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Abstract

Large-scale historical volcanic eruptions caused significant destruction in the Mediterranean region
(e.g., Thera/Santorini explosion circa 1600 BCE). The South Aegean Volcanic Arc remains active, and
in addition to primary volcanic hazards such as ashfall and lava flows, active submarine and coastal
volcanoes have the potential to trigger tsunamis as secondary volcanic hazard. These tsunamis
pose a threat even to far-distant coastlines. With increasing population density, infrastructure
development, and seasonal tourism, both primary and secondary volcanic risks along the Aegean
coasts are increasing, even with respect to smaller, more frequent eruptions. Our focus is on the
western Saronic Gulf region within the Aegean Sea, as possible impacts may even extend into the
greater Athens metropolitan area. There, the dormant volcanoes of the Methana volcanic system,
which last erupted in 230 BCE, and the submarine Pausanias Volcanic Field pose an underappreciated
hazard. We search for evidence of yet undetected magmatic activity through the identification of
related microseismic events and describe the design of the related MeMaX experiment. Since 2019,
the National Observatory of Athens and the University of Patras operate six seismic stations on
Methana and the nearby Peloponnese mainland. In March 2024, an additional 15 seismic recording
stations were deployed for a two-years period across Methana, Aegina, Agistri, Kyra, and Poros
islands and the mainland Peloponnese. This network configuration provides a dense and good
azimuthal coverage of seismic ray paths for earthquake location and structural analysis. The
continuous recordings enhance the observational capacities for earthquake detection, e.g. the first
results indicate that the noise at the recording sites is quite low and that low magnitude events to
ML ca. 0 can be recorded with a very good signal-to-noise ratio. This geophysical experiment is part
of the MULTI-MAREX initiative.
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1. Introduction

Investigating dormant volcanoes such as the Methana and Pausanias volcanic complexes in Greece (Fig. 1) is
of paramount importance, as these seemingly dormant systems can reawake to activity, posing significant risks
to nearby infrastructure and communities. At present Methana and Pausanias are close-by complex magmatic
systems with geodynamic and hydrothermal activity at the eastern coast of the Peloponnese (Fig. 1). They are
the westernmost members of the South Aegean Volcanic Arc. The present time volcanic hazard of the Methana
volcanic complex is considered to be low (Vougioukalakis and Fytikas, 2005). Despite that and its last eruption
occurring around 230 BCE, ongoing thermal activity and gas emissions indicate that volcanism at Methana remains
a potential hazard. The history of the eruptions on Methana and Pausanias (Pe-Piper and Piper, 2013; Foutrakis and
Anastasakis, 2018a) and the general long-lived process of magma generation and the long residence time of several
tens of thousands of years in lithospheric reservoirs (Rout et al., 2021) also indicate that future volcanic activity can
be expected. Due to the proximity of Methana and Pausanias to Athens, with its vulnerable infrastructure and high
population, it is known that even a low hazard potential can lead to a significant risk. Generally, low-magnitude
volcanic eruptions can cause major impacts to our modern societies (Mani et al., 2021). Thus, understanding the
seismic and magmatic activity as well as the associated volcanic hazards in and around Methana Peninsula is
essential, particularly in the context of the complex tectonic dynamics of the area. This region, characterized by
active fault systems and frequent seismic events, has been relatively under-investigated compared to other volcanic
systems such as Santorini or Nisyros (Vougioukalakis and Fytikas, 2005). Especially, the influence of the current
tectonic stress field on magmatic processes remains unknown.

Seismic monitoring of magmatic systems is an efficient tool to derive information concerning their in-situ
physical state (e.g., Pallister and McNutt, 2015 and White and McCausland, 2019). In this respect, the Methana
Magmatic Observational Experiment (MeMaX) addresses gaps in knowledge by deploying a dense temporary seismic
network to densify observations between permanent stations. This approach allows to very sensitively monitor the
microseismicity in the area. The goal of MeMaX is to detect previously undetected seismic events linked to both
magmatic and tectonic processes, providing crucial insights into the region’s geodynamic behavior including inner
architecture and the tectonic stress field.

2. Regional setting

The Mediterranean Sea, a remnant of the ancient Tethys Ocean, presents a complex tectonic setting shaped by
the interactions between the Eurasian, African, and Arabian plates, along with several microplates (Papanikolaou,
2021). The eastern Mediterranean, the oldest segment, retains remnants of the Tethys Ocean, while the western
Mediterranean emerged from the opening of a post-collision basin following the Tethys’s closure during the Cenozoic
era (Papanikolaou, 2021). This regional tectonic framework is notably intricate due to the varied movements of
the Anatolian, Aegean, Apulia-Adriatic, and Sinai microplates. The Anatolian microplate, moving westward at
approximately 20 mm/year, is bounded by the Hellenic and Cyprus Arcs to the south, and by the North and East
Anatolian Faults to the north and east. These active faults contribute to significant seismic activity, as found by the
recent devastating earthquakes in Tiirkiye and Syria (Kusky et al., 2023). In contrast, the Aegean microplate moves
at a faster rate of 40-50 mm/year (Clarke et al., 1998; McClusky et al., 2000) towards the southwest, driven largely by
the subduction of the African plate beneath it. This subduction is also the driving mechanism for the formation of
the Hellenic arc, a region marked by significant volcanic and seismic activity, particularly in the southern Hellenides
(Papanikolaou, 2021).

The Aegean Sea (Fig. 1) is a tectonically active region framed by the Greek mainland and the Peloponnese
peninsula to the north and west, Tiirkiye to the east, and the subduction zone between the African/Arabian and
Eurasian plates to the south (Fig. 1). This region is notable for its significant volcanic and seismic activity, which
has evolved in response to the complex tectonic processes. The volcanic history of the Aegean Sea can be divided
into two main phases. The first phase began during the Oligocene and affected northern Greece, northwest Tiirkiye,
and southern Bulgaria (Fytikas et al., 1984). After a pause in the middle Miocene, volcanic activity resumed in the
southern Aegean during the late Pliocene, shifting to the South Aegean Volcanic Arc (Fytikas et al., 1984). This arc,
which extends from the Saronic Gulf in western Greece to islands near the Turkish coast, includes volcanic centers
such as Methana, Aegina, Poros, Milos, Santorini, and Nisyros. The shift in volcanic activity from north to south is
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linked to changes in subduction dynamics and the formation of a back-arc region due to the rollback of the African
plate, leading to crustal thinning in the southern Aegean (Papazachos and Comninakis, 1971; Fytikas et al., 1984;
Dietrich et al., 1988; Pe-Piper and Piper, 2005; Papageorgiou, 2010; Jolivet et al., 2013). The South Aegean Volcanic
Arc is characterized by calc-alkaline rocks associations typical of back-arc volcanism (Fytikas et al., 1984; Pe-Piper
and Piper, 2005). The arc can be subdivided into western and eastern segments based on volcanic characteristics.
The western segment, which includes Methana, Aegina, Poros and Milos, features volcanic domes and lava flows
primarily composed of andesites and dacites (Fytikas et al., 1984; Pe-Piper and Piper, 2005) controlled by regional
tectonics (Tzanis et al., 2018). In contrast, the eastern segment around Santorini and Nisyros is marked by volcanic
cones and calderas, a result of more intense crustal deformation and thinning, caused by the geometry of the
subduction zone (Fytikas et al., 1984; Le Pichon et al., 1997; Pe-Piper and Piper, 2002, 2005). The Saronic Gulf
(Fig. 1), a western extension of the Aegean Sea, is a combination of different neotectonic basins shaped by the
extensional tectonics of the back-arc region (Papazachos and Comninakis, 1971; Jolivet et al., 2013). This gulf is
divided into western and eastern parts by a shallow N-S striking submarine platform extending from Salamis to
Methana (Makris, 2004; Drakatos et al., 2005; Foutrakis and Anastasakis, 2020). The western part is more volcanically
and seismically active (Fig. 2), with complex underground deformation, including the formation of graben and
horst structures (Le Pichon and Angelier, 1979; Makris, 2004; Nomikou et al., 2013; Kolaiti and Mourtzas, 2016).
Notable features include the Megara and Epidaurus basins, separated by the Korfos fault valley, an extension of the
northwestern Corinthiakos Gulf fault zone (Papageorgiou, 2010; Foutrakis and Anastasakis, 2020). Different studies
indicate a rotation of the tectonic stress field, from W-E in the Corinthiakos Gulf to WNW-ESE in the Saronic Gulf
(Papanikolaou et al., 1988; Tzanis et al., 2018). According to Suckale et al. (2009) and Sachpazi et al. (2016), the
Mohorovici¢ (Moho) discontinuity is at 30 km depth beneath the western Saronic Gulf. The deepest sea in the Saronic
Gulf can be found in the Epidaurus basin with 421 meters depth (Foutrakis and Anastasakis, 2020).

2.1 Methana and its volcanism

The Methana Peninsula, covering an area of approximately 44 km?, is the second westernmost volcanic system of
the South Aegean Volcanic Arc (D’Alessandro et al., 2008). Its current state is dormant, but there is magmatic degassing
and hydrothermal activity. There are more than 30 individual Quaternary volcanic domes (Antoniou et al., 2018) and
the highest peak, Helona Mountain, rises to around 740 meters above sea level (Gatsios et al., 2020b) and it is one of
the oldest volcanoes. There are active fumaroles (Fig. 1) near Nea Loutra (NL), Agios Nikolaos (AN), and hydrothermal
activity at Thiafi Bay (TB, Fig. 1) (D’Alessandro et al., 2008) associated with faulting (Dotsika et al., 2010). The
Methana Peninsula is situated within the extensional tectonic setting of the Saronic Gulf, where the continental crust
is estimated to be relatively thin (20-30 km thickness)(Karagianni et al., 2004; Drakatos et al., 2005; Papazachos,
2019). The extensional forces in this region led to the development of a complex fault network (Fig. 2), including
older NW-SE and NNE-SSW faults and younger E-W striking faults (Nomikou et al., 2013; Gatsios et al., 2020b).
These faults not only delineate the peninsula but also can facilitate magma ascent, thus contributing to the volcanic
activity (D’Alessandro et al., 2008).

The basement of Methana is composed of Jurassic to Cretaceous limestones, which are exposed in the southern
and northwestern parts of the peninsula (Pe-Piper and Piper, 2013). The volcanic history of Methana likely
began around 1.5 Myrs ago, although some studies suggest that it may have started as early as the late Pliocene
(Dietrich et al., 1988; Nomikou et al., 2013; Pe-Piper and Piper, 2013). The volcanic activity on Methana has
predominantly been effusive (only about 14 eruptions), characterized by low eruption rates and limited spatial
extent (Schoenhofen et al., 2020). However, some evidence of smaller explosive events (about 3) exists, indicated
by layers of tuff found at various outcrops (Pe-Piper and Piper, 2013). Chemical analyses of the volcanic deposits
suggest that the melt originated from a mix of mantle and crustal material, with a greater crustal influence compared
to other Aegean volcanic systems like Santorini and Nisyros (Elburg et al., 2018; Woelki et al., 2018). According to
Tzanis et al. (2020) Methana is directly located above the rapidly subducting segment of the Hellenic Subduction
System. Focal plane mechanisms and hypocenters of subcrustal earthquakes (Hatzfeld et al., 1989), see also Fig. 3
and tomographic imaging (Sachpazi et al., 2016) indicate an inflection of the slab in a depth of 50-60 km under the
Argolic Gulf southwest of Methana.

Earthquake activity indicates that the slab is likely at 100 km depth underneath Methana (Fig. 3). At this depth
and its related lithostatic pressure, the eclogite facies metamorphism drives water into the mantle wedge and
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initiates the generation of andesitic magmas and arc volcanism (Grove et al., 2006; Tzanis et al., 2018). The volcanic
evolution of Methana can be divided into eight distinct phases, each reflecting changes in tectonic activity and
volcanic processes over time. According to Pe-Piper and Piper, (2013), the activity started at first with andesitic and
dacitic domes forming along the dominating N-S striking fault system. These domes eroded and were subjected
to uplift and additional faulting. Basaltic-andesitic eruptions continued and covered mostly the northern part of
the peninsula. About 0.9-0.5 Myrs ago the tectonic framework started to evolve to a more E-W striking normal
fault system. Around 0.34-0.29 Myrs ago pyroclastic explosive eruptions and multiple effusive eruptions occurred.
The most recent volcanic event on Methana near the village Kameni Chora occurred in 230 BCE at Kameno Vouno
volcano, resulting in the formation of the prominent Mavri Petra lava flow in the northwest of the peninsula.
Underneath Kameno Vouno and the Pausanias volcanic field, Tzanis et al. (2020) found an increased magnetic
susceptibility domain that reaches down to 2 km depth using magnetotelluric measurements. This is interpreted
as igneous rocks with intermediate to mafic compositions. Underneath the eastern and central domes, a similar
magnetic susceptibility domain reaches down to ca. 4 km depth. Studies of long stacked Sentinel-1 C-band
Synthetic Aperture Radar (SAR) images acquired from March 2015 to August 2019 in combination with Global
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Figure 1. Overview of the Saronic Gulf and the research area. For orientation, the cities of Athens, Corinth, Megara,
P.Epidauros, and Piraeus are marked with rectangles, as well as the volcanoes and basins in the region. Marked with
blue triangles are thermal waters around Methana: Agios Nikolaos (AN), Nea Loutra (NL), Pausanias Baths (PB),
and hydrothermal activity at Thiafi Bay (TB). In the overview in the bottom right corner, the South Aegean Volcanic
Arc is marked with its volcanic systems from west to east starting in the Saronic Gulf: Poros (P), Milos (M),
Santorini (S), and Nisyros (N). The Aegean Sea (AS) is also marked. The red lines indicate the plate boundaries.
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Navigation Satellite System (GNSS) stations resulted in line of sight displacement velocities of —18.1 mm/year
to +7.5 mm/year on Methana peninsula. These deformations are interpreted as near-surface effects. They do not
seem to be related to magmatic inflation or deflation, which is consistent with the current low magmatic activity
at Methana (Gatsios et al., 2020a).

2.2 Submarine Pausanias Volcanic Field

The submarine Pausanias Volcanic Field is located just to the northwest of the Methana Peninsula and spans
approximately 36 km? plus wide-spread volcaniclastic deposits (Foutrakis and Anastasakis, 2018a,b). It is composed
of at least six cone-like volcanic centers which are active during three periods. The first volcanic period began at
around 450 ka, correlating with the Methana volcanic history. The second and most significant event occurred
between 200 ka and 130 ka, expanding the volcanic field towards north and west. The youngest volcanic series
occurred at ca. 14 ka. The volcanic field is bounded on the east by a shallow submarine platform that delineates the
western and eastern parts of the Saronic Gulf. The eastern flank of the volcanic field reaches the seafloor at around
270 meters depth, while its western flank extends down to the adjacent Epidaurus basin at depths ranging from
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Figure 2. Overview of the seismic activity detected by the National Observatory in Athens (2019-2024) in the Saronic Gulf
and the research area. These locations include data from the permanent stations on Methana (networks HL, HA),
starting in 2019, up to 8 September 2024, indicated as circles. Events that occurred since the deployment of the
network 1A (27 March 2024) are marked with red circles. For orientation, the cities of Athens, Corinth, Megara,
Methana, Piraeus, and P. Epidauros are marked with rectangles, as well as the volcanoes in the region with red
triangles. Black lines indicate main faults collected from (Stefatos et al., 2002; Skourtsos and Kranis, 2009;
Foutrakis and Anastasakis, 2020; Tzanis et al., 2020).
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380 m to 421 m. The seafloor is composed of Mesozoic limestone. The highest summit of the volcanic field rises to
a depth of 143 m below sea level (Nomikou et al., 2013). The Pausanias Volcanic Field primarily consists of dacitic
material, suggesting a connection with or similar melt generation as the volcanic processes that occurred on the
Methana Peninsula (Foutrakis and Anastasakis, 2018a,b).

3. Network Description

The network Methana Magmatic Observational Experiment (MeMaX) is composed of permanent and temporary
seismic stations which are included in the European Integrated Data Archive (EIDA). The stations of the National
Observatory of Athens Seismic Network run under network code HL (National Observatory of Athens, Institute of
Geodynamics, Athens, 1975), the Hellenic Seismological Network from the University of Athens under HA (University
of Athens, 2008) and the network code for the temporary stations is 1A (Fost et al., 2024). Network 1A comprises
15 short-period seismic stations distributed across the Methana Peninsula, Aegina, Agistri, Kyra, and Poros islands,
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Figure 3. The MeMaX experiment includes all available seismic recording stations from the networks HL, HA, and 1A
(see Data and Resources). The hypocenters outline the ongoing seismic activity detected by the National
Observatory in Athens since the deployment of the MeMaX network (27 March 2024) until 8 September 2024,
(b) longitudinal depth slice, and (c) latitudinal depth slice. For orientation, the hypocenter depth is indicated
with color. Additionally, the cities of Athens, Corinth, Megara, and Piraeus are marked with rectangles, as well as
the volcanoes in the region with red triangles. The main study area is indicated with the black frame (see Fig. 5).
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and the mainland of the Peloponnese (Figs. 3 and 5). The temporary installation began with the setup of 14 stations
between March 13t and 29th, 2024, in the Methana area, and was completed with the 15t station on Kyra Island on
June 10th, 2024. Recording is planned to continue for a two-year period.

3.1 Instrumentation

The permanent stations of network HL consist of four short-period stations which were installed at Ano Fanari
(MET?3), Agious Theodorous (MET4), Makriloggos (MET5) and Megalochori (MET6) on Methana peninsula starting
in February 2019. These are equipped with EarthData recorders and Lennartz LE-3D 1 s seismometers. The vaults
for two broadband seismic stations were constructed at Methana town (MET1) and Kameni Chora (MET2) and these
stations are equipped with Giiralp CMG3-ESPC 100 s seismometers and Giiralp Minimus and Reftek-130 recorders,
respectively. A permanent co-located GNSS station is operating at MET2 since 2019 and a co-located strong motion
sensor is operating at MET 1.

All temporary 1A stations are equipped with MARK L-4C-3D seismometers, which have a flat ground velocity
response ranging from the corner frequency of 1 Hz to more than 100 Hz. These are passive systems designed for low
power consumption, making them suitable for remote stations. Data is logged using DiGOS DATA-CUBE? recorders
with 32 GB SD drives, operating at a sampling rate of 100 samples per second and ca. 0.13 W power consumption.
Both instruments are borrowed from the Geophysical Instrument Pool Potsdam (GIPP).

To ensure continuous power supply, all temporary stations are connected to 12V batteries charged daily by
20 Wpeqi solar panels. Solar chargers prevent battery damage. To protect the equipment, the batteries, data loggers,
and solar chargers are housed in water-resistant bags and packed inside boxes, which can release water at the bottom
to prevent flooding during possible heavy rains (Fig. 4d). The seismometer and the equipment box are buried next
to each in separate holes at ca. 30 cm depth (Fig. 4e). Firm coupling of the seismometers to the ground is enhanced
by a foundation made of approximately 5-8 cm of quick-setting cement (Fig. 4a). For mechanical protection and
thermal insulation, the seismometers are packed into bags and wrapped in fleece material (Fig. 4c).

Seismometers were oriented to true north using a gyroscope (iXBlue Quadrans). Stations MMO07 and MM11 were
oriented using a traditional magnetic compass and a mobile phone compass. The precise horizontal orientation
allows for e.g. accurate wave polarization analyses for receiver function or shear wave splitting methods. A
high-quality time signal was established via the global positioning system (GPS) time synchronization, with the
GPS antenna mounted on top of a wooden post (Fig. 4f). Reception of the GPS signal and time synchronization is
done in a cycled mode, meaning that only every 30 minutes the internal clock synchronized to save power.

To ensure optimal sun exposure, the solar panels are mounted on top of the buried boxes or close-by rocks,
oriented to about south sun and angled at approximately 45 degrees to facilitate the removal of dust and dirt by
rainfall. Due to the remote sites, each station is marked with a warning sign (Fig. 4f) displaying contact information
to deter curious hikers from digging.

3.2 Location Selection

To achieve the research objectives, all temporary station locations were strategically selected to fill observational
gaps in the existing permanent network, which comprises stations from the National Observatory of Athens Seismic
Network (HL) and the Hellenic Seismological Network (HA) (Fig. 3). The primary goal of the network design was to
reduce the distance between seismic stations and achieve a comprehensive coverage of the research area. Especially
recording stations were installed on the islands of the Saronic Gulf to increase the observational capabilities. On
Methana Peninsula, we aimed to establish a very dense network across the entire peninsula to be able to record
low-magnitude magmatic events (ML = 0). This led to the deployment of five additional stations, and thus in total
10 stations were running on Methana.

For the broader Saronic Gulf area and to ensure a better ray coverage throughout the region, we deployed four
stations on the Peloponnese Peninsula and six stations on the surrounding islands — one on Poros, two on Agistri,
two on Aegina and one on Kyra Island - in this way we achieved a large enough network encircling Methana and
the submarine Pausanias Volcanic Fields. This strategic placement of stations is expected to enhance the accuracy
of earthquake locations, both in depth and horizontally.
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Figure 4. Installation of instruments of the 1A network in spring 2024: (a) Foundation for better surface coupling,
(b) seismometer packed into bags, (c) thermal insulation, (d) equipment box, (e) two separated holes for equipment
and seismometer, (f) final appearance of station MM09 with solar panel and warning sign at the GPS post.

The combined permanent and temporary networks enable us to determine a new seismic velocity model of the
region in both 1-D, using VELEST (Kissling et al., 1994; Kissling et al., 1995), and 3-D, using SIMULPS14 (Thurber,
1983; Eberhart-Phillips and Michael, 1993; Haslinger and Kissling, 2001). Additionally, they help address unresolved
issues, such as determining the Moho depth through the analysis of teleseismic receiver functions. The dense network
on Methana is particularly aimed at detecting previously undetected magmatic microseismicity, similar to findings
in the Eifel region (Hensch et al., 2019; Ritter et al., 2024). Magmatic earthquakes could indicate ongoing magmatic
activity beneath Methana or Pausanias (see more in Section Data Quality) and can be distinguished from tectonic
earthquakes based on their depth, characteristic waveform signatures, frequency content, and spatial clustering
near volcanic structures. This network will also improve the precision of tectonic earthquake locations and thereby
enhance the detection of active fault structures in the region, including fault plane solutions to resolve the stress field.

3.3 Network Operation

The temporary network 1A operates offline, without real-time data acquisition due to financial limitations and
the need to minimize power consumption. The dataloggers use 32 GB SD cards to store the recorded data, which
is collected during two service visits per year. The data is then archived at GFZ and GEOFON (Fost et al., 2024).

Data processing and analysis are conducted after merging the available data from the three networks. Polarity and
amplitudes are carefully checked to ensure the correct use of metadata across all networks (see below). The public
release of the archive for the 1A network is planned for the end of 2026 (see Data and Resources). As seen in Fig. 3
since the deployment of the network, NOA has detected more than 100 seismic events in the study area. For the
planned recording period this should result in about 500-600 detected events using standard methods. This number
should be increased by the use of all stations for detections and improved Al detection methods using SeisBench
(Miinchmeyer et al., 2022; Woollam et al., 2022) or Phase Neural Operator for Multi-Station Picking (Sun et al., 2023).

4. Data Quality

Our primary goal is to investigate hitherto undetected microseismicity in the study region (Fig. 5). Therefore, the
background noise — and consequently the detection threshold — must be as low as possible at the remote recording
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Figure 5. Detailed map of the main study area, including all available seismic recording stations with station codes from
the networks HL, HA, and 1A (see Data and Resources). The hypocenters outline the ongoing seismic activity
detected by the National Observatory in Athens since the deployment of the MeMaX network (27 March 2024)
until 8 September 2024, (b) longitudinal depth slice, and (c) latitudinal depth slice. For orientation, the hypocenter
depth is indicated with color. Additionally, the islands of Aegina, Agistri, Poros, and Kyra as well as the peninsula
Methana are marked. The volcanoes in the region are indicated with red triangles.

stations in the main frequency range of interest which is ca. 1-20 Hz. Low noise levels are essential for investigating
phenomena such as deep low-frequency (DLF) events within the plumbing systems of the Methana and Pausanias
magmatic systems. Ideally, we aim to detect earthquakes like DLFs occurring possibly in the upper mantle with low
magnitudes and hypocentral distances of approximately 50 km (e.g., 40 km depth and 30 km epicentral distance).
Such geometries are known from other magmatic and tectonic systems: Eifel Volcanic Fields (Hensch et al., 2019),
Hawaii (Aki and Koyanagi, 1981), or Central Africa (Batte et al., 2021). According to Ritter et al. (2024), particle
velocity power spectral density (PSDy,) values of around —180 dB to —185 dB (relative to 1 m2/(s2 Hz)) would be
sufficient for the network sites to detect DLF events of ML = 0 with frequencies between 1 Hz and 9 Hz. Tectonic
earthquakes with magnitudes around O to —1 occur at frequencies around 15-20 Hz (Aki and Richards, 1980).

To assess the noise levels at each station, we calculated probabilistic power spectral densities (PPSD) using ObsPy
(Beyreuther et al., 2010), as shown in Fig. 6. The analyzed time windows from 26 March to 5 June 2024 corresponds
to the start of the temporary network 1A until the first collection of the field data. For reference, we also include
the new high and low noise models (NHNM, NLNM) as defined by Peterson (1993).

All MeMaX stations have average noise levels below the NHNM with the exception of MET3 where a technical
problem occurred. In the frequency interval of interest, 1-20 Hz, the noise levels are mostly below —160 dB, a few
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Figure 6. PPSDs for the recording time 26 March-5 June 2024 (until the first service for all stations in the area of MeMaX).
The results for the vertical component recordings are presented (for horizontal components, see Figs. A1 and A2).
The PPSDs are calculated for one-hour time windows with an overlap of 50 %. The colour coding represents the
probability of a spectral power density to occur at a certain frequency. The grey lines show the new high and low
noise models (NHNM, NLNM) after Peterson, (1993). The black line indicates the median noise level.
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are below 180 dB. Below a frequency of 1 Hz, at ca. 0.2-0.4 Hz there is the second microseism peak due to oceanic
waves. This peak is even clearly found at the short-period (1-100 Hz) instruments which seem to record well to
frequencies as low as ca. 0.1 Hz. This allows to record teleseismic P- and S-waves for travel time, receiver function
and shear splitting studies. At stations MM02, MMO05, and MET6 there is an additional peak at around 10 Hz, likely
due to anthropogenic noise. The increase in amplitude observed at frequencies below 0.2 Hz at stations MET4 and
METS6 is a result of the instrument’s limitations. These frequencies fall outside the range of the instrument’s transfer
function, leading to a distortion where the signal is effectively attenuated.

In Fig. 7 the median PPSD levels are presented for all stations of the MeMaX experiment. In the frequency range
of interest, the noise levels range between —140 dB and —190 dB (MET?3 seems to suffer from a technical problem).
Station MMO6 has the lowest noise level on Methana Peninsula with —155 dB to —190 dB for frequencies between
1 Hz and 10 Hz. Stations MM 12 and MM13, both installed on Agistri Island, also exhibit low noise levels of -150 dB
to —180 dB for this frequency range. The highest noise levels are found at stations MM 14 and MM15 between —140 dB
to —160 dB, which are both located on Aegina Island. Although the sites of MM14 and MM15 are some hundred
meters away from some homes, this may be related with the manifold tourism on the island. Stations MMO02 and
MMO7 are also associated with higher noise levels (around —160 dB) due to their proximity to agricultural activities.

The MARK L-4 seismometers installed at the temporary sites are short-period instruments with a nominal lower
frequency corner of the response function at 1 Hz. The PPSD plots indicate that a reasonable ground motion can
be recorded to ca. 0.1 Hz (Figs. 6 and 7). For a lower frequency range (f < 0.1 Hz), only the Nanometrics Trillium
Horizon with a natural period of 120 s at station ACOR does reliably record the ground motion (Fig. 6). In comparison
to the permanent HL and HA networks (Evangelidis et al., 2021), the noise levels of the temporary station sites
are comparably good between 1 Hz and 20 Hz. This can be explained with the more flexible criteria for locations,
because of an autonomous power supply, no requirement for the availability of data transmission and just short-term
occupation of land.

s NHN M MMO1 seeeeeee MM04 —=——-MMO07 MM10 — —MM13 ACOR  =evvveee MET3
=== s NHNM-20dB ——=—--MM02 - - = MMO5 - - MMO8 MM11  seeeeeeees MM14 —-=-=-EPID MET4

—60{——nNNM  ——MMO3 — —MMOG — — MMOD — -MMI2 - — -MMIS ——MET2 — —METo
_801
~100
~120 {3
—1401

—160 1

Amplitude in dB (m?/s?/Hz)

—180 1

—200 1

0.01 0.1 1 10 100
Frequency in Hz

Figure 7. Median PPSD levels of for all stations in the MeMaX network. The gray lines show the new high and low noise
models (NHNM, NLNM) as proposed by Peterson (1993) as well as the 20 dB reduced NHNM.

To check the wave polarity and correct individual removal of the instrument response, we compare the first
onsets of three teleseismic earthquakes at all stations (see Fig. 8). Due to the long epicentral distances of more than
9,000 km and the relatively short aperture of the network, the seismic waves travel along very similar propagation
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paths. Thus, the recorded waveforms should be very coherent at all MeMaX stations, except for local site effects
such as variations in sediment thickness or seismometer coupling to the ground. The waveform comparison
demonstrates the expected coherency. Also, the wave polarities are the same at the different stations. Interestingly,
the short-period instruments show clear seismic phases below 0.1 Hz (Fig. 8). This is only possible, because the
noise at the sites is quite low so that the signals are visible even more than four octaves below the lower corner
frequency of the response function (Scherbaum, 2001). Of course, the amplitudes are lower than for the true ground
motion, and a part of the low frequency content is missing, however, this can be corrected with a simulation filter
(Scherbaum, 2001) at a later stage.
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Figure 8. Waveform recordings for three teleseismic earthquakes are presented, showing the vertical channels for all stations
(for horizontal channels see Figs. A3 and A4). The response function is removed to show the actual recording
even at very low frequencies (<0.1 Hz), see text. (a) The first arrivals of the Mw 6.4 earthquake on 12 June 2024,
in Mexico at a depth of 41 km. (b) The first arrival of the Mw 6.6 earthquake on 26 June 2024, in Tonga at a
depth of 111.3 km. (c) The first arrival of the Mw 7.2 earthquake on 3 April 2024, in Taiwan at a depth of 29 km.
The recordings are bandpass filtered with a lower cutoff frequency of 0.01 Hz and an upper cutoff frequency of
0.1 Hz. Linear trends and the mean are subtracted. The theoretical arrival phases are indicated, calculated using
TauPy in ObsPy with the ak135 Earth model (Kennett et al., 1995).
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At a distance of 11,144 km to station MMO09, the first arrival Pdiff phase is clearly visible from a moderately strong
earthquake (Mw 6.4) below Mexico (Fig. 8a). The following PP phase and PKIKP phase are also recorded with a good
signal-to-noise ratio (SNR). The average noise level during daytime (ca. 15:00 local time and between 0.01 Hz to
0.1 Hz) is around +0.5 nm/s, see traces in Fig. 8a. In Fig. 8b core phases from a deep Tonga event (Mw 6.6) are well
recorded. Such phases together with array processing of the MeMaX recordings may be used for studying structures
in the lower mantle or core for ray paths so far not covered. The P and PcP phases (Fig. 8c) of a Taiwan earthquake
(Mw 7.2) can be used for teleseismic tomography or receiver function studies.

To test the capability of the MeMaX network in detecting regional low-amplitude events, we plotted example
seismograms of low-magnitude events from Greece in Figs. 9. The signals are bandpass filtered with a lower cutoff
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Figure 9. Three-component waveform recordings for four local earthquakes measured at station MM09. (a) The waveforms
of the ML 0.6 earthquake on 8 June 2024, at a depth of 41 km and an epicentral distance of 77 km. (b) The
waveforms of the ML 1.1 earthquake on 29 March 2024, at a depth of 20 km and an epicentral distance of 29 km.
(c) The waveforms of the ML 1.8 earthquake on 27 March 2024, at a depth of 49 km and an epicentral distance
of 36 km. (d) The waveforms of the ML 2.6 earthquake on 26 June 2024, at a depth of 116 km and an epicentral
distance of 15 km.

The theoretical first arrivals are indicated, calculated using TauPy in ObsPy with the ak135 Earth model
(Kennett et al., 1995). Note that the response function is removed. The recordings are bandpass filtered with a
lower cutoff frequency of 1 Hz and an upper cutoff frequency of 15 Hz. Linear trends and the mean are subtracted.
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frequency of 1 Hz and an upper cutoff frequency of 15 Hz. Figure 9a shows the three-component arrivals from an
earthquake of local magnitude ML 0.6 that occurred east of Thiva, with an epicentral distance to MMO09 of 77 km
and a hypocentral depth of 17 km. Despite the large distance and small magnitude, the arrival of the wave is clearly
visible. These preliminary indications suggest that the network meets the research goals (see Section 3), as events
with magnitudes around ML ~ 0 may be detectable with a signal-to-noise ratio (SNR) greater than 3 within a
50 km radius, based on our calculated noise levels. In Figs. 9b recordings are displayed for an earthquake with local
magnitude 1.0 at a hypocentral depth of 20 km and an epicentral distance of 29 km. The wavetrains are clearly visible
with a strong first arrival onset. Figure 9¢ contains waveforms for an earthquake with a local magnitude ML of 1.8
that occurred at an epicentral distance of 39 km to MMQ9 at a hypocentral depth of 49 km. The P and S phases are
clearly visible as well as the surface waves.

Since our study region also experiences intermediate-deep earthquakes resulting from the subduction processes,
a possible tomography, anisotropy, or receiver function study would benefit from these ray paths as well. Figure 9d
shows the arrivals from such a deep event (116 km depth) that occurred during the start of the recording period
of the temporary deployment. This earthquake had a magnitude ML of 2.6 and an epicentral distance of 15 km to
station MMO09. The clear onsets of the P and S arrivals are marked and the SNR should allow to study the structure
of the lithosphere and upper mantle above the hypocenter.

5. Discussion

Imaging ongoing magmatic and tectonic processes at depth require a well-planned seismic network design in
order to measure microseismic events with sufficient SNR. In our case, the new occupation of four islands with
seismic stations improved the regional station network (Fig. 5). This new network, MeMaX is centered on Methana
Peninsula and its Quaternary volcanic field and it also well covers the adjacent submarine Pausanias Volcanic Field.

The analysis of seismic noise at the various sites demonstrates that the recording conditions are excellent. Based
on our observations and noise level calculations, local events with magnitudes as low as ML ~ 0 are likely detectable
within a 50 km radius. However, further data collection and analysis will be required to validate this hypothesis.
This will allow us to map active faults (Fig. 2), e.g., using HypoDD (Waldhauser and Ellsworth, 2000), and to detect
possible low frequency events which are known from other magmatic systems in the South Aegean Volcanic Arc,
e.g., at the Santorini-Kolumbo magmatic system (Kolaitis et al., 2007). Therefore, MeMaX can contribute to the
volcanic hazard assessment of the region. These results will then be supplemented with other ongoing studies in
the Saronic Gulf with focus on Methana such as repeated drone flights with altitude measurements and drillings
for tsunamigenic sediment layers at the coast.

The strategy to record temporarily with low-power instrumentation at remote sites worked well as can be seen
by the noise level of —140 dB to =190 dB in the frequency range of 1-20 Hz for ground motion velocity (Figs. 6
and 7). The usage of solar panels with 20 W, and with a size of about 20 cm by 20 cm is enough to repower small
rechargeable batteries (40 Ah in our case). Even if such solar panels cannot be installed in an optimal position to
better conceal the station, additional independent tests conducted during winter times in Germany demonstrated
that they still provide sufficient power for continuous recording. Such an installation is recommended for follow-up
experiments to enable the monitoring of similar seismological and volcanic targets.

6. Conclusions

The temporary stations of the MeMaX network densify the existing permanent networks (HL and HA) to monitor
microseismic activity associated with magmatic and tectonic processes in the Saronic Gulf, with a particular focus
on the Methana and Pausanias magmatic systems. By using mobile short-period instruments with low power
consumption, we can identify low-noise, remote sites that provide optimal conditions for achieving our research
objectives. All temporary stations were installed on small cement foundations, firmly covered to the bedrock and
with minimal sedimentary cover over the base limestone.

Initial quality control of the data suggests promising results for the upcoming recording periods, which allow
high event detection rates, precise hypocentral earthquake locations, and improved local P- and S-wave velocity
models. These advancements will enhance our understanding of the magmatic and tectonic activities in the Saronic
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Gulf. The clear detection of onsets from low-magnitude earthquakes, as well as deep and distant events, indicates
that the network is well-suited to achieve these research objectives.

Data and Resources. For completeness,we are providing the horizontal components of the probabilistic power spectral
densities and the teleseismic events in the Appendix. The network and station information for network 1A, as well as for
the permanent networks HA and HL, is available through EIDA. The data for the permanent stations was downloaded
using ObsPy (Beyreuther et al., 2010) from the corresponding data center at NOA; however, it is only available with
restricted access and is not publicly accessible (National Observatory of Athens, Institute of Geodynamics, Athens,
1975; University of Athens, 2008). Data from the MeMaX network 1A is restricted but is expected to become publicly
available end of 2026 via EIDA web service of GEOFON (Fdst et al., 2024). For data analysis, we used ObsPy, and all
figures were created with either the Matplotlib library or the PyGMT library in Python (Hunter, 2007; Team, 2024) or
the Generic Mapping Tools (Wessel et al.,2019). Colors were used from Crameri et al.,(2024). The topography in figures
is based on the ETOPO1 global relief model (Amante and Eakins, 2009). Information about teleseismic earthquakes
was downloaded from USGS (https://earthquake.usgs.gov/earthquakes). The event catalogs for local seismicity were
downloaded from the National Observatory of Athens and are publicly available at (https://www.gein.noa.gr/en/
services-products/earthquake-catalogs/).
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