 17° toward an azimuth of 60 + 10°. Based on single-station receiver functions, Gesret et al.
(2011) resolved similar dips in the 16° to 18° range but on average more easterly azimuths between 50° and
70°. More recently, a series of receiver function profiles by Sachpazi et al. (2016) revealed that the lonian slab
appears to be segmented into 30 km wide strips that run parallel to the subduction direction. These segments
are delimited by vertical offsets of up to 10 km and are believed to be bounded by transform faults inherited
from a spreading ridge. The profiles of Sachpazi et al. (2016) also showed a bend in the slab at 60 km depth,
which is consistent with the geometry of the Wadati-Benioff Zone (WBZ) beneath the region (Hatzfeld, 1994;
Papazachos et al., 2000).

Active source seismic studies yield the highest resolution across the WHSZ, though their depth range is usu-
ally limited to the crust and uppermost mantle. These approaches are particularly useful to characterize the
slab before it reaches the trench. In the south, offshore surveys carried out in the lonian sea (Kokinou et al.,
2005,2006) imaged thin oceanic crust entering the trench near the KTF. Near the Mediterranean ridge, another
survey by von Huene et al. (1997) produced a 3-D image of what appears to be a mostly sediment-covered
seamount. Based on these and other onshore-offshore profiles across Crete (Bohnhoff et al., 2001), the crust
entering the trench in the southern part of the WHSZ appears to have an average thickness of 7 km and to
be clearly oceanic in nature. In contrast, to the north, offshore profiles across the Adriatic sea have imaged a
19 km to 30 km thick crystalline crust (Del Ben et al., 2015; Finetti & Del Ben, 2005) moving toward the trench.
Active source experiments have also been used to constrain the subducted slab at depth—for example,
Zeltetal. (2005) identified reflected signals from the top of the slab at 70 km depth beneath the Gulf of Corinth.

2.3. Slab Seismicity

Shallow seismicity is abundant nearly everywhere in Greece, while intermediate depth earthquakes
(deeper than 40 km) are confined to the slab. These intermediate depth earthquakes account for ~30% of
earthquakes above magnitude 5 compiled by the International Seismological Centre (2017) since 1960 for
the region. In western Greece, large earthquakes of magnitude M >6 occur both in the overriding and sub-
ducting plates (Durand et al., 2014). Two regions of the overriding plate that are particularly active seismically
are the Corinth rift and the KTF. Large earthquakes related to the subducting plate occur both at the subduc-
tion interface and at intermediate depth within the slab. Focal mechanisms of regional events are routinely
calculated by the National Observatory of Athens (NOA) (Konstantinou et al., 2010) for earthquakes down to
magnitude My, = 4. There are also more focused compilations of reviewed focal mechanisms by Shaw and
Jackson (2010) and Serpetsidaki et al. (2016). In general, subduction-related earthquakes are thought to result
from two main causes in the WHSZ.

1. The slab breaking up, plunging downward, rolling back, and slipping along the interface with the overriding
plate (Durand et al., 2014; Papazachos et al., 2000). This sequence of earthquakes includes normal faulting
in the slab and thrust faulting along the interface, with both types of faulting occurring in the direction of
subduction.

2. Compression parallel to the trench due to the convex shape of the slab, which results in arc-parallel thrusting
(Benetatos et al., 2004; Rontogianni et al., 2011).

Earthquake relocation studies have been carried out using increasingly widespread and dense seismic net-
works. An early investigation by Papazachos et al. (2000) showed a steepening of the WBZ at 70 km depth
below the Peloponnesus (Papazachos et al., 2000). Based on the newer earthquake catalogs, (Sachpazi
etal, 2016) suggested that intermediate depth earthquakes cluster along slab-parallel lines, possibly denot-
ing inherited transform faults. While these two studies relied on 1-D background velocity models, others
used more general treatments based on nonlinear inversion (e.g., Briistle, 2012) and/or double difference
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(e.g., Galanis et al., 2006; Karakonstantis & Papadimitriou, 2010). Still, none of these studies has yet tackled the
high degree of uncertainty related to deep earthquake locations in the WHSZ and their relation to structures
imaged by receiver functions.

3. Methods

In this study, we seek to improve earthquake locations and obtain 3-D models of P wave velocity and Vp/Vs
ratio for the WHSZ. To do so, we adopt a strategy that comprises three stages: (1) 1-D inversion of P and S wave
arrival times, to build a starting model for the tomography; (2) local earthquake tomography, in which we
invert Pand (S-P) wave arrival times to obtain 3-D velocity models of the subsurface; and (3) double-difference
relocation, to increase the accuracy of relative earthquake locations. Even though there exists a scheme that
combines stages 2 and 3 (tomoDD; Zhang et al., 2004), we opted for a stepwise approach. This gives us
access to improved forward solvers for the tomography and relocation. For the tomography, we use SIMULR16
(Bleibinhaus, 2003), an upgrade of the popular SIMULPS package (Eberhart-Phillips, 1990; Thurber, 1983;
Thurber & Eberhart-Phillips, 1999). While the ray tracer of SIMULPS was shown to be accurate for arrays
smaller than 50 km x 50 km (Evans et al., 1999), that of SIMULR16 can handle larger arrays such as ours,
which is 500 km x 500 km. To obtain relative earthquake locations, we use version 2.1D of the hypoDD
double-difference software package (Waldhauser, 2012). The advantage of this version is that it can handle
a 3-D background velocity model, in contrast to previous versions which used a 1-D model. This allows us to
use directly our resulting 3-D tomographic model to relocate the earthquakes. Below, we describe the three
stages of our analysis in more details.

3.1. One-Dimensional Velocity Inversion

In the first stage, we invert our arrival time observations to generate an optimal 1-D velocity model which we
then use as a starting model for the 3-D inversion. This is a key step as it has been shown that the results of 3-D
traveltime inversion are highly dependent on its starting model, and thus, great care should be placed into
determining this model (see, e.g., Kissling et al., 1994). Here we use the program VELEST (Kissling et al., 1994),
which inverts P and S arrival times for 1-D velocity structure and hypocenter coordinates using a damped
least squares iterative inversion scheme. VELEST also requires a starting model and an initial parameterization
(i.e., number of layers and layer thicknesses), which we set by combining information from various sources
in the literature. The crustal part is based on the 1-D model of Haslinger et al. (1999), which was obtained
by local earthquake tomography in the Gulf of Arta. Below the base of that model (45 km), we use velocities
from the global AK135 model (Kennett et al., 1995). As for the parameterization, we introduce thin layers close
to the expected average Moho depth from previous receiver function studies (Sachpazi et al., 2016), so that
VELEST can return a sharp velocity increase in that prescribed depth rage. The introduction of low-velocity
layers in the initial model is prohibited by VELEST, as such structure would produce 1-D solutions that are
more complicated than necessary.

3.2. Local Earthquake Tomography

In the second stage, we use SIMULR16 to iteratively relocate earthquakes and invert for the 3-D Vp and Vp/Vs
ratio structure. SIMULR16 employs a linearized damped least squares inversion scheme for perturbing an ini-
tial velocity model. A damping parameter is used to control the maximum perturbations per iteration, which
is usually determined from an L curve test to find the best trade-off between root mean square (RMS) residual
and data variance. The inversion is linearized through Fermat’s principle, which states that the ray’s traveltime
is stationary for small changes in the raypath (Bleibinhaus, 2003). And since only small changes of raypath are
allowed at each step, the data kernel G can also be assumed to remain constant within one iteration. Each iter-
ation updates the model parameters by a perturbation Am, which includes changes in Vp and Vp/Vs ratio from
the previous iteration models as well as station corrections. This perturbation can be expressed as follows:

Am = (G7G+©%) " x (6'Ad), m

where G is the data kernel, © is the damping parameter, £ is the error matrix, and Ad is the residual between
the current model’s synthetic traveltimes and the traveltime observations d. Hypocenters are relocated after
each update of the velocity model by individual least squares inversions for each earthquake. In both layers
of inversion, the iterative process is stopped either when a maximum number of iterations is reached (15 for
velocity models and 10 for hypocenters) or when an F test indicates that no significant improvement in data
residuals has occurred from one iteration to the next.
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At each update of the velocity model, raypaths are calculated through a process that combines an artificial
ray tracer (ART) and a pseudo bending ray tracer (PB) (as described in Um & Thurber, 1987). Our version of
SIMULR16 comprises two improvements that permit the accurate treatment of long raypaths (i.e., greater
than 80 km), which have been shown to introduce significant errors in the solution when using the tradi-
tional ART-PB approach (Haslinger & Kissling, 2001). First, it includes the modified ray tracer of Bleibinhaus
(2003), which improves the ART and includes an iterative segmentation during PB to compute the rays more
accurately in very heterogeneous areas. These changes increase computational cost, and they also improve
ART-PB’s accuracy by more than 1 order of magnitude for distances above 140 km (Bleibinhaus, 2003), which
benefits this study since many of our raypaths exceed this distance. Second, we implement a new correc-
tion to account for the sphericity of the Earth which, if ignored, can yield traveltime errors of upto 1-2's
for raypaths exceeding 500 km. We chose the “sphere-in-a-box” approach from Theunissen et al. (2018).
This approach calculates hypocenters and raypaths in a Cartesian coordinate system where the topogra-
phy, station locations, and initial hypocenters are converted from latitude, longitude, and depth to the local
left-handed Cartesian coordinates x (azimuth 60°), y (azimuth 330°), and z (down) (Theunissen et al., 2018).
This way, we can represent the subduction zone and related seismicity in their true geometry. It also lets
us build an initial 1-D velocity model that honors the geospherical shape, with an additional adjustment of
surface elevations based on the ETOPO1 topography model (Amante & Eakins, 2009).

In terms of parameterization, we use a variable grid spacing and a regridding strategy that help improve the
robustness of the final models. The SIMUL family of programs operates on a rectangular grid with variable
node spacing where inversion nodes can be turned on or off —with values at off nodes being interpolated
(Thurber & Eberhart-Phillips, 1999). This allows to vary the number of nodes as a function of ray coverage
(supporting information Figure S1), Fresnel zone size, and expected structure. For example, in our application,
we use a smaller node spacing in the crust to better implement the geospherical correction and improve the
recovery of the Moho. Nodes are automatically turned off when their derivative weight sum—a measure of
ray hits and residual —falls below a certain threshold (usually 10). This helps increase the determination ratio
(number of observations versus number of unknowns) and thus the robustness of the inversion. The overall
grid spacing is decreased over the course of the inversion to build robust starting models for progressively
detailed inversions. A first set of inversions is performed on a coarse grid (12 x 13 X 18 nodes), followed by
two additional sets with more refined grids (23 x 23 x 21 and 27 X 27 X 24 nodes; see Figure S1). The final
model of each set of inversions serves as the starting model for the next set.

Throughout the various inversion steps, the observations are weighted based on picking errors, event-station
offsets, and traveltime residuals. Picking errors are set at a constant value of 0.2 s for all observations
(see section 4 for further discussion). In terms of event-station offsets, observations made at offsets <100 km
receive a weight of 100%; those that are between 100 km and 400 km see a linear weight reduction between
100 and 50%, and those in the 400 km to 900 km range receive between 50 and 25%. Offsets above 900 km
are not considered. As for traveltime residuals, full weight is applied to observations that yield residuals <0.6 s.
Then the weights are reduced linearly from 100% to 2% for residuals between 0.6 s and 3.0 s and from 2% to
0% for residuals between 3.0 s and 7.0 s. No inversion data are discarded with this weighting strategy, since
our preprocessing already gets rid of arrival time picks that yield more than 5 s residuals after initial relocation
with a 1-D model.

3.3. Double-Difference Relocation

In the third stage, we improve relative locations of earthquake hypocenters computed in stage 2 by applying
the double-difference method of Waldhauser and Ellsworth (2000). Double-difference relocation considers
traveltime differences between pairs of nearby earthquakes. Owing to the earthquakes’ proximity, one can
assume that the raypaths connecting them to a given station are nearly identical except for the short segment
separating them and that the velocity is constant over that segment. Given these assumptions, the difference
in traveltime between the two events at a given station is only a function of their separation in space, and
a precise measure of this separation can be obtained via a quantity called the “double difference,” which is
expressed as follows (see Waldhauser & Ellsworth, 2000):

= (6-4)7" - (6-4)" @

where er is the double difference at station k for events i and j and t, andr/k are the traveltimes of the two
events at that station, which are either observed (“obs”) or calculated by ray tracing through a background
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velocity model (“calc”). Here we use hypoDD version 2.1D (Waldhauser, 2012) to calculate the raypaths and
traveltimes through our resulting 3-D model from stage 2. This yields more accurate traveltime values than the
original version of hypoDD, which relies on 1-D background models that cannot address the high level of het-
erogeneities found in subduction zones. With double differences from multiple stations and events, one then
forms a system of equations that can be solved for hypocentral parameters (i.e., perturbations Ax, Ay, Az, At
to the initial hypocentral locations that minimize the various double differences). This system of equations
can be solved either with a singular value decomposition algorithm for <700 events (threshold for this sur-
vey due to 32 bit memory restrictions), which allows accurate error estimation, or with the conjugate gradient
algorithm for a larger number of events.

4. Data

The data set used in this study consists of P and S wave arrival times for earthquakes that occurred beneath
the study area. It comprises a combination of our own manual picks from recordings made at tempo-
rary/permanent stations and arrivals from reviewed events located by the International Seismological Centre
(ISC) and the NOA. We consider only earthquakes that initial estimates place within our inversion domain—a
region encompassing all of mainland Greece and the Peloponnesus (Figure S1). We thus start with an initial
set of 3,063 earthquakes (see left panels in Figure S2 in supporting information) and follow a quality-control
workflow to extract events/data that will ensure robust inversion results. In this section, we describe how we
pick/integrate the arrival time data and how we select the high-quality data that we retain for further analysis.

We manually pick arrival times from ISC-listed events recorded between 2006 and 2009 by the MEDUSA
network and by available EGELADOS and NOA stations. We pick all deep events with magnitudes M >3, but
due to the abundance of shallow events, we limit our inversion data set to shallow earthquakes with mag-
nitudes greater than 4. All clearly visible P and S arrivals are picked in SEISAN (Havskov & Ottemdller, 1999),
and a four-level quality rating is applied: (1) clear impulsive, (2) clear emergent, (3) unclear emergent, character-
ized by significant variations in apparent arrival depending on filter frequencies, and (4) questionable arrival,
characterized by high noise levels, especially for S arrivals. We use these quality ratings to weight our picks in
the subsequent relocation and tomographic inversion, that is, by 100%, 50%, 25%, and 12.5%, respectively.
If possible, we pick these arrivals without filtering the seismograms, but weaker events often require a filter
with corner frequencies between 2 and 15 Hz.

Our data set is supplemented with ISC- and NOA-published arrival times from other stations in Greece and
Albania. These new data are selected by applying the following rules: (1) if picked by several agencies, the
arrival times of one event at a given station must not differ by more than 1's; (2) for two arrival times published
within that range, we choose the earlier arrival; (3) for three or more arrival times we choose the median value.
For a few publicly available permanent stations, we are able to compare our picks to the picks that other
agencies sent to the ISC. Comparing absolute differences, we find that these P picks (n = 1,041) deviate on
average by 0.45 s from our picks. Though this deviation may seem large, it is biased by picks associated with
noisy events recorded at large offsets. And since these long-offset picks are automatically downweighted by
the inversion (see section 3.2), the effective deviation on meaningful picks is in reality a lot smaller.

The robustness of the assembled arrival time picks is assessed through an initial set of hypocenter relocations
computed in SEISAN with a standard 1-D background velocity model. At this stage, we use three criteria to
further refine the events that will be used for tomographic inversion: (1) azimuthal ray coverage, (2) number
of observations, and (3) size and shape of the error ellipse. We do not apply hard limits on each of these selec-
tion criteria, as this would restrict our data set to earthquakes located directly below densely instrumented
areas. Instead, a more flexible selection helps us retain earthquakes located near the boundaries of the inver-
sion domain, particularly those offshore toward the trench. These events may yield slightly larger hypocentral
errors due to one-sided coverage, but they can considerably improve ray coverage in the deeper regions of
the tomographic model (Koulakov et al., 2009). In general, we try to avoid earthquakes that yield gaps in
azimuthal ray coverage greater than 180° but keep those for which all arrival time residuals were small (< 3 s)
and the hypocentral depth estimate appears robust (i.e., resolved with a clear global residual minimum at
this depth). This leads to a set of earthquakes with azimuthal coverage gaps that average 102.5°, in which
only ~13% have gaps larger 180°. All retained earthquakes are observed by at least eight stations, with an
average of ~28 stations per earthquake. Hypocentral errors are restricted to under 15 km and 20 km in the
horizontal and vertical directions, respectively, and preferably below 10 km in both directions for earthquakes
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that have comprehensive azimuthal coverage. After the event selection has been refined based on the three
criteria, we reject arrival time picks that consistently yield data residuals > 5 s after several (usually 8) rounds
of relocations and further data winnowing.

The resulting data set contains a total 42,512 picks (29,333 P and 13,179 S picks) of which 8,646 were picked
and weighted in this study. These stem from 1,070 events, which include 104 deep events published by
the ISC over the 1990-2006 period, 730 deep events published by NOA since 2008, and 235 ISC-published
events observed by the MEDUSA network. Given the multiple sources of data, it is difficult to determine a
consistent picking error that is useable to assess hypocenter errors in the subsequent analyses. Errors for our
manual picks are on average <0.1 s and 0.2 s for P and S waves, respectively (i.e., based on Diehl et al., 2002).
Thus, we choose the more conservative value of 0.2 s for all our picks to take into account the inclusion of
ISC and NOA data. This value is deemed conservative because it is at the upper range of picking errors used
in other comparable studies using similar inversion codes (0.03 s to 0.2 s; Eberhart-Phillips & Bannister, 2010;
Reyners et al., 2006). Though it is smaller than the average difference of 0.45 s observed between some of
our picks and ISC/NOA picks, the downweighting of long-offset observations should reduce this difference
to below 0.2 s. Nevertheless, to ensure that we do not misrepresent our uncertainties, we later discuss how
doubling this picking error affects hypocenter errors.

5. Resolution

In this study, resolution pertains to both the resulting velocity models and hypocenter locations. For the veloc-
ity models, we assess the resolution by conducting checkerboard tests and comparing the inversion results
of two independent data subsets. Here we only discuss the checkerboard tests. The inversion results of inde-
pendent data subsets (one based on our new picks and one based on data published by NOA since 2008)
and their comparison to the final model are described in the supporting information (see Figures S4 and S5).
This test demonstrates that the recovery of robust velocity features is independent of station setup, hypocen-
ter distribution, and picking source. With regard to hypocenter locations, we measure how errors decrease
progressively through the iterative relocation processes described in stages 1-3 of the section 3.

5.1. Checkerboard Tests

With the checkerboard tests, we assess how well an anomaly can be recovered as a function of its size, sharp-
ness, and location within the inversion domain. Since this is the most commonly used resolution test in local
earthquake tomography, the community has established standard guidelines. We follow those of Koulakov
etal.(2009) whenever they are compatible with SIMULR16's input and output structure. We start by creating a
series of models based on our final tomographic model, in which velocities are alternately perturbed by +5%
on grids of progressively decreasing mesh size, from 120 km x 120 km x 120 km to 30 km x 30 km x 30 km.
We then calculate synthetic traveltimes from this perturbed velocity model. To these synthetic traveltimes,
we add Gaussian-distributed random noise with a standard deviation of 0.2 s, our estimated picking error.
Lastly, we invert for velocity structure and hypocenter locations using our final tomographic model without
checkerboard perturbations as starting model.

The outcome of our resolution test is shown in Figure 2, where we display inversion results for the smallest grid
sizes which recovers the checkerboard structure adequately, that is, 45 km x 45 km X 45 km for P velocities
and 60 x 60 x 60 km for Vp/Vs ratio. These represent good estimates of the smallest structure we can expect
to image robustly beneath western Greece. As shown in the depth slices of Figure 2, the well-resolved volume
thins out with depth in regions where earthquake sources become confined to a narrow band. However, the
amplitude of the velocity contrasts is recovered accurately down to depths of 80 km.

5.2. Hypocenter Error Estimation

Since each stage of our stepwise inversion approach (1-D inversion, 3-D inversion, and hypoDD) relocates
hypocenters, we must start this section by discussing how the location uncertainties are computed in each
case. This is important because there are slight differences in how hypocentral errors are calculated at each
step. In general, the errors are estimated based on the solution misfit, that is, the traveltime residuals. These
residuals include both picking errors and errors associated with unmodeled velocity structure, and there is no
simple way to separate these two sources (Lienert & Havskov, 1995). Compared to the 1-D inversion, it is clear
that the 3-D inversion reduces significantly the occurrence of unmodeled velocities and thus reduces their
effects, while the double-difference scheme attempts to eliminate altogether the influence of the velocity
model by computing the relative earthquake locations within clusters.
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Figure 2. Checkerboard recovery test for P velocities and Vp/Vs ratios, shown along cross-sections A to F and at three horizontal depths slices. The uppermost row
shows the input perturbations used for the calculation of the synthetic data. The inversion grid shown on cross-section A and depth slice for 70 km (small gray
dots) is the same for all other sections. Station and cross-section locations are displayed on the z = 20 km and z = 45 km horizontal depth slices, respectively.

In all steps, the errors are calculated from the outer product of an SVD-derived general inverse operator and
the estimated variance
€ =G o4, (3)

where e; is the error of the ith parameter, C; is the outer product of an SVD-derived general inverse operator,
and o, is the data variance. What differs from one stage to the other is how the data variance is estimated. In
the 1-D inversion, it is calculated a posteriori from the solution misfit (Lienert & Havskov, 1995)

2
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where the solution misfit, S, is the sum of the weighted traveltime residuals, n is the number of observations,
and mis the number of degrees of freedom. In the 3-D inversion, the data variance includes an a priori estimate
based on the picking error in addition to the solution misfit (based on HYPOINVERSE; see Klein, 2002)

2 2 2
04" = €yt Cop - TMS,°, (5)

where e is the picking error, rms; is the RMS of the weighted data residuals, and c,,, is a weighting
parameter (Klein, 2002) which allows to adjust the influence of errors due to unmodeled velocity structure.
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Figure 3. Reduction of root mean square (RMS) traveltime residuals and hypocenter errors for each iteration of 1-D
inversion (stage 1), 3-D inversion (stage 2), and double-difference relocation (stage 3). The 3-D inversion is done for
three successively denser grids, as discussed in section 3.2. Double-difference results are shown for the largest cluster
of seismicity (n = 526 earthquakes) found by hypoDD. The percentages indicate the share of differential traveltimes
that are included in each iteration of the hypoDD relocation.

Assuming that the 3-D inversion reduces that influence considerably, we choose a weighting parameter of
0.5 in accordance with Evans et al. (1999). This choice ensures that hypocentral errors still depend on how
good the fit to the data is, while preventing reading errors to be mapped into the hypocentral error twice.
In hypoDD, the variance is calculated solely based on the RMS of the weighted data residuals for differential
traveltimes (Waldhauser & Ellsworth, 2000).

Taking into account these definitions of hypocentral relocation errors, we find that our errors are reduced by
approximately an order of magnitude from ~7 km at the outset of stage 1 to ~#500 m for the best resolved
cluster at the end of stage 3 (see Figure 3). The initial error is already quite small owing to our strict selec-
tion of well-locatable earthquakes for tomography. From Figure 3, we observe that the errors are reduced
by approximately 25% in the 1-D inversion (stage 1), 25% in the three stages of 3-D inversion (stage 2), and
a further 50% in the double difference relocation. It is important to note here that the hypocenter catalog
obtained at the end of the 3-D inversion provides absolute locations, which allows us to assess where the
earthquakes occurred relative to the main structures of the system (e.g., subduction interface, subducted
Moho). Double-difference relocation, on the other hand, improves the relative hypocenter accuracy and gives
us an idea of the finer structures (e.g., active faults) along which these earthquakes occur.

As described in equation (4), the hypocenter errors calculated in the 3-D inversion depend on an assumed
picking error, which we set at 0.2 s based on our manually picked arrivals and previous applications of the
SIMULR package (see section 4). But since there are inconsistencies >0.2 s between our manual picks and
ISC/NOA picks, we must assess the effects of considering larger picking errors. We find that a doubling of the
picking error results in hypocentral errors 1.5-2 times larger than those presented above. At the end of the
3-D inversion, the estimated hypocentral errors for ey = 0.2 s are 1.5 km in the vertical direction and 1 km in
the horizontal direction, which would be doubled to 3.0 km and 2.0 km for e,y = 0.4 s. However, even with
these conservative estimates, we should be able to determine where the earthquakes occurred relative to the
main structures of the system, which are resolved with a similar degree of resolution by teleseismic scattered
wave imaging (Pearce et al., 2012; Suckale et al., 2009).

6. Inversion Results

In this section, we first describe the new 1-D velocity models of the WHSZ generated by our analysis and com-
pare them to our starting 1-D model. Then, we present the 3-D velocity models and relocated hypocenters for
western Greece, focusing on the features that are deemed robust based on our resolution tests (see section 5.1
and supporting information).
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Figure 4. Comparison of 1-D velocity models. “Initial 1-D” denotes the initial model based on the model of Haslinger
et al. (1999) for the crust and the AK135 model (Kennett et al., 1995) for depths below 45 km. “VELEST 1-D” is the final
model based on the 1-D inversion done with program VELEST (Kissling et al., 1994) in stage 1. “Average 3D" isa 1-D
velocity model constructed by taking a depth-averaged model through the final 3-D velocity model obtained at the
end of stage 2.

6.1. Velocity Inversion

6.1.1. One-Di ional Velocity Model.

Our analysis workflow generates two new 1-D velocity models for the study area: (i) a layered model obtained
by the 1-D inversion in VELEST at stage 1 and (ii) a model calculated by averaging velocities within depth
slices through the final 3-D velocity model obtained at stage 2. These new models are plotted in Figure 4,
in conjunction with the starting 1-D model that was used for the inversion (see section 3.2). Compared to
the starting model, our new layered 1-D velocity model exhibits more pronounced velocity gradients at layer
boundaries, especially at 15 km to 20 km and 38 km to 40 km depths, with velocities that are greater in the
upper crust and comparable in the lower crust. Velocities in the upper mantle are 3% to 7% higher than
those from the AK135 model, something that might be due to the existence of a cold (i.e,, fast) dipping slab
across a large portion of the imaged volume. For its part, the depth-averaged 1-D model tends to follow
more closely the starting model in the crust and the new 1-D layered model in the mantle (with velocities
higher than AK135). But in contrast to both the starting and the new 1-D layered models, the depth-averaged
model is very smooth, reflecting the fact that it averages over laterally variable structures associated with the
subduction system.

6.1.2. Three-Di ional Velocity Model.

The results of our 3-D local earthquake tomography of western Greece are presented as trench-normal ver-
tical sections (A-A’ to F-F/, Figures 5 and 6) and horizontal depth slices (15 to 80 km depth, Figures 7 and 8)
through the final Vp and Vp/Vs ratio models (a set of trench-parallel sections is also shown in Figure S6 of the
supporting information). The Vp model shows a dichotomy between a low-velocity upper layer representing
generally the overriding crust (top layer, 0 km to 40-60 km, Vp< 7.5 km/s) and a high-velocity lower layer
representing the mantle (bottom layer, Vp> 7.8 km/s on average). The interface between crust and mantle is
not as clear in the Vp/Vs model, but the upper crust exhibits generally higher Vp/Vs ratios (1.85 to 1.95). Five
outstanding features of interest in the velocity models are marked with roman numerals |-V in Figures 6-8.

1. Alocalized thickening of the top layer down to ~#60 km depth within the collision zone, with a rapid thinning
to ~35 km depth on both sides. North of the KTF (cross-sections A and B), this feature appears to be offset
by 40 km toward the backarc relative to its southern counterpart (c.f, cross-sections C-F).

2. Alow-Vp (7.0-7.8 km/s) layer dipping at 20° toward the NE and extending from 40 km to up to 90 km depth.
This low-Vp layer appears most clearly in the center of the imaged domain (sections C-E) but is generally
visible in all the cross sections. To the north, the velocity contrast marking the top of the layer becomes
less sharp, but the bottom of the layer remains clearly demarcated from the underlying higher-velocity
mantle (see, e.g., Figure 6 B). Below the central and southern Peloponnesus (6 E-F), the low-Vp layer appears
somewhat interrupted at 60 km depth.
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Figure 5. Map of mainland Greece and the Western Hellenic Subduction Zone showing the locations of cross sections
and relocated hypocenters. Parallel black lines with labels A-A’ to F-F/ indicate the locations of the cross sections
through the final 3-D velocity models shown in Figure 6. Colored circles represent earthquakes with depths greater than
25 km that were relocated in this study. The circles are color coded by depth, and their size is proportional to
earthquake magnitude. See legend for the description of other symbols and lines.

3. A high-Vp (8.4 km/s to 8.9 km/s) dipping layer directly underlying the low-Vp dipping layer described in
the previous point. This layer is observed from 50 km to 180 km depth and appears to extend beyond the
bottom of the imaged volume.

4. A low Vp/Vs ratio anomaly (down to ~1.64) located mainly in the lower part of the overriding crust, with
some excursions into the mantle wedge and upper crust. It stretches 75 km from the suspected plate
interface toward the arc and is 15 km thick where sharply imaged. The contrast between the anomaly
(low Vp/Vs) and the upper crust (high Vp/Vs) is greatest below the northwestern Peloponnesus (Figure 6 C
and D).

5. A high Vp/Vs ratio anomaly (up to ~1.85) located just above the WBZ in the southern sections (C-F). The
feature has the largest amplitude in section E, below the central Peloponnesus, and extends all the way to
the southern boundary of the study area.

Features VI-VIll are addressed in the description of hypocenters and in section 7.

6.2. Hypocenters
The earthquakes that were relocated beneath the WHSZ as part of this study are shown in Figure 5 (full set
in map view), Figure 6 (subsets in cross sections), and Figures 7 and 8 (subsets in horizontal depth slices).
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Figure 6. Cross sections through the final 3-D Vp and Vp/Vs ratio models. Locations of the cross sections are indicated

in Figure 5, and the reference axes for the coordinate system (x,y) are shown in Figure 1. Black dots represent relocated
hypocenters at two different stages of the analysis: the left column shows hypocenters after double difference relocation
(stage 3), whereas the right column shows hypocenters after 3-D inversion of traveltimes (stage 2; see Figure S2 for a
further comparison of hypocenters during each stage).

All these maps and cross sections show earthquake locations obtained at the end of stage 3 in our analysis
workflow (i.e., double-difference relocation), except for the cross sections in the right column of Figure 6,
which shows earthquake locations obtained after stage 2 (3-D inversion). The reason for showing hypocenters
from stages 2 and 3 side by side is to assess the improvements associated with double-difference relocation
(all incremental differences from before stage 1 to after stage 3 are described in the supporting information,
with Figure S2 showing earthquake locations and hypocentral errors from each stage). When comparing the
left and right columns of Figure 6 (see also Figure S2), we note that the improvements in relocation due
to hypoDD relocation are subtle, that is, the overall hypocenter distribution looks very similar compared
to stage 2, but closer inspection reveals that the double-difference relocation tends to collapse clouds of
earthquakes into more confined planes of seismicity (likely representative of faults).
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Figure 7. Horizontal depth slices through the final 3-D Vp model with superimposed seismicity. Magenta dots indicate
hypocenters relocated by double difference within each depth slice. Black lines mark the locations of the cross sections
shown in Figure 6, for comparison. The large, coherent low-velocity feature is interpreted as the subducting crust
dipping toward the NE. It is deformed at 38°N, probably due to a higher rate of rollback in the south compared to the
north. Here we chose to plot velocity perturbations to highlight imaged structures. For direct comparison with cross
sections, depth slices showing absolute P velocities are presented in Figure S7 of the supporting information.

From Figures 5 and 6, we note that the relocated earthquakes form a relatively narrow dipping band which
follows the expected path of the subducted slab and thus outlines a well-defined WBZ in the southern portion
of the system. This WBZ reaches a maximum depth of 185 km in the south, beneath the Cyclade Islands. In this
southern part of the model, there is an apparent bend in the WBZ at 80 km, marking a dip increase from 20°
above to 60° below (see feature VI in Figure 6). Simultaneously, the WBZ becomes thinner below that bend.
Moving northward, the lower end of the WBZ rises progressively to a minimum depth of 60-70 km beneath
a region encompassing the Gulf of Corinth and the Northern Gulf of Evia, before it plunges again toward the
north, forming a V-shaped gap in deep seismicity (see red dashed line in Figures 5 and 11). Below this central
region, the WBZ also appears to migrate slightly toward the backarc from south to north (compare profiles C
and B in Figure 6). We observe a possible bend of the WBZ at ~60 km depth in profile C (i.e., shallower than
to the south), but this feature is not well constrained due to the limited number of earthquakes outlining the
deeper segment of the WBZ. Farther north, the well-defined WBZ disappears almost completely and quite
abruptly along a SW-NE line coinciding with cross-section B in Figure 5. Beyond this point, only a handful of
intermediate depth events have occurred during the time period of our study.

Within the region where the WBZ is well defined, two earthquake clusters stand out from the general intraslab
seismicity. The first cluster is located directly below the southern receiver function migration line (feature VI,
in section E of Figure 6). In this cluster, earthquakes form a rough plane that has a dip of ~60° and extends
above the low-velocity layer, between 40 and 60 km depth. There is very little intraslab seismicity trenchward
of this cluster. The second cluster is located beneath Leontio in the northern Peloponnesus (feature VIII, in
section C of Figure 6). This cluster is more cloud shaped than the first one and appears to be divided into two
subclusters. It has a height of 20 km, a width of 30 km, and extends from 40 km to 60 km depth. We also note
that it is located near the apex of the V-shaped seismicity gap discussed above (see Figure 5).

7. Discussion

In this section, we interpret our velocity models and relocated earthquakes in conjunction with previous seis-
mic results obtained in the region. We rely particularly on constraints provided by the high-resolution 2-D
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Figure 8. Horizontal depth slices through the final 3-D Vp/Vs ratio model with superimposed seismicity. Magenta dots
indicate hypocenters relocated by double difference within each depth slice. Black lines mark the locations of the cross
sections shown in Figure 6, for comparison. The high Vp/Vs ratio anomaly centered below the Saronic Gulf at 80 km
depth might represent hydrated, partially melted material in the mantle wedge which feeds the overlying volcanic arc
(red triangles). Regions of low Vp/Vs ratios occur in the overriding forearc crust (see, e.g., anomaly labeled V), especially
to the north of 38°N (at 50 km depth).

images from scattered teleseismic waves, obtained by Suckale et al. (2009) and Pearce et al. (2012) with an
inversion technique based on the Generalized Radon Transform (GRT-RF). Side-by-side comparisons and maps
integrating the various results are shown in Figures 9-11. Figure 9 shows both the tomographic Vp model
and GRT images, which we remigrated with the depth-averaged 1-D velocity model from this study (Figure 4).
Compared to the previous images of Pearce et al. (2012), the only change is an upward shift of the slab
structure by up to 3 km. From the tomographic models, the GRT-RF images, and from the 3-D receiver function
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Figure 9. Comparison of Generalized Radon Transform images (Pearce et al., 2012) and tomographic models along the
northern and southern lines of the MEDUSA experiment. Only P wave scattering potential (5« /a) and P velocities are
plotted, together with earthquakes relocated by double difference. The black solid lines indicate the interpreted
overriding Moho, slab top, and subducting Moho.
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7.1. Subducting Crust and Seismicity
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Figure 10. Depth contours of the subducted Moho from 3-D tomography mantle wedge (Figure 6, features Il and V). The apparent termination depth
and comparison with previous receiver function studies. The background of 90 km is very similar to that found by Pearce et al. (2012) and Sachpazi
contours and color map indicate the depth to the subducted Moho from et al. (2016), where the subducting crust or Moho, respectively, could be

our resulting 3-D Vp model. The light, transparent boxes overlaying the base
map show subducted Moho depths from the 3-D receiver function study of
Sachpazi et al. (2016), while the boxes with white lines (one in the south and

imaged to about 100 km depth. Below this depth, earthquake hypocenters
occur along a much steeper trend of 60°. This agrees well with the results

one in the north) show the subducted Moho depth from the Generalized of Papazachos et al. (2000) where a bend in the WBZ is inferred at 100 km
Radon Transform images of Pearce et al. (2012). A comparison of the various  depth. Imaging this bend in the slab structure has proved challenging, as
results reveals deviations that are generally less than +5km, except forafew  shown by both the weak recovery of velocity contrasts below 90 km in this

receiver function profiles from Sachpazi et al. (2016) which show a
subducted Moho that is ~10 km deeper beneath the Gulf of Corinth.

study and the RF studies of both Pearce et al. (2012) and Sachpazi et al.
(2016). The velocity contrast along a steeply dipping slab is hard to recover
with RF techniques due to the conflict between the limited aperture of the
seismometer arrays and the wide-angle conversions along steeply dipping features (MacKenzie et al., 2010).
While Sachpazi et al. (2016) place the slab bend at 60 km depth, Pearce et al. (2012) do not capture any bend in
the slab down to the termination of the LVL at 100 km. Although recovery of structures through tomography
is also hampered at this depth due to the ray coverage and source distribution (as shown by the checkerboard
tests), our images do show a velocity contrast following the steepening trend of the WBZ down to 150 km
depth and beyond. This increase in velocity from the mantle wedge to the slab across this trend suggests that
we do recover some slab structure reflecting the eclogitized crust below 90 km. Thermal-petrological mod-
els predict that the basalt-eclogite transition occurs over a large depth range (van Keken et al., 2012) so we
would perhaps expect a more progressive fading of the LVL here. However, imaging a thinning and hydrated
subducting crust is challenging when the slab steepens at the same time.

Previous regional and teleseismic tomographic models (Koulakov et al., 2009; Piromallo, 2003; Spakman et al.,
1988; Zhu et al., 2015) suggest a general slab dip of 45° below 100 km. This contrasts with our observation of
the 60° dip for the deep part of the WBZ. While the thinning and steepening of the WBZ may be due in part
to the bending of the slab, it also suggests that seismicity follows a path that is deeper in the slab and oblique
to the subduction interface at this depth. This path could follow the phase boundary between blueschist
and eclogite, which can result in a thinning of the seismic zone as shown by van Keken et al. (2012). Upon
complete eclogitization of the crustal material, there is much less fluid available beyond that depth, which
limits the potential occurrence of dehydration embrittlement and associated intermediate depth earthquakes
(see Figure 12). The shape of this phase change is a result of the subducting crust being heated from the top;
thus, material closer toward the bottom of the subducting crust only reaches the temperatures required for
the phase transition at greater depths. It is not perfectly understood why the steepening of the slab occurs
at eclogitization depth, but this phenomenon has been observed in many subduction zones and may be
related to the sudden density increase at that depth (Klemd et al.,, 2011). While the thinning of the WBZ occurs
over a depth range between 80 km and 180 km in the south, this depth range is much shorter north of the
Gulf of Corinth: instead of thinning out, seismicity is more intense at a depth of 90 km. This clustering of the
deepest intermediate depth seismicity has been observed in Japan, where Nakajima et al. (2013) postulated
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Figure 11. Three-dimensional block model of the subduction interface and seismicity based on the results obtained in
this study. The subducting oceanic crust of the lonian plate is dark blue, while the subducting continental crust of the
Adriatic plate is in brown. Variable shading on the interfaces represents relief, with oblique illumination from a light
source to the right of the model. The magenta solid lines mark large strike-slip faults, including the Kephalonia
Transform Fault and the western tip of the North Anatolian Fault. The magenta dashed line marks the putative boundary
between oceanic and continental slabs based on the contrast in seismicity (though apparent changes in the slab’s
tomographic response could also be used to constrain this boundary, we refrain from doing so as there is a progressive
change in resolution associated with the contrast in seismicity between north and south; see Figure 2). Relocated
hypocenters are indicated by red spheres, with size corresponding to magnitude. The green spheres are hypocenters
projected onto the slab top surface. Red dashed lines indicate the outline of a V-shaped seismic gap believed to be
associated with a broad zone of deformation in the oceanic slab.

that the cause may be the differential stresses induced through the volume change which accompany the
basalt-eclogite transition. These different styles in the termination of the WBZ across the study region likely
show that the thermal state of the subducting crust varies considerably between the south and north.

Earthquakes in this region occur along a thin, single-planed WBZ (instead of a double seismic zone) and
are largely restricted to the southern part of the system. Nearly all the earthquakes map directly into the
low-velocity subducting crust. Seismicity within the subducting mantle is nearly absent, but a few such events
do occur in the south of the imaged domain (Figure 6 cross-section F). In this region south of mainland Greece,
biased station coverage might have caused an increase in depth errors. If these are true mantle earthquakes,
occurring below the main plane of seismicity within the subducting crust, this second plane would be offset
by only 212 km. Since double seismic zones are generally expected to have a separation distance of more than
35 km (Brudzinski et al., 2007) for a plate age such as the lonian of 230 Ma (Speranza et al., 2012), we assume
that the WBZ in our study region consists of only one plane of seismicity (equivalent to the upper plane of a
double seismic zone).

Along strike of the subduction zone, seismicity decreases abruptly toward the north, along a trench-
perpendicular line extending from the KTF toward the backarc (see map of relocated seismicity in Figure 5).
Deep earthquakes are nearly absent north of that line. However, there are a few robustly located earthquakes
that occur between 40 km and 70 km depth in the Adriatic subducting crust (see the nine earthquakes with
depths >40 km observed north of line B-B’ in Figure 5). The existence of these earthquakes lends indepen-
dent support to mounting evidence that active subduction is currently taking place north of the KTF. As
the KTF marks the boundary between drier continental crust in the north and wetter oceanic crust in the
south, we can further hypothesize that the difference in composition and metamorphic state of the sub-
ducting crusts might be responsible for the aseismicity in the north. The GRT image in Figure 9 A shows
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Figure 12. Conceptual model of quartz enrichment in the overriding lower forearc crust in Greece, after the model
proposed for Cascadia by Audet and Biirgmann (2014). Compared to Cascadia, the Western Hellenic Subduction Zone is
a much colder subduction zone. That means that the subducting crust is dehydrated and transformed to eclogite at
larger depths. It also leaves a larger piece of intact, impermeable subduction interface to guide fluid migration to the
forearc. Thus, less mantle wedge hydration and more quartz enrichment in the forearc occur.

that the low-velocity layer extends to 90 km depth (as imaged by P wave scattering potential), some 20 km
below the deepest earthquakes in the north. That could imply that unmetamorphosed crust is stable to
depths beyond where earthquakes occur, possibly because there is not enough water to facilitate prograde
metamorphism (Austrheim, 1987) and trigger earthquakes.

The two intense clusters of seismicity (Figure 6 features VIl and VIl and Figure 9) that stand out above the
average WBZ seismicity are striking, because they seem to occur within and up to 15 km above the subduct-
ing lonian crust (see Figure 6 C, E). This would mean that some of these earthquakes occur in the mantle
wedge, which is not expected from the current models for intermediate depth seismicity. Even though the
mantle wedge is usually assumed aseismic, we note that earthquakes within the mantle wedge have been
discussed in Japan (Uchida et al., 2010) and New Zealand (Davey & Ristau, 2011). In Japan, it has been sug-
gested that earthquakes occur in detached, subducted seamounts (Uchida et al., 2010). In New Zealand, it has
been hypothesized that earthquakes are associated with the boundary of the serpentine stability field within
the mantle wedge (Davey & Ristau, 2011). At this point, we are unable to say whether these clusters indicate
one or another of these processes, but the matter is the subject of ongoing work.

7.2. Fluid Flux and Metasomatism

Now that we have established where the dehydration and eclogitization of the slab occur based on our Vp
models; we can look into what happens to the released fluids and the effect they have on the composition
of the mantle wedge and the forearc crust. To do this, we focus on Vp/Vs images, as these are particularly
sensitive to variations in porosity, fluid/melt content, and fluid pressure (Unsworth & Rondenay, 2013).
7.2.1. Evidence for Free Fluids or Melt

High Vp/Vs ratios are indicative of water-rich fluids or melts. We find a high Vp/Vs ratio in one location in the
subarc mantle wedge, clearly limited to along the strike of the subduction zone (Figure 6 V). Within this part of
the subduction zone, right above the slab at 80 km depth, the Vp/Vs ratio increases to 1.86 from an average of
1.77. This anomaly coincides with the disappearance of the low-velocity subducting crust (Il) and the bend
of the WBZ (VI) throughout the southern part of the slab. The variable amplitude of this anomaly along strike
of the WHSZ suggests that dehydration and fluid flux vary strongly along strike as well. As the Quaternary
volcanic arc of the WHSZ does not continue north of where the anomaly appears strongest, we suspect a
possible correlation between the amount of slab dehydration and volcanism in this area. However, we do note
that active eclogitization reflected in deep earthquake clusters also occurs farther north, which would release
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fluids in areas where we do not image high Vp/Vs anomalies. We do not know what happens to these fluids
in the north; they are possibly released at depths where the mantle wedge is too cold to allow melting, but
both the hydration of the cold mantle wedge corner and updip migration through the subducting crust are
possible scenarios.

7.2.2. Hydration of the Mantle Wedge Corner

Where temperatures are too low for dehydration-derived fluids to fuel melting below the arc, fluids might
either hydrate the cold mantle wedge corner or migrate farther updip. During hydration of the cold mantle
wedge corner, chlorite and serpentine in particular are formed. These exhibit high anisotropy, low density,
low seismic velocities, and high Vp/Vs ratios in comparison to mantle peridotite.

Evidence for serpentinization has been found for the cold corner of the Hellenic mantle wedge (Olive et al.,
2014; Sodoudi et al., 2015). But unlike more extreme cases such as Cascadia, where serpentinization is so
extensive that it causes an inversion of the Moho seismic impedance contrast (Bostock et al., 2002), the
WHSZ exhibits only moderate signs of serpentinization. Indeed, the GRT images of Suckale et al. (2009) and
Pearce et al. (2012) found only a small weakening in the Moho's signal above the mantle wedge beneath the
Peloponnesus. The pattern of seismic anisotropy within the backarc that Olive et al. (2014) recovered sup-
ports at least a thin layer of serpentine at the top of the subducting crust. Our results show low velocities
only within the very tip of the mantle wedge when we assume the wedge’s location from Pearce et al. (2012;
see Figure 9). The resolution of our tomography is likely inferior to the GRT images, and the low velocities
could be smeared between the thickened overriding crust and the subducting crust. However, the Vp/Vs
ratio shows locally pronounced, low values of 1.65 within the lower overriding crust, stretching into the cold
corner of the mantle wedge. These low Vp/Vs ratios are not compatible with a dominant presence of ser-
pentine, and neither is P velocities above 8 km/s, which are typical of mantle peridotite. The high velocities
thus indicate a rather dry mantle wedge corner. This fits well with a recent estimate of less than 5% man-
tle wedge hydration for the Hellenic, and many other comparable subduction zones, based on their water
budget (Abers et al., 2017).

7.2.3. Silica Enrichment of the Lower Forearc Crust

In our tomographic model, the low Vp/Vs feature (Figure 6 V) extends from the subduction interface toward
the arc, suggesting that the lower crust has been altered by subduction-derived material. With its low bulk
Vp/Vs ratio and Poisson’s ratio, quartz is the most likely abundant mineral to explain an exceptionally low bulk
Vp/Vs ratio over such a large region (Hyndman et al., 2015). This kind of silica enrichment has been proposed
based on similar tomographic evidence for the Cascadia subduction zone by Ramachandran and Hyndman
(2012). According to the conceptual model of Audet and Biirgmann (2014) and Hyndman et al. (2015),
large quantities of quartz (possibly even its  phase) are precipitated in veins in the lower overriding crust by
fluids that are derived from the subducting crust and migrate updip. This updip migration path may be par-
ticularly favored over migration to the mantle wedge in the case of an undamaged, impermeable interface.
Precipitation is thought to occur at the interface between the subducting and overriding crust, which exhibits
a higher permeability than the deeper subduction interface below the mantle wedge. A possible field analog
has been described by Breeding and Ague (2002) in New Zealand. There, large amounts of quartz have been
precipitated in veins in a comparable, now exposed, forearc environment.

How much silica can be transported depends on silica solubility, which is controlled by temperature. An
aqueous fluid in equilibrium with quartz-bearing rocks contains more silica at high temperatures than at low
temperatures (Manning, 1994). But the source of quartz is uncertain. For Cascadia, Hyndman et al. (2015) sug-
gest that both metamorphosed silt- and sand-rich rocks and metamorphosed basalts might provide soluble
quartz. In comparison to unaltered basalt, metamorphosed blueschists can contain modal quartz together
with low-silica minerals, according to Peacock (1993).

If the anomalous Vp/Vs ratio in the lower overiding forearc crust does indeed represent a region of silica
enrichment, then it would be a considerably larger volume than has been inferred in Cascadia by Audet and
Biirgmann (2014), Hyndman et al. (2015), and Ramachandran and Hyndman (2012). In the WHSZ, the low
Vp/Vs ratio spans a region of up to 80 km between subduction interface and toward the arc rather than half
that size as conceptualized for Cascadia. Requiring dehydration-derived fluids for the silica transport, this large
area of quartz deposition in the WHSZ conflicts with the interpretation of little fluid transport to, and little
hydration of, the cold mantle wedge corner.
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Two causes might help explain this discrepancy of large amounts of precipitated quartz, but low mantle
wedge hydration in the WHSZ (see sketch in Figure 12).

. The WHSZ possesses an unusually large sedimentary prism, with 8 km of sediments on top of the crystalline
oceanic crust, compared to a global average of 3.5 km for accretionary subduction zones (Clift & Vannucchi,
2004). Combined with a larger-than-usual thickness of subducted sediments (1 km compared to a global
average of 0.3 km; Syracuse et al., 2010), there is a large source for quartz solution available. This source is
notably larger than in the Cascadia subduction zone, where 2 km of sediments lies on top of the subducting
plate and 0.4 km of sediments is subducted (Syracuse et al., 2010).

. Estimates of the amount of hydration in the mantle wedge corner and of silica transport assume only ver-
tical migration of dehydration-derived fluids. In reality, fluids might migrate considerable distances updip
within the subducting crust due to an impermeable plate interface. The plate interface might be sealed
where it is unaffected by metamorphic reactions that are accompanied by volume changes— particularly
the blueschist to eclogite transition. In Cascadia (a hot subduction zone end member with profound man-
tle wedge hydration), these metamorphic reactions occur at much shallower depths and closer to the cold
mantle wedge corner than in the colder WHSZ. The weak, shallow subduction interface could allow fluid
migration to the cold mantle wedge in Cascadia. Meanwhile in Greece, fluid migration might be prohibited
by an intact seal formed by a low-permeability plate interface reaching down to greater depths. Thus, less
mantle wedge hydration but more silica transport might still be compatible.

N

We thus argue that fluids fluxed from the subducting oceanic crust may have transported silica to the over-
riding forearc crust of the WHSZ. This might have a strong effect on the rheology of the plate interface: Audet
and Biirgmann (2014) showed that short recurrence intervals of episodic tremor and slip correlate with high
Vp/Vs ratios in the forearc crust. Based on this relationship, we expect that episodic tremor and slip behavior
would exhibit short recurrence intervals in the WHSZ. Future research will need to evaluate this prediction, as
no episodic tremor and slip has been observed in the WHSZ to date.

7.3. Transition Between Continental and Oceanic Slab

Both our tomographicimages and the relocated hypocenters shed light on the characteristics of the transition
between oceanic subduction in the south and continental subduction in the north. These new observations, in
conjunction with results from previous imaging studies, suggest that there is a sharp transition in crustal type
below the KTF at depth but that the zone in which the slab is deformed due to differential rollback between
south and north stretches over an area spanning the whole Central Hellenic Shear Zone (CHSZ). Here we
will discuss the likely mechanisms of slab deformation in the WHSZ. We base this discussion in Figure 10,
which shows the depth contours of the subduction interface, and Figure 11, which shows the spatial relation
between the subduction interface and seismicity in a 3-D model.

7.3.1. Is There a Trench-Parallel Slab Tear?

A trench-parallel slab tear propagating from the north to the south has been suggested by mantle-scale
tomography studies, which diffusely imaged an intermittent slab in the north (e.g., Bijwaard et al., 1998;
Koulakov et al., 2009; Spakman et al., 1988; Zhu et al., 2015). The disturbance appears at a range of depths:
in Spakman et al. (1988), the anomaly is discontinuous at 180 km to 250 km depth, in Koulakov et al. (2009)
at 300 km to 500 km depth, and in the EU60 velocity model published by Zhu et al. (2015) at 200 km to
400 km depth. The P wave model of Piromallo (2003) does not show a disturbance. Spakman et al. (1988)
suggest that the tear reaches the southern Peloponnesus in their model, while the model of Zhu et al.
(2015) suggests that the tear affects the slab north of Greece. Based on their tomographic results, Wortel
and Spakman (2000) discussed the development of slab detachment and the propagation of trench-parallel
tears in the Mediterranean as a necessary consequence of the Tethys closure. They suggest that a slab tear
is propagating from the north to the south, which would fit in well with the current understanding of a
light, continental crust withstanding subduction in the north and a dense oceanic slab pulling in the south
(Royden & Papanikolaou, 2011).

Although our tomographic study does not reach the depths of the inferred tear, we can look into our results to
see if any observations are consistent or inconsistent with the presence of such a tear. Hypothetically, the ter-
mination of slab seismicity could mark the location where the deeper slab has been detached. Detaching the
slab would remove slab pull forces which might be required for intraslab earthquakes. With the disappearance
of slab pull, rollback should stop where the slab is detached —which is the case in northern Greece.
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However, the pattern of intermediate depth earthquakes and the geological history of the KTF are not con-
sistent with being directly affected by a trench-parallel slab tear. First, seismicity within the subducting crust
up to the KTF is well distributed, while one would expect to find earthquake clusters and swarms in regions
where the slab tear is propagating (Meighan et al., 2013). Neither seismicity, focal mechanisms nor a o3-axis
subparallel to the slab dip (Rontogianni et al.,, 2011) indicates an anomalous stress field that could be associ-
ated with the tip of a slab tear. Second, the proposed location of the tip of the slab tear (Spakman et al., 1988) is
not located at the KTF. If tearing was an ongoing process that affected stress and strain in the slab, one would
expect a southward migration of shallow deformation simultaneous with the tear propagation. The KTF has
been active for the last 8 Myr, so it seems unlikely that shallow deformation has been affected by a southward
propagation of a slab tear.

Even though our results cannot directly confirm or refute the hypothesis of a trench-parallel slab tear, a
tear is not necessary to explain the observations within the seismically active part of the slab, especially the
termination in seismicity across the KTF, which could be due to petrological changes instead.

7.3.2. Is There a Trench-Perpendicular Slab Tear?

Atrench-perpendicular, vertical slab tear along the continuation of the KTF has previously been hypothesized
based on the trench offset (Govers & Wortel, 2005; Royden & Papanikolaou, 2011; Suckale et al., 2009). Royden
and Papanikolaou (2011) suggest that a slab tear is the cause of dextral strike-slip plate movement at the KTF.
They attribute the differential plate movement to denser oceanic crust rolling back at a higher rate south of the
KTF compared to lighter, more buoyant continental crust resisting rollback in the north. However, our tomo-
graphic models do not support a trench-perpendicular slab tear in the upper 100 km, an observation that is
consistent with the conclusions of Pearce et al. (2012). Although our relocation study reveals a sharp termina-
tion of seismicity in the slab at the KTF, there is no noticeable offset marking a tear between the subducting
crust just to the south and the north of the KTF (see the slab top model in Figure 11).

This observation is consistent across our tomographic models, the high-resolution images from 100 km north
of the KTF (Pearce et al., 2012), and in the distribution of hypocenters contained in the subducting crusts.
7.3.3. Deformation of the Slab

Based on our observations, it appears that the deformation between subducting oceanic and continental
crusts is widely distributed rather than occurring along a discrete fault. There are indeed a number of features
in our models that point to a broad zone of deformation within the slab south of the KTF, instead of a vertical
tear at the KTF.

First, there is a gradual offset in the position of the subducting crust and hypocenters south and north of the
Gulf of Corinth (see slab top model in Figure 11), which implies that the center of deformation in the slab lies
about 100 km south of the KTF.

Second, there is a v-shaped gap in deep seismicity below central Greece, which coincides approximately with
that offset. Maximum hypocenter depth increases both toward the south and the north of this gap at 38.7°N
(see red lines in Figure 11). This gap in seismicity might reflect a change in thermal conditions within the
subducting crust due to the widely distributed deformation. One explanation would be that the subducting
crust is stretched and thinned across the zone of deformation within the slab below the CHSZ, heating the
crust more efficiently. Alternatively, seismicity terminates earlier due to warm mantle material flowing into
the mantle wedge in this region, where the overriding crust is extending and thinning, also heating the sub-
ducting crust locally. A warmer subducting crust would reach the eclogite facies conditions earlier and thus
prohibit the mechanisms enabling intermediate depth earthquakes or at least reduce their occurrence.

Taken together, these observations paint a picture of a slab that is deforming due to the subduction of crusts
with different compositions. In contrast to earlier models (Pearce et al., 2012; Royden & Papanikolaou, 2011),
the deformation of the slab occurs in a distributed fashion below the CHSZ rather than at the KTF, thus well
within the oceanic part of the slab.

7.3.4. Stress Transfer to the Lower Overriding Crust

The location of the CHSZ and the zone of deformation within the slab correlate in their extents, which raises
the question whether these two features are linked through coupling between the overriding and subduct-
ing crusts. This is especially relevant because the deformation taking place in the CHSZ is not well understood.
The CHSZ is home to the largest strike-slip earthquake recorded on mainland Greece—the M6.4 Movri
event of 2008 (fault plane marked in red in Figures 1 and 5; Gallovi¢ et al.,, 2009). This earthquake, in which
the lower overriding crust below the Movri mountains ruptured (Serpetsidaki et al., 2014), was unexpected
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considering the absence of any comparable event in the historical record (Gallovi¢ et al., 2009). According to
Papadopoulos et al. (2010), the fault that ruptured had not been active for at least the last 300 years.
The occurrence of a lower-crustal earthquake in the overriding plate, so close to the subduction interface, calls
for a closer inspection of current plate-coupling models for the area. These models suggest little to no cou-
pling along the whole interface (Baker et al., 1997; Jackson & McKenzie, 1988; Shaw & Jackson, 2010) or strong
coupling limited to the upper 15 km of crust, with a shallow transition toward stable sliding between the duc-
tile lower crust and the slab (Laigle et al., 2002). In the following section, we present evidence to help resolve
the mismatch between a large earthquake rupturing the lower crust and the apparent lack of a transmittable
force that could cause this earthquake.

There are a number of observations that support the suggestion that deformation in the CHSZ and within the
slab is linked.

. First, GPS data from McClusky et al. (2000) support the theory that the largest dextral shearing movement
in the upper plate is realized within the CHSZ rather than at the KTF farther north. This suggests that while
some differential plate motion offsets the trenches at Kephalonia, there is a larger force deforming the upper
plate farther south.

. Second, according to Serpetsidaki et al. (2014), the Movri earthquake is associated with an immature fault
system with a predominantly dextral strike-slip movement, in line with the northern end of the CHSZ.
This immaturity suggests that faulting started only recently, which matches our model of a slab in which
deformation has been growing since the onset of differential subduction.

3. Third, although Serpetsidaki et al. (2014) place the Movri earthquake 50 km toward the backarc from the

contact zone between overriding and subducting crusts in their model, our tomographic models suggest

that the Movri event falls right into the area of thickened crust, where coupling between the crusts would
be possible.

N

These observations all point toward at least some transfer of deformation between the overriding and sub-
ducting plates at the scale of the whole crust, and therefore, to a more complex situation occurring at the
plate interface.

An updated understanding of the plate interface in the WHSZ is crucial to explain the occurrence of the Movri
earthquake in the lower overriding crust. To explain the driving force behind the stress leading to the earth-
quake, two models have been proposed by Serpetsidaki et al. (2014). One model attributes strain to differential
subduction rates, while the other model invokes the North Anatolian Fault as the driving force behind the
strain. In the second model, they suggest that the premature fault system could be developing along a shear
zone in the uppermost mantle which connects active crustal segments.

Based on the close spatial correlation between the zone of deformation in the slab, the northern part of the
CHSZ and the Movri earthquake, we favor the differential slab rollback as the driving force behind stresses
leading to the Movri earthquake. We also note that the westward propagation of the North Anatolian Fault
into the northern part of the CHSZ might be focused by the deformation affecting both the slab and the
CHSZ, possibly aided by the flow in the mantle wedge associated with differential subduction. Both models
would not work if the lower crust was too ductile for stress transfer. In summary, our results are consistent with
models that allow for partial coupling in the region, but more work is needed to determine the exact nature
of this coupling.

8. Conclusions

We present new, high-resolution Vp and Vp/Vs ratio models and relocated hypocenters of the WHSZ. This new
information helps us better understand the transition from oceanic subduction in the south of the region
to continental subduction in the north, as well as the fate of slab-derived fluids. Our main results can be
summarized in three points.

1. Intermediate depth seismicity occurs within a single plane throughout the southern part of the study area
and is nearly nonexistent in the northern part, with an abrupt south-to-north transition occurring at the
KTF. This change in seismicity appears to mark the boundary between two subducting domains: oceanic
in the south and continental in the north and reflects their varying composition and fluid content. Slab
dehydration seems to be particularly active in the southern part of the system, below the Peloponnesus,
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by P wave scattering potential Sa/a). We interpret this low-velocity signature and seismic quiescence as
reflecting an absence of fluids, which inhibits metamorphism and seismicity in a metastable continental
subducting crust.

. The transition between oceanic subduction with more rollback in the south to continental subduction with
less rollback in the north is reflected by a smoothly deformed slab rather than a tear in the tomographic
images. This slab deformation is accompanied by a gap in deep intraslab seismicity (>60 km depth), prob-
ably indicative of a change in thermal regime between south and north. The zone of slab deformation
underlies the whole CHSZ and seems to affect the deformation in the overriding Aegean plate. We associate
both the dextral strike-slip fault system of the 2008 Movri earthquake (M6.4) and the western extension of
the North Anatolian Fault with this area of deformation, which is driven by differential subduction.

. How fluids interact with the mantle wedge and the overriding crust seems to be impacted by the change in
subduction style. Beneath the Hellenic arc, in the south, fluids emanating from the subducted oceanic crust
appear to migrate directly upward into the mantle wedge, where they trigger partial melting. By contrast, in
the central part of the WHSZ, our results suggest that slab-derived fluids might migrate toward the trench
below an intact seal at the slab interface until they reach the lower crust of the overriding plate, where they
precipitate silica.
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Introduction

This supporting information contains a series of figures that supplement those shown
in the main manuscript. These figures are either discussed in the main manuscript or in the
supporting text that follows below. The supporting text includes a detailed description of the
hypocenters at each relocation stage, and a discussion of additional resolution tests. Lastly,
we provide files containing the resulting velocity models (P-velocity and Vp/Vs-ratio), a
complete catalog of earthquake hypocenters, and tables containing geographical data for the
slab top surface model and the coastlines of Greece used in all the maps of this paper.

Hypocenters at each relocation stage

Figure S2 shows the hypocenters calculated before and after each of the three reloca-
tion stages described in the Methods section of the main paper (Section 3). This information
allows us to assess the gains in hypocenter accuracy achieved after each stage. The first col-
umn displays all the earthquakes downloaded and evaluated from the ISC catalog (black dots,
1990-2009, M > 3 for depths larger 40 km, M > 4 for depths smaller 40 km) and the NOA
catalog (blue dots, 2008-2015, all earthquakes with depths larger 40 km). We plot this ini-
tial set of hypocenters without error bars, as formal hypocentral errors are not calculated in a
coherent manner until we carry out a quality control on the events and picks (see Section 4 -
Data). This quality control winnows the number of events retained for inversion to 1070 (see
second column of Figure S2). A large number of events are removed at this stage, in partic-
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ular in the 40-80 km depth range below the trench and the backarc, and in a band extending
20-50 km beneath the main Wadati-Benioff Zone. After 3-D tomographic inversion, the for-
mal hypocentral errors are reduced considerably, especially for events at the trench, and the
Wadati-Benioff Zone becomes narrower and better defined (see third column of Figure S2).
Note that at this stage, an additional 5 events are eliminated from the dataset based on their
large hypocentral errors. Lastly, the double-difference relocation further sharpens seismicity
patterns within individual clusters with precision down to the km-scale, as see for example
in the main cluster of seismicity between X=70-110 km in section E-E’(see fourth column of
Figure S2).
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Figure 1. Ray coverage of the FULL-dataset, which was used for the final velocity model. This figure de-
picts the complete inversion domain, with inversion nodes marked as black dots and predefined interpolation
nodes marked in grey. The local coordinate system’s location is marked in figure 5 in the main text. Stations
are marked as red triangles and inversion nodes as gray dots. Only about one fourth of all rays are plotted for
better visualization. The plot includes all rays reaching deeper than 100 km, 20 % of rays >50 km, 10 % of
rays >15km, and 5 % of the shallower rays.
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Resolution Test: Inversion of independent data subsets

To assess whether the anomalies that we recover in this study are robust features in-
dependent of station setup, hypocenter distribution and picking entity, we conducted tomo-
graphic inversions of two independent subsets of data.

‘We divide the full dataset of arrival time observations (referred to as "FULL" dataset,
ray coverage shown in Fig. S1) into two independent subsets:

1. The first subset, referred to as “MEI”, includes out manual time picks for deep and
shallow earthquakes that were recorded between 2006-2009 by stations of the MEDUSA
and EGELADOS experiments. These are supplemented by picks from the ISC for
earthquakes that occurred in the region and were recorded at permanent stations be-
tween 1995-2009.

2. The second subset, referred to as “NOA”, comprises arrival times of deep earthquakes
(deeper than 35 km) recorded by stations of the Hellenic Unified Seismic Network and
published by the National Observatory of Athens (NOA) published since 2008. Here
we include picks between 2008-2015.

Due to the difference in station coverage, these datasets differ significantly in terms of earth-
quake magnitude range and average station-earthquake offset. In the last few years, the Hel-
lenic seismic network has been expanded significantly. Thus, there are more low-magnitude
events in the NOA dataset that match the selection criterion regarding the minimum number
of observations. For the FULL dataset, the average station-earthquake offset is 151 km, for
MEI it is 207 km, and for NOA it is 82 km, while the mean earthquake depth for the three
datasets is 54 km, 36 km and 61 km, respectively.

First, we compare the 1-D models output by VELEST for the three datasets (see Fig. S3).
The models differ significantly in the crust, with the NOA-dataset yielding systematically
higher velocities than the MEI-dataset. This discrepancy is likely due to the difference in ray
paths (short for NOA, long for MEI) and event depths (deeper for NOA than MEI) between
the two subsets. And it may very well be that neither subset yields an adequate ray cover-
age to recover crustal velocities accurately. Combining the two subsets in the FULL dataset
affords a more comprehensive ray coverage and yields an intermediate 1-D velocity model.
Below the Moho, all three datasets recover velocities that are similar.

Second, we compare the 3-D inversion results for the three datasets. These compar-
isons are shown in Figures S4 and S5. We first note that the five main features that we have
identified in the Results Section, and which form the basis of most of our interpretation, are
well observed in the independent subsets:

—

A thickening of the top layer with low velocities near the collision zone

II A low-Vp layer dipping at 20° toward the NE

III A high-Vp dipping layer directly underlying the low-Vp dipping layer (II)

IV A low Vp/Vs-ratio feature in the lower overriding crust

V' A high Vp/Vs-ratio anomaly just above the WBZ in the southern part of the mantle
wedge (C - F)

=

There are, however, a number of notable differences between the models from the two
subsets. As in the case of the 1-D inversions, theses differences are associated with the vari-
ability in ray coverage between the two subsets: (i) In the northern part of the imaged do-
main, there is poorer recovery of deep structure below 50 km depth in the NOA-subset; (ii)
In the southern part, the dipping LVL is only weakly recovered in the MEI-dataset; and (iii)
The overriding crust has systematically higher velocities in the NOA-dataset. Despite these
discrepancies, we have confidence in our final model because the five main features are well
recovered by both independent subsets.
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Data Set S1.

This file “dsO1.csv” contains the relocated earthquakes with origin time (year, month,
day, hour, minute, second), hypocenters (longitude and latitude in decimal centidegrees, z-
coordinate in km, with the z-axis pointing up from the surface) magnitude.

Data Set S2.

File “ds02.vtk” contains the 3-D P-velocity and Vp/Vs-ratio models, with velocities
in km/s. The models can be opened for display with the opensource visualization software
Paraview [Ahrens et al., 2005], and the file format can be read with appropriate vtk-reader
functions in most programming languages. X- and Y-coordinates are supplied in centide-
grees (longitude and latitude times 100) so that the aspect ratio of axes does not have to be
corrected.

Data Set S3.

File “ds03.csv” contains the point data of the fitted slab top. Points are provided with
longitude and latitude values in decimal centidegrees, and z-coordinates in km, with the z-
axis pointing up from the surface. To display the slab top surface in Paraview, load “ds03.csv”.
Apply the "TableToPoints" filter, chosing longitude as X-values, latitude as Y-values and
“z(up)” as Z-values. Then apply the "Delaunay2d"-filter to the object output from "Table-
ToPoints".

Data Set S4.

File “ds04.vtk” contains the coastlines of Greece, which can be loaded into Paraview
for display on top of the tomographic model. The coastline data are from the global self-
consistent, hierarchical, high-resolution shoreline database [GSHHS, Wessel and Smith,
1996].
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Figure 2. Comparison of hypocenters: (1) from the ISC catalog (black dots) and the NOA catalog (blue
dots); 2) after quality control selection based on 1-D joint velocity/hypocenter inversion; 3) after 3-D tomo-
graphic inversion; and 4) after double-difference relocation. In the fourth column, blue dots show hypocenters
that were deemed part of a deep cluster and thus relocated by double-difference, whereas black dots are

isolated hypocenters that remain unchanged from 3-D inversion results. See supplemental text for discussion.
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Figure 3. Comparison of 1-D velocity models used for the two independent data subsets MEI and NOA,
and for the FULL dataset. “Initial 1-D” denotes the initial model based on the model of Haslinger et al.
[1999] for the crust and the AK135 model [Kennett et al., 1995] for depths below 45 km.
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Figure 4. Comparison of 3-D Vp models obtained from the inversion of the FULL dataset and two inde-
pendent data subsets, MEI and NOA, along eight cross sections (sections A-F, see Fig. S7).
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Figure 6. Trench-parallel cross sections through the P-velocity and Vp/Vs-ratio models - as seen from the

trench toward the NE. The location of these cross sections G-M are plotted in the upper-right panel of Fig. S7.

Roman numerals mark features discussed in sections 6-7 of the main article. Note how the low-velocity sub-

ducting crust (IT) is well resolved throughout the model, albeit most clearly in the middle of the sections where

ray coverage is best. Feature IV, which we interpret as partial melt in the mantle wedge, is clearly limited in its

along-strike extent. Meanwhile feature V, which we interpret as silica-enrichment of the lower forearc crust,

becomes clearer beyond the northwestern end of region of inferred partial melt. Two earthquake clusters in

the mantle wedge (VII) are also clearly limited in their along-strike extent.
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wedge (1] (1), (ii) serpentine dehydration embrittlement ([ 1), and (iii) pulses of fluids
released from the plate interface ([T] [T). Though no consensus has been reached, the
similarities between these different clusters both in terms of geometry (localized clouds
extending 10-40 km above the slab) and earthquake mechanisms (extensional) point to a
common origin. There is an additional shared attribute that has received little attention
until now but will be key in the following discussion: in all these regions, the subducting
crust directly updip from the mantle wedge earthquakes exhibits a region of diminished
seismic activity (Figs. 2 A, 4).

U0 LI

Our seismic results, in conjunction with thermal-petrologic models constructed
specifically for western Greece (see Methods), can help discriminate between the possible
causes of mantle wedge earthquakes. First, we can test the serpentine dehydration
hypothesis by contrasting the P-T outline of the serpentine-out reaction with the seismicity
distribution (Fig. 3). This comparison shows that earthquakes occur in a portion of the
system that is much too cold for de-serpentinization to occur. Thus the de-serpentinization
hypothesis is not supported by our results. Second, we can also reject the hypothesis of
large bodies of exotic material in the mantle wedge, as these would cause velocity
perturbations that are not supported by the seismic images (Figs. 2-3), which show a fairly
uniform, high-velocity mantle wedge beneath western Greece. Our results point instead to
mantle wedge seismicity as being due to fluids released from the subducted slab (LL).
They also tell a broader story of fluid transit from source to sink in cold subduction zones
(Fig. 5), which we shall now explore further with the aid of our thermal-petrologic
models.

The deepest slab earthquakes appear to mark the primary locus of mineral-sourced fluids,
associated with the blueschist-eclogite transition in the crust and the antigorite-out
reaction in the mantle ([] [T). Our thermal-petrologic models (Fig. 3 B) show that for
western Greece these reactions occur at 80-140 km and 80-200 km depth, respectively,
with limited sources of fluids present at shallower depths. These reactions occur along
isotherms that are oblique to the dip of the slab, matching well the obliquity observed
between seismicity and slab structure (Fig. 3 A). Major fluid production and release at this
depth is also supported by the tomographically imaged high Vp/Vs-ratio in the overlying
subarc mantle wedge (Figs. 2 D, S3, ([1)).

While most fluids escape directly upward into the mantle wedge through a plate interface
damaged by metamorphic reactions (), some must make their way updip through the
slab. This updip flow can occur under an intact plate interface that remains sealed owing
to shear-induced grain size reduction ([} [1] [1) and/or along a direction of minimum
effective pressure that follows the slab ([T). The latter has been invoked to explain
intraslab seismicity ([ 1] [1), and could produce the zones of weakness required to
facilitate rupture in the Hellenic forearc slab updip of 80 km depth[[But simply observing
intraslab seismicity above 80 km is insufficient to favor such fluid-aided weakening over
alternative rupture processes. What establishes fluid as an essential player is the fact that
at some locations the seismicity deflects from the slab into the mantle wedge, leaving
regions of considerably reduced seismicity updip of the point of deflection. This points to
a scenario in which the earthquake-inducing fluids, during their updip migration,
encounter a vent at the interface that diverts them into the mantle wedge. The slab
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58

signal-to-noise ratio. The template matching is done with the EQcorrscan 0.2.7 software
package (34), on the template envelopes filtered between 1.5 — 6.0 Hz. We use the envelopes
because they describe any earthquake from a similar source region, as reflected by a distinct
separation between P- and S-phases, rather than events with similar mechanism, which
would restrict our search to repeating earthquakes. With this approach, we detect another 259
deep events, which are all manually picked and verified for quality control.

Third, we expand our search to earthquakes that occurred over the entire available time span
of 2006-2017. To do so, we run the EQcorrscan template-matching software for all stations
that were operating during that time in the northeastern Peloponnese and Attica region. We
use a suite of templates that comprise the templates and detected events from step 2 (339)
plus 255 events from the NOA catalog, for a total of 594 templates. Here, the template
matching is done on the waveforms instead of the envelopes. The waveforms are 7-s long
(starting 0.2 s before the P- or S-pick) and filtered between 2.5-8.0 Hz. A detection triggers
when the median average deviations of the cross-correlation sum across channels is =8, upon
which the program picks an arrival on those channels where the highest single-channel cross-
correlation exceeds 0.4 in a 0.8-s window around the detection. We retain events with at
least six P-picks for manual review. Only events located within  60/+50 km of the profile in
Fig. 3 A are retained. This returns an additional 646 events for the 2006-2017 period.

Through the procedure described above, we add 941 events to the catalog of ref. (/6), which
together with the 317 newly verified deep events of the NOA catalog 2016 — 2017 resultin a
catalog with a total of 2172 events. For the period of 2006 — 2017 this catalog is complete to
a magnitude threshold of 1.9 (fig. S5 B), owing mainly to the quality control that allowed us
to identify and reject events from the NOA catalog that were located in the upper plate.
Within the vicinity of the Tripoli cluster, our detection procedure yields a data subset
(plotted in Fig. 3 A) that is complete to a lower magnitude threshold of 1.1, as shown in

fig. S5 C.

Earthguake Relocation

To determine precise earthquake hypocenters, we adopt a relocation procedure that
comprises three stages: (a) mversion in the 1-D background velocity model obtained in ref.
(16); (b) inversion in the 3-D background velocity model obtained in ref. (/6); and (c)
relocation with the double-difference (DD) method (35). Stages (a) and (b) closely follow
the methodology of ref. (/6). except that here we fix the velocity model to those obtained in
that study — i.e., the velocity models are not updated during the relocation. Below, we
discuss the outcome of each stage in more detail.

In stage a), we compute carthquake locations by least-squares inversion of P- and S-arrival
times in a 1-D model. We perform picking in Seisan (36) and the relocation is done with the
program Hypocenter (37) included in Seisan. For each event, we visually check that picks
are correctly assigned and remove picks with residuals larger than 6 s. We estimate absolute
location errors from the solution variance (arrival time misfit) as described in refs. (16, 37).
The hypocenter solutions obtained at this stage have average location errors of 5.1 km in the
horizontal direction and 7.5 km in the vertical direction. The results are used to identify
events with deep origin (=35 km depth — taking into account vertical error bars) that will be
retained for further processing.

Science Advances Manuscript Template Page 8 of 41



84

Scientific results

100
100
100
100
100
100
100
0o
oo
100
100
100
100
0o
100
100
100
0o
100
100
100
100
100
100
100
0o
0o
oo
100
100
100
100
0o
100
0o
100
100
100
100
0o
100
100
100
100
100
0o
100
100
0o
0o

Mmoooooommooboooobobgobooobobooboboobobbooooooobooboooce
Ooooobooboooooboooogoooobooooobbbooooooboooooooc
moooooboboobooboboboboboboooboboooboooobbboobobobboo
oooobdbobooooooooooooboboobobobobooooiboooooDOoDooDO
Moooboboooooboboooobobboooobobobbooboboooooooooogo
moimmmmmoobooooobobobgoooooobooopoboboooobobgogo
moooooooooboooboboooooobobobooboboooobboboboobboboo
ooooooooogo

0
mooooooooooobbobooboobboboboooobobooobobooobooooooaon
gooooobooooooobobooooobbbooobobobooooooboooooobooot
Mmoooobooooboogboobbobooboooboboboooooboooooboooooe
gooboboooooobobobooobooouooooboooooboboboouoooobooo
Moooooooooobboooobboboboboobobooboboobobooooobbooooc
goobooooogoooboooboobobobbboobobobbobooobooooooobooot
gmoogooooooooobbboooobboboobboboboboboboooboboog
goooooooobobooooooooobobooobobooobooobobooooobbooooal
Mooooooooooboooooooooooooobobbbubobobobubooboboog
MoooboboooboogbooboobbooooobobobodooooouoododoDmmmm
pooooooobooooobobobooooboboopoobobobobobobuboDooot
Mmooooooooooboogooooboooooooobgooooobbobooonongog
gooooooooboooouoooobgbooooobobooooobobopuoooobooo
MooooboopoobooboobbboboboooboboboDoLobooobbobooooc
MoobooooobboooooobobobDonDooooonommonoo

|
gooooobooooobobobbooobbobooobobobooobooboboobooooboot
moopooboooboobobooooboboobooooobooooobobboobobobooooo
ooboboobobbobuboobbobuoooooboooobboboboooboboog
mooooobooooobobubobobooboooboboboooooboboobooboboo
gooooboooobbobooooobobooobboboboobooobobooooooboooo
JomooooooboboooooogboooobbbooooooboboooooboboooooL
gooboooobobooboobobboobobbbobobobooooobooooooobooobo
Jomoooooooboooooooboooboboooobobooobbobobobobobogooc
Moobooobooobobooonoooboobooboooooooooobgooooboboooogr
MmoobooobobobobooboobobobobobobubobobobooooobooooL
Moobooobooboobooooboooooooboooboooooboooooooooooocs
mooooobobooooobbobubooobubooooooooooooboboooobobUo
Mmoooobooooobgoooooooboooopoobgooboobbobobpoboobgog
Jmjooboobooooboboooooboboboooobooobooobooboooooooe
ooooooooooooobobooooobobooobobobooooboboooooooooonrl
MooooooboooobboooobobooooobbooooooboboboobooobobobboooL
|
oooooooboogoobobobobobbooooobob oot i0oOOmOIDEmDmmmTE
mooooobobgboooboboboboboboooobboooobboobooboboboo
Moooooooobobobooobboogbooopooopoooboooogooooogoc
oooooooboooobobobooboooooboboooobbobooooboboboboboot
moooooooooooboogoobooobooooobobooooboooooooobooo
omoooooogbobooboobooobbooooooobobobobobobooobooobooDg
Ooooopobooboooooooooboboobooooobooooooooooooboooc
Mmoobobooooobooooooooobooooobbooobobobobooobooboog

0000000000IIIODODE 0000000 M I T I O I 0 0 0 0 0 O OO |

O



85

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

66
67
68
69
70
71
72
73
74
75
76
77

(rather than absolute errors as in stages a and b) through jackknife-resampling of the dataset
(35, 40). For this we rerun the double-difference inversion 1000 times with a reduced dataset
in which 10 % of the differential arrival times are randomly removed. The errors are then
estimated with the general "delete-j" jackknife estimator described in ref. (40). We find that,
on average, the relative location error is 0.19 km in the horizontal direction and 0.21 km in
the vertical direction. The relative errors of earthquakes within + 50 km of the cross section
in Fig. 3 A are shown in fig. S7.

Focal Mechanisms

We calculate focal mechanisms from first motion polarities and select the best solution based
on the misfit of amplitude ratios between P- and S-arrivals. This is done using the program
FocMec (41). The polarities are picked manually on the vertical channel. Solutions are
calculated only for events that have at least 10 consistent polarity picks (the average was 23
picks). The amplitude ratios are automatically measured in the frequency domain in Seisan.
We adopt a two-step workflow to compute the focal mechanisms. In a first step, we use
FocMec to find an approximate solution based exclusively on polarities, searching the
parameter space for strike, dip, and rake-values that best fit the polarities. When we find
clearly concentrated groups of solutions (i.e., solutions where the P and T axes fall in small,
~1/10 areas of the lower hemisphere projection), we proceed to the second step in which we
constrain the solutions further by fitting observed amplitude ratios to theoretical predictions.
For these fits, we impose two restrictions to help identify robust solutions: 1) the number of
amplitude ratios where observation and prediction do not match should not exceed 25 — 50 %
of the total number of measurements; and 11) the maximum amplitude ratio error, 1.e., the
difference between the measured and predicted amplitude ratio, should not exceed 30 — 40
%. We aim to choose these values such that they yield less than ~30 solutions when
searching the parameter space in steps of 1 — 2°. In the case where an earthquake has a large
number of polarity picks ( 20), this second step requires us to tolerate more polarity errors
than in the first step since we may be fitting more polarities close to the nodal planes.
However, we only allow the solutions from step 2 to refine those from step 1, and do not
accept solutions that differ markedly between the two steps.

Here, we solve for 81 focal mechanisms with the approach described above. This initial list
1s complemented with 21 solutions from the literature (see table S2). This results in a catalog
of 85 earthquakes with one or more focal mechanism solutions. Figure S4 shows 38 of these
focal mechanisms for earthquakes that occurred within section C of Fig. 1 (see also Fig. 3
A).

Thermal and phase stability Modeling

We calculate temperatures for the subduction zone and flow in the mantle wedge (and below
the subducting plate) as in Perrin et al. (42), by solving the coupled Stokes and energy
equations in Boussinesq approximation using the code Fluidity (43). We constrain the
models by kinematically prescribing the subducting plate, with the plate interface interpreted
from the scattered wave image in Fig. 3 A. Beyond the depth to which the image recovers a
sharp velocity contrast at the top of the subducting crust, we trace the lower-to-higher (from
top to bottom) velocity contrast in the tomographic image in fig. S6 A, which we then extend
linearly to depth. At an approximate angle of 45°, this trend agrees well with the dip of the
slab imaged in mantle-scale tomography ((44). and references therein). The top 10 km of the
subducting plate has a set velocity of 35 mm/yr (13). Due to the composite temperature- and
pressure-dependent dislocation-diffusion creep rheology (all parameters as in Perrin et al.
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€ Wedge
i Quakeg

Depth (km)

Asthenospheric Mantig xS

OO R O O [ e e e ) CEOMmCT . O OO

OV CCT T CIIOMIM . 00 (OO T T The fluids originate from dehydration reactions
in the slab and flow either toward the melting zone in the mantle or updip below a sealed
plate interface. Fluids that flow updip trigger earthquakes (EQ, black circles) as they
migrate along the slab toward the overriding crust (where they precipitate into quartz) or if
they escape via localized vents into the cold mantle wedge corner (where they cause
unusual mantle wedge earthquakes). Reduced fluid flow in the subducting crust updip of
these vents leads to reduced seismicity. Other subduction zones with cold interfaces and
dry mantle wedges (see Fig. 4) exhibit similar fluid migration patterns.
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2009-02) seismic activity are thus due to differences in network coverage. Hence we detect no
apparent cyclic behavior of earthquakes in the mantle wedge (magenta circles), compared to
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We superimpose the earthquakes from the profile in Fig. 3 A (main text) onto the resistivity
image from Tzanis et al. ([T), which stems from a magnetotelluric survey of the Peloponnese
that was first reported in Galanopoulos et al. ([1). The magnetotelluric profile ran parallel to
the scattered wave image shown in Fig. 3 A, about 20 km farther southeast. A vertically
stretched low-resistivity anomaly coincides precisely with the cluster of interface seismicity,
suggesting the presence of highly conductive material, e.g. saline slab fluid at that location.
Vertically, the anomaly is likely stretched because depth tends to be poorly constrained in
such magnetotelluric images.
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39 Table S1. Seismograph networks from western Greece used in the waveform processing.
40 Here we indicate the time periods that we used for the processing of waveform data from each
41 network. We only used data that were publicly available through data services of the
42 Federation of Digital Seismograph Networks at the time of the study.
43
. I . . Number of
Project / Institution Network Time period N Reference
stations
Medusa XS, temporary 2006-06 to 2007-10 46 (L)
Egelados Z3, temporary 2006-06 to 2007-04 20 (D
Simbaad XY, temporary 2007 to 2009 5 (L)
Corinth Rift Laboratory CL, permanent 2011 t0 2013 15 (D)
and 2016 to 2017
University of Athens HA, permanent 2008 to 2017 2 (D)
National Observatory of HL, permanent 2010 to 2017 16 (D)
Athens (NOA)
University of Patras HP, permanent 2011 t0 2017 9 (L)
University of Thessaloniki HT, permanent 2008 to 2017 7 (D)
Geofon, Deutsches GE, permanent 2006 to 2017 3 ((an)]
Geoforschungszentrum
44
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(T OO [T 37.90833 23.06027 97.651 291.8 414 809 t.P.
[TTTTTEIIT T CT T IITIOIT T 38.26258 22.13655 48.757 294.8 873 -65.0 t.P.
CCCCI IO (O T 37.81202 22.29213 52.880 1552 475 -79.1  tP.
OO OO T 38.12738 22.871755 92.357 303 72.0 -17.6  tP.
O OO IO 38.15479 21.96701 47.882 141.0 19.0 -98.0 (D)
[T [T 38.63799 22.05844 68.927 269.2 38.2 -52.7 tP.
COLCIE IO CCII T 37.67358 21.87896 49.577 2443 843 -70.9 tP.
O OO CIOT T 37.62747 22.59445 56.446 2474 572 -15.8 tP.
(T OO 38.30219 22.11913 53.962 3354 10.1 843 t.P.
[T OO CITTTTE 38.26491 22.15148 50.641 1234 9.1 84.7 t.P.,([D)
[TTTTIT IO [T 37.45544 22.63733 54.957 2515 66.8 -479 tP.,([1)
CCCCIE IO CCIIE IO 38.10057 22.05250 49.043 3472 745 -329 tP.
COTTIIT IO OO [T 39.38246 22.26299 94.221 3359 49.8 413 tP.
O OO LTI 38.02575 23.48732 152.887 147.1 46.1 85.8 t.P.
OO (I [T 37.81068 22.08351 58.671 96.9 63.3 709 t.P.
O 00 MO 37.95745 22.08488 57.784 63.8 80.5 22.1 tP., (D)
CCLCIIETIT0 O CEm O 38.26439 22.13109 49.165 326.5 41.8 -489 tP.
CLLL) (O DJCCI e 37.55861 22.81803 69.657 229 68.6 18.5 t.P.
[T OO 38.10071 22.03666 49.772 166.2  86.0 529 tP.
[T (IO 38.10728 22.04878 49.340 237.0 294 -43.0 t.P.
CLLLIDE IO CEII L IO 39.10487 22.32926 77.040 56.5 89.6 -23.0 tP.
COTTIITIIT OO [T 38.26243 22.11324 54.593 208.9 47.1 84.5 t.P.
[T (0 [ITOCCTIEIIT T T 38.26505 21.60220 28.293 262.9 57.6 -57.5 tP.
[T IO 39.20571 22.20979 82.416 2274 622 66.1 t.P.
[T T ITT IO T 38.13694 21.97710 48.424 3443 782 =222 tP., (D)
L0 (IO CCIEII IO 38.26150 22.12297 52.811 329.8 11.2 79.6 t.P.
[0 (IO OCCIE O IO 37.59070 22.85322 70.611 40.5 41.7 655 t.P.
[T T 37.61626 22.60150 55.007 160.0 74.0 90.0 t.P.
[T O OO 38.66357 22.43353 75.630 2279 56.6 234 tP.
CLLLIIE IO CCTY IO 37.62945 22.60436 56.593 132.4 852 75.0 t.P.
(T OO 37.67763 21.89436 50.461 302.0 243 80.2 t.P.
[T OO 37.62473 22.61175 56.422 131.6 65.7 68.0 t.P.
OO OO OO 38.12599 21.95401 45.238 294.5 56.0 33.1 tP.
[T IO LTI T 37.65026 23.81716 156.986 10.0 58.0 -50.0 (1)
OO OO O 37.62393 22.59482 65.606 2147 21.1 479 tP.
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3 Synthesis

In this chapter I provide a summary of findings from parts I-III (results chapter)
and consolidate these findings in terms of the main research questions: What causes
intermediate-depth earthquakes? In the first part of this thesis, I imaged the seismic
structure and distribution of intermediate-depth seismicity in the Western Hellenic sub-
duction zone, focusing especially on the location of earthquakes in relation to the main
subduction discontinuities (Figs. 3.1, 3.2 I). A surprising result of the study was that
earthquakes do not only occur in the subducting crust and slab mantle, but also in the
mantle wedge. This phenomenon has not been extensively documented until now. It
was found only in three other studies, which came to different conclusions on the cause
of mantle wedge seismicity. In the second part, I constrained the mechanism that causes
earthquakes in the mantle wedge and derived important new insight into the generation
of intermediate-depth earthquakes in the 40-100 km-depth range in general (Fig. 3.2
IT). Even though the dense seismograph coverage across Greece yielded high resolu-
tion images and hypocenter locations, uncertainties remained too large in some cases
to determine precisely where the earthquakes are located relative to the main seismic
discontinuities of the subduction system. Improving these relative locations can yield
further insights into the processes that act in the system. In the third part, I developed
a workflow to deduce whether an earthquake occurred in the mantle wedge, on the in-
terface, in the subducting crust or in the slab mantle (Fig. 3.2 III). In this last chapter, I
provide a summary of these three parts and discuss how their results can be integrated.
This is followed by an outlook, in which I propose avenues for future research that arise

from the findings of this thesis.

3.1 Main findings

The work presented in this thesis has yielded new constraints on the seismic attributes
of the Western Hellenic subduction zone. These include new, high-resolution 3-D mod-

els of P-velocity, Vp/Vs-ratio and seismic discontinuities, relocated hypocenters (see
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Fig. 3.1), a new catalog of focal mechanisms for intermediate-depth earthquakes, and
a new model of the subduction zone’s thermal structure. With the workflow developed
to deduce the earthquakes’ locations, I verified independently that earthquakes indeed
occur in three separate source regions of the WHSZ: the mantle wedge, the subduction
interface and the slab below Tripoli. This information shines a new light on (I) the tran-
sition from oceanic subduction in the south of the region to continental subduction in
the north; (II) the fate of slab-derived fluids; and (III) the generation of intermediate-

depth earthquakes in cold slabs and mantle wedges.
The main results are illustrated in Fig. 3.2 and can be summarized in five points:

1. Intermediate depth seismicity occurs within a single plane throughout the south-
ern part of the WHSZ and is nearly non-existent in the northern part, with an
abrupt south-to-north transition occurring at the Kephalonia Transform Fault.
This change in seismicity appears to mark the boundary between two subducting
domains: oceanic in the south and continental in the north, and reflects their vary-
ing composition and fluid content (Fig. 3.1). Slab dehydration seems to be par-
ticularly active in the southern part of the system, below the Peloponnese, where
there is evidence for partial melting in the subarc mantle. Despite being nearly
aseismic, the subducting continental crust in the north exhibits a low-velocity sig-
nature to at least 90 km depth (as imaged by P-wave scattering potential §Vp/Vp).
I interpret this low-velocity signature and seismic quiescence as reflecting an ab-
sence of fluids, which inhibits metamorphism and seismicity in a metastable con-

tinental subducting crust (see Fig. 3.2 II).

2. The transition between oceanic subduction with more rollback in the south to
continental subduction with less rollback in the north is marked by a smoothly
deformed slab rather than a tear. This slab deformation is accompanied by a gap
in deep intraslab seismicity (>60km depth, Fig. 3.1), probably indicative of a
change in thermal regime between south and north. The zone of slab deformation
underlies the whole Central Hellenic Shear Zone and seems to affect the defor-
mation in the overriding Aegean plate. I associate both the dextral strike-slip fault
system of the 2008 Movri earthquake (M 6.4) and the western extension of the
North Anatolian Fault with this area of deformation, which is driven by differen-

tial subduction between the south and the north (see Fig. 3.2 I).

3. How fluids interact with the mantle wedge and the overriding crust seems to be
affected by the change in subduction style as well as local effects. The results

suggest that fluids emanating from the subducted oceanic crust appear to migrate
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Figure 3.1: Map of mainland Greece and the Western Hellenic Subduction Zone show-
ing relocated hypocenters and the depth of the subduction interface (contour lines).
Compared to Figure 5 in Halpaap et al. (2018), this figure shows the larger earthquake
catalog and updated subduction interface from Halpaap et al. (2019). Colored circles
represent earthquakes with depths greater than 35 km. The circles are color coded by
depth, and their size is proportional to earthquake magnitude. See legend for the de-
scription of other symbols and lines. Abbreviations used in the map: KTF: Kephalonia
Transform Fault, NAF: North Anatolian Fault; GoC: Gulf of Corinth, GoP: Gulf of
Patras, NGoE: Northern Gulf of Evia.
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I: Seismicity, Deformation and Metamorphism
in the Western Hellenic Subduction Zone - II: Earthquakes track subduction fluids
New Constraints from Tomography from slab source to mantle wedge sink
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Figure 3.2: Sketch of the subduction system in the Peloponnese-Attica region, and
main findings from this thesis (I-III), ordered by appearance in the three papers. I
Abrupt termination of intermediate-depth seismicity at the transition from oceanic to
continental subduction at the Kephalonia Transform Fault. IT Cluster of mantle wedge
seismicity below Tripoli. III Waveform simulation of a mantle wedge earthquake.
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along three main pathways. One pathway leads directly upward into the hot part
of the mantle wedge, where fluids trigger partial melting below the Hellenic arc
in the southernmost part of the system. A second pathway, present especially
in the central part of the WHSZ, leads fluids updip toward the trench below an
intact seal at the plate interface until they reach the lower crust of the overrid-
ing plate, where they precipitate quartz. A third pathway exists below Kalavrita,
Tripoli, and Kremidi, where local vents within the plate interface seal allow fluids
to escape the subducting crust. The fluids migrate into the cold part of the man-
tle wedge where they trigger earthquakes and, over a time span of 0.1-10 Myr
hydrate this part of the wedge. The concentration of fluid at the vents modi-
fies locally the rheology of the subduction interface. This causes not only dense
clusters of repeating earthquakes at these sites (see Fig. 3.2 II), but also large,
extraordinarily deep interface earthquakes (~60 km) such as the 1965-03-31 M,,
6.8 event (c.f. Shaw and Jackson, 2010).

4. Mantle wedge seismicity and fluid vents on the subduction interface are not
unique to Greece, but may be a relatively common feature of cold subduction
zones worldwide. However, only a few targeted, high-resolution imaging studies
have been able to resolve earthquakes in the mantle wedge until now. In many
cases, the resolution afforded by these approaches is not sufficient to distinguish
slab earthquakes from mantle wedge earthquakes. As an alternative method, I
suggest a workflow to analyze reflected and converted secondary arrivals of deep
earthquakes to characterize where these earthquakes occur in relation to the main
seismic discontinuities. For mantle wedge earthquakes, reflections from the plate
interface and the slab Moho provide evidence of a hypocenter above the slab.
In the WHSZ an additional clue comes from the systematic difference in focal
mechanisms between earthquakes from different parts of the system. Looking at
the global distribution of recognized mantle wedge seismicity, only cold systems
appear to host these type of earthquakes. This is likely because seismic failure
can only occur in dry mantle wedges - an attribute of cold systems. In warm sys-
tems, the mantle wedge contains more hydrated minerals such as serpentine, with
levels ranging 10 % to 100 % in the well-studied subduction zones of SE Japan,
Cascadia, and Mexico (Abers et al., 2017). Above a concentration of 10 wt%
serpentine, the rock is weakened to levels that preclude brittle failure (Escartin
et al., 2001). The weakening may explain why there is generally no seismicity in
the wedges of warm systems, even though fluid migration into these wedges may

occur in some locations. Alternatively, fluid migration into the mantle wedge of
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these warm systems may be inhibited by an enhanced seal at the subduction inter-
face, caused by the positive volume change associated with serpentinization (c.f.
Audet et al., 2009). A consequence of serpentinization, sealing of the interface,
and fluid overpressure in these systems is the occurrence of non-volcanic tremor
(e.g., Schwartz and Rokosky, 2007). Tremor activity recurs cyclically, which has
been interpreted in terms of a process that drains fluid accumulated at the plate
interface into the overlying crust (e.g., Audet et al., 2009; Delph et al., 2018),
similar to the draining process described for a mantle wedge cluster by Nakajima
and Uchida (2018).

5. At all sites of mantle wedge seismicity, the subducting crust directly updip from
the vent exhibits a region of diminished seismic activity. From this observation,
I deduce that in the crust of cold subduction zones, where there is no substan-
tial dehydration in the 40-100 km depth range, the bulk of intermediate-depth
earthquakes occurs in response to the updip flow of water-rich fluids. The key
implication of this finding is that earthquakes effectively track the flow of fluids
from their slab source at >80 km depth to their sink at shallow (<40 km) depth.
Between source and sink, the fluids flow updip under a sealed plate interface, fa-
cilitating intraslab earthquakes. But where the subducting crust is instead drained
of fluids, the generation of intermediate-depth earthquakes is inhibited by the ab-

sence of fluid (see main sketch in Fig. 3.2).

3.2 Outlook

Throughout the work that I conducted in this thesis, a number of research questions
arose that are yet unanswered, while new potential research targets and avenues have
come to light based on some of the results. Here, I provide a perspective on future
research, which can be divided into three main categories: (a) better constraining the
Hellenic subduction system, (b) improving our understanding of transient behavior in

slabs, and (c) advances in high-resolution imaging of subduction systems.

Within the Hellenic subduction zone, the focus of this thesis was the well-
instrumented western portion, which has resulted in a comprehensive model of seis-
mic velocities and discontinuities for that region. Simultaneously, scientific advances
have been made over the entire subduction zone, for instance with a comprehensive
dataset of seismic anisotropy measurements (Evangelidis, 2017), subduction interface

models along the entire arc (Bocchini et al., 2018a; Hayes et al., 2018), relocated seis-



3.2 Outlook 183

micity catalogs (Bocchini et al., 2018a; Mesimeri et al., 2018), imaging of a slab tear in
the Hellenic slab below 200 km depth (Hansen et al., 2019), and analysis of repeating
earthquakes in some areas (Bocchini et al., 2018b; Mesimeri and Karakostas, 2018).
These results all contribute to a better characterization of the subduction system, but
they vary in resolution and can show mismatches. Ideally, the models should be com-
bined into a robust and comprehensive 3-D reference model of the Hellenic subduction
zone that may include seismic velocities, anisotropy, density, discontinuities, and high-
resolution earthquake locations. Preferably, this model may include the parts of the
subduction system that extend toward Albania, Crete, western and southern Turkey,
Cyprus, and to depths beyond 200 km, as the slab is believed to penetrate the 660-km
discontinuity and reach depths beyond 1000 km in this region (Zhu et al., 2015).

While a combination of existing models would already represent a major advance,
there are at least four methods that have proven successful at improving the resolu-
tion in other regions or in synthetic models, which have not been applied to Greece
yet. First, repeating earthquakes on the plate interface (such as below Tripoli) pro-
vide high-resolution information on the location of the interface, and could be used
to systematically map the interface location and interplate slip, as it was done below
NE Japan (Uchida et al., 2016). Second, other signals that can constrain the location
of the plate interface down to depths beyond 400 km are wave conversions from ei-
ther local earthquakes such as P-to-S or S-to-P (e.g., Nakajima et al., 2002), or the
ScS-to-P conversion of core-reflected S-waves from large local earthquakes (e.g., Os-
ada et al., 2010; Snoke et al., 1977). Third, while receiver function studies also use
converted phases, they have until recently not been able to suitably account for the
complex geometries of rays and amplitude transmission from dipping discontinuities
in 3-D. However, suitable migration methods are now available based on the Kirchhoff
formulation (e.g., Hansen and Schmandt, 2017; Millet et al., 2019), and data coverage
in both Greece and Turkey is well-suited for these methods. Fourth, slow earthquake
phenomena have not been observed in the Hellenic arc yet, but their ubiquity in vari-
ous parts of both warm and cold systems suggests that at least some slow phenomena
may be observed in Greece. A systematic search should target all subduction-related
tremor and low-frequency earthquakes, both in the very shallow trenchward section,

and in deeper parts, where I already observed regular earthquakes on the interface.

Recent findings on fluid migration at clusters of mantle wedge seismicity show that
these sites are suitable windows to study the transient behavior of the slab, plate inter-

face, and fluid migration in subduction zones in general (c.f. Nakajima and Uchida,
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2018, and part II). With at least three such clusters located in the Peloponnese region,
this part of the subduction zone offers a unique opportunity to study how these pro-
cesses interact both along dip and along strike of a subduction zone. While compre-
hensive spatio-temporal constraints on these processes may lead to truly novel insights,
the forearc region is well-accessible and confined enough to afford high-quality cover-
age through targeted 2-D monitoring networks. Other sites that are similarly promising
owing to their onshore location, but less due to road accessibility, are located at Rauku-
mara, New Zealand (Davey and Ristau, 2011), and in Cauca, Colombia (Chang et al.,
2017). The sites offshore Sanriku in NE Japan, and near Martinique in the Lesser An-
tilles are more difficult to access, because these mantle wedge clusters could only be

instrumented effectively with ocean bottom seismometers.

While mantle wedge clusters are being recognized as windows into fluid migra-
tion processes, what exactly causes vents to open at the interface and channel fluids
from the slab into the mantle wedge remains to be explained. At local scales, Nakajima
and Uchida (2018) detected periodic changes in seismic attenuation that point to fluids
that accumulate under a low-permeability seal at the interface and periodically break
through the seal in response to slow-slip events that occur at the base of the locked zone.
At regional scales, the somewhat regular spatial distribution (confined depth range of
40-65 km, along-strike spacing of ~70km) of the seismicity clusters provides addi-
tional clues about the origin of the interface vents. This suggests that the location of
the fluid vents is not controlled by structural features of the slab making their way down
the interface, as this would imply that clusters can occur over a much wider range of
depths and with random along-strike spacing. Instead, the exit point of fluids must be
controlled by large-scale dynamical, mechanical and geometrical properties of the sys-
tem. While there are hypotheses regarding what may cause these vents to open, for
example preferential focusing due to anisotropic permeability in the slab, to properly
understand this behavior we will require comprehensive multidisciplinary efforts be-
sides seismological studies. Valuable insights may be gained from other geophysical
methods, geodynamic fluid flow modeling, as well as petrologic and geochemical stud-
ies. Future analyses in geophysics may include magnetotellurics, while geodynamic
models may provide advances through a combination of brittle rheology and porosity
wave propagation such as suggested by Omlin et al. (2017). Analyses in petrology and
geochemistry would rely on accessible samples in the rock record or in slab-derived
fluids that reach the surface.

Further advances to image the internal structure of the slab and mantle wedge
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would rely on networks with even higher density coverage than required for monitor-
ing. Besides 3-D receiver function migration, suitable imaging methods that have been
suggested or are in development are influenced by reflection seismic processing, inter-
ferometric studies, and local earthquake tomography. One such example is found in
Kim et al. (2018), who introduced a promising method based on the autocorrelation
of local earthquake coda to recover the internal structure of the LVL below the plate
interface in Alaska. The developments from part III to locate earthquakes relative to
discontinuities share some ideas with the autocorrelation method, while the methodol-
ogy of both works may benefit the location as well as the imaging problem. Applying
the imaging method of Kim et al. (2018) to Greece would depend on two main factors:
(a) A region with continuous intraslab seismicity from the trench toward the arc, such
as centrally between Tripoli and Kalvrita, or a region of particularly high seismicity in
a confined region, such as below Tripoli. (b) A deployment of seismographs that should
provide unprecedented dense coverage along one narrow line, which may include both

broadband and short period instruments.

In conjunction with the imaging objectives described above, processing ap-
proaches from the field of controlled-source seismics may be applied to local earth-
quake data to map reflectors and refractors, and to separate signal from noise. Many
processing techniques developed in reflection seismics require that the wavefield be
recorded without spatial aliasing between traces, which allows 2-D / 3-D Fourier trans-
forms to be applied. However, earthquake monitoring networks usually only produce
aliased data at relevant frequencies. This problem could be solved with far denser mon-
itoring networks (whose cost may be acceptable for targeted deployments along a line),
or by networks that are only moderately dense but sensitive such that they can detect
and record a larger number of deep earthquakes. If neighboring earthquakes occur close
enough to one another, then they may be merged into station gathers that would sample
the wavefield without aliasing in the vicinity of the slab. Such gathers would allow the
application of techniques such as dip-filters to separate phases with negative and posi-
tive moveout (i.e., conversions and reflections). Proper signal separation would allow
the phase moveout to be corrected properly, which in turn would be critical for stacking

and imaging through migration.

The list of methods above provides suggestions for future research targets. Mean-
while, continued earthquake monitoring in the Hellenic subduction zone will provide
important data to verify previous findings, and to improve our understanding of the

subduction system.
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