
1.  Introduction
The enhancement of geodetic and seismological monitoring systems over the last 2 decades has led to the 
discovery of various types of slow, transient deformation, also known as slow earthquakes. Slow earth-
quakes exhibit rupture velocities intermediate between those of traditional earthquakes and plate conver-
gence rates (Obara, 2002; Obara & Kato, 2016; Rogers & Dragert, 2003) and may or may not radiate seismic 
energy (Obara & Kato,  2016; Peng & Gomberg,  2010). Tectonic tremor (hereafter referred to as tremor) 
belongs to the slow earthquake family and is defined as a long duration (up to minutes) and low-amplitude 
seismic signal with energy often concentrated between frequencies of 2–8 Hz (Obara, 2002). The occurrence 
of tremor, mostly composed of bursts of low frequency earthquakes (LFEs) (Shelly et al., 2007b), is usually 
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accompanied by short-term slow slip events (SSEs) (i.e., durations from days to weeks) and very low fre-
quency earthquakes (VLFEs) (Obara & Kato, 2016). The coupled manifestation of tremor and short-term 
SSEs was first discovered in the Cascadia Subduction Zone (Rogers & Dragert, 2003) and has been termed 
episodic tremor and slip (ETS), where LFEs as large as Mw 2.6 have been reported during ETS in Cascadia 
(Bostock et al., 2015). Tremor occurring during ETS episodes is also referred to as spontaneous or ambient 
tremor.

Tremor episodes commonly occur in subduction zones slightly below the down-dip limit of the seismo-
genic zone at depths spanning the intersection of the down-going slab and the upper-plate Moho (Brown 
et al., 2009; Ghosh et al., 2009b; Ide, 2012; Obara, 2002; Wech & Creager, 2008), and mostly outline the upper 
boundary of continental Moho at the transform boundaries at which they have been observed (Horstmann 
et al., 2013; Nadeau & Dolenc, 2005; Shelly, 2017). Documented cases of tremor show that it also occurs up-
dip or within the seismogenic zone (e.g., Costa Rica, Walter et al., 2011, 2013; NE Japan trench, Nishikawa 
et al., 2019). We therefore refer to tremor located below the down-dip limit of the seismogenic zone in the 
following as deep tremor.

Although the underlining physical mechanisms remain enigmatic, it is commonly accepted that slow earth-
quakes, including tremor, may straddle a transitional physical state between conditions favoring stick-slip 
behavior and stable sliding (Audet & Kim, 2016). It also appears that fault thermal structure affects the 
depth distribution and occurrence of deep tremor (Ide, 2012; Gao & Wang, 2017; Yabe et al., 2014) due to the 
primary temperature control on the brittle-plastic transition (Scholz, 1998). Numerical models suggest the 
occurrence of the brittle-plastic transition at depths shallower than the upper-plate Moho as essential con-
dition for slow earthquakes, including deep tremor, occurrence in subduction zones (Gao & Wang, 2017). In 
fact, tremor has been primarily observed at young, warm subduction zones (Brown et al., 2009; Ide, 2012; 
Obara, 2002; Wech & Creager, 2008) where the brittle-plastic transition and peak dehydration reactions oc-
cur at shallower depths than in cold subduction zones (Peacock & Wang, 1999). The often observed patchy 
nature of the spatial deep tremor distribution (Ghosh et al., 2009b; Ide, 2012) indicates that its occurrence 
is also affected by other mechanisms, such as pore fluid pressure (Audet et al., 2009; Kodaira et al., 2004), 
rock frictional properties (Houston, 2015), fault geometrical complexities (Romanet et al., 2018), seafloor 
irregularities, and properties of the overriding plate (Nishikawa et al., 2019). Seismological investigations 
often reveal the presence of near-lithostatic pore fluid pressures in regions where deep tremor does occur 
(Audet et al., 2009; Audet & Kim, 2016; Kodaira et al., 2004). Recent studies that image the build-up and 
release of fluid pressures (i.e., fault-valve behavior) during ETS in Cascadia (Gosselin et al., 2020) and SSEs 
at the Hikurangi trench in New Zealand (Warren-Smith et al., 2019) support the relevant role of elevated 
pore fluid pressures in the genesis of slow earthquakes. Low effective stresses due to high fluid pressure is 
also the mechanism proposed to control tremor generation up-dip of the interplate seismogenic zone in 
subduction zones (Saffer & Wallace,  2015). Hence, potentially tremorgenic conditions could exist along 
many faults and possibly at different depths.

Another factor supporting the role of elevated pore fluid pressures in tremorgenic faulting conditions are 
the small stress perturbations that can trigger tremor. For example, peak ground velocities (PGV) as low as 
0.01–0.03 cm/s generated from remote earthquakes, corresponding to dynamic stresses of about 1–3 kPa 
have been observed to trigger tremor (Chao et al., 2012a; Miyazawa & Brodsky, 2008; Peng et al., 2009), as 
have tidally induced stress changes on the order of ∼1 kPa (Rubinstein et al., 2008; Shelly et al., 2007a). 
While triggering thresholds appear to vary from region to region (Peng & Gomberg, 2010) and may be a 
function of station coverage and background tremor activity (Chao et al., 2012a), triggered tremor largely 
seems to occur in regions where ambient tremor is also generated (Figure 1; e.g., Chao et al., 2012a, 2012b, 
2013; Fry et al.,  2011; Ghosh et al.,  2009a; Gomberg et al.,  2008; Miyazawa & Brodsky, 2008; Miyazawa 
et al., 2008; Peng & Chao, 2008). As triggered tremor typically has larger amplitudes than ambient tremor 
(Rubinstein et al., 2007), a systematic search for triggered tremor provides a useful tool to identify regions 
that might also experience (undocumented) ambient tremor.

Despite the growing observations of both deep ambient and triggered tremor, one of the most striking fea-
tures of all well-documented cases (i.e., visible at least at three seismic stations), is that they are primarily 
confined to transform and convergent plate boundary fault systems along the Pacific rim (Figure 1). To 
date, the Oriente Fault near Guantanamo Bay (Cuba) represents the only exception, with triggered tremor 
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recorded at more than three stations during the surface wave shaking generated by two teleseismic events 
(Peng et al., 2013). (We omitted cases in which triggered tremor was recorded by a single station from Fig-
ure 1 due to the non constrainable hypocentral locations [deep or shallow] and the potentially ambiguous 
nature of the signals.) Whether the absence (or infrequent occurrence) of deep tremor outside of the Pacific 
rim is due to a sampling bias or to non favorable physical conditions is still poorly understood. The dearth of 
studies reporting null results, that is an absence of tectonic tremor (Bockholt et al., 2014; Pfohl et al., 2015; 
Yang & Peng, 2013; Figure 1) make it hard to address such a question.

In this study, we perform a systematic search of deep triggered tremor within the central-eastern Mediterrane-
an basin with a focus on transform and subduction fault systems (Figure 2). We focus on the Hellenic and Cal-
abrian subduction zones, and the Kefalonia and the North Anatolian transform faults (Figures 2a–2d) in our 
analysis, where no unambiguous example of ambient and triggered tremor has been reported to date. The four 
regions are ideal candidate study areas, as there is sufficient seismic station coverage over the past 10 years 
to detect deep triggered tremor, should it have occurred (Figures 2a–d, S1a and S1b). Furthermore, they are 
well-suited to explore physical factors that may favor or inhibit deep tremor occurrence for several reasons, 
including: (a) the presence of the oldest subducting lithosphere on Earth (Müller et al., 2008) and thicker and 
wider accretionary wedges compared to subduction zones in the Pacific rim (Clift & Vannucchi, 2004); and (b) 
the younger age and smaller accumulated displacement of transform faults (Şengör et al., 2005; van Hinsber-
gen et al., 2006) with respect to the Alpine and San Andreas transform faults (Dickinson & Wernicke, 1997; 
Norris & Cooper, 2001) (Figure 1). We also investigate the occurrence of ambient tremor during a SSE in the 
eastern Marmara Sea (Martínez-Garzón et al., 2019), along the North Anatolian Fault, and two SSEs beneath 
Peloponnese, in the western segment of the Hellenic Subduction Zone (Mouslopoulou et al., 2020).

Section 2 provides a tectonic overview of the study regions, followed by a description of the datasets and 
methods in Section 3. We report the results in Section 4 and discuss the implications of our study, including 
the similarities and differences with other fault systems in Section 5, and follow with conclusive remarks 
in Section 6.
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Figure 1.  Global distribution of well-documented (observed at a minimum of three stations) sources of deep triggered and ambient tremor, which is confined 
primarily to the Pacific rim (Aiken et al., 2013; Brown et al., 2009, 2013; Brudzinski et al., 2016; Chao et al., 2012a, 2013; Chao & Obara, 2016; Ide, 2012; Kim 
et al., 2011; Nadeau & Dolenc, 2005; Peng et al., 2009; Romanet & Ide, 2019; Sun et al., 2015; Wech et al., 2012). Null results from Bockholt et al. (2014) and 
Pfohl et al. (2015). Oceanic lithosphere is colored according to age (Müller et al., 2008).
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Figure 2.  Main panel: Central and eastern Mediterranean region. Main tectonic elements (black lines) from Faccenna et al. (2014). Black arrows indicate the 
relative plate-microplate motion with respect to stable Eurasia (McClusky et al., 2000). We plot with purple (depth 0–50 km) and white (depth ≥50 km) dots all 
M ≥ 4 earthquakes documented by the International Seismological Centre (ISC) between 1964 and 2010 (ISC, 2020). Yellow boxes in the main panel indicate the 
four study regions: (a) Kefalonia Transform Fault, (b) Calabrian Subduction Zone; (c) Hellenic Subduction Zone, Crete; and (d) North Anatolian Fault, eastern 
Marmara Sea. Red triangles indicate seismic stations in the period 2010–2020 (not necessarily available in all investigated periods). Yellow triangles in panel d 
indicate borehole stations. Dashed white lines in panels (b and c) represent the top of the slab isodepths from Maesano et al. (2017) and Bocchini et al. (2018), 
respectively. Dashed magenta line in (b) indicates the location of the intersection with the overriding plate Moho. Yellow star in panel (d) indicates the 
epicentral location of the Mw 4.2 Yalova earthquake on June 25, 2016. Black circles with yellow edges indicate the location where initial Peak Ground Velocity 
values were estimated (Section 3). Bathymetry is from Ryan et al. (2009).
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2.  Plate Boundaries and Fault Systems in the Central-Eastern Mediterranean
The current Mediterranean basin tectonic setting arose from a complex interaction between the compar-
atively slow convergence of the African and Eurasian plates since the Cretaceous (Faccenna et al., 2014). 
Deformation concentrates along irregular, diffuse boundaries between continental and oceanic lithospher-
ic fragments moving independently from the overall convergent motion (Figure 2; Faccenna et al., 2014). 
Low-to-moderate and occasionally large (M > 7) magnitude earthquakes (Guidoboni & Comastri, 2005) 
concentrate along the plate and microplate boundaries (Figure 2) as inferred from historical and instrumen-
tal seismicity. The central-eastern Mediterranean basin releases larger seismic moment and displays larger 
strain rates (Martínez-Garzón et al., 2020) relative to the western portion.

Although the Hellenic Subduction Zone (Figure 2c), the Calabrian Subduction Zone (Figure 2b), the Kefa-
lonia Transform Fault (Figure 2a), and the North Anatolian Fault (Figure 2d) formed in the broad tectonic 
context of Africa-Eurasia convergence, they developed at different times and present distinct seismotecton-
ic settings (e.g., kinematics, seismic moment release, age). In the following we delineate the main seismo-
tectonic and geological aspects most relevant to deep tremorgenic conditions for each region.

2.1.  The Kefalonia Transform Fault

The Kefalonia Transform Fault (Figure 2a) marks the western termination of the Hellenic Subduction Zone 
(Bocchini et al., 2018; Louvari et al., 1999; Pérouse et al., 2012). It started to form in the late Miocene-early 
Pliocene and has accumulated most of its ∼60 km displacement over the last ∼4–5 Ma (van Hinsbergen 
et al., 2006). The fault accommodates ∼2 cm/yr of differential convergence between oceanic subduction and 
continental collision taking place to the north and south, respectively (Pérouse et al., 2012). It is composed 
primarily of two active segments, namely the Kefalonia and the Lefkada segments (Figure 2a) and exhibits 
pure dextral or transpressional slip motion (Louvari et al.,  1999) with frequent M > 6 earthquakes (Pa-
pazachos & Papazachou, 2003). The regional seismicity distribution suggests a seismogenic layer extending 
between 3 and 16 km (Papadimitriou et al., 2017), with a continental Moho at ∼28 km (Sodoudi et al., 2006).

2.2.  The Calabrian Subduction Zone

The Calabrian Subduction Zone (Figure 2b) forms a narrow, arcuate subduction interface in southern Italy. 
The subduction of ∼220–230 Ma old oceanic crust (Speranza et al., 2012) began ∼80 Ma ago (Faccenna 
et al., 2001), and continues along a ∼150 km wide sector between the Isthmus of Catanzaro to the north 
and the Strait of Messina to the south (Figure 2b; Maesano et al., 2017). The incoming plate has a 5–6 km 
thick layer of sedimentary cover forming a large accretionary prism (de Voogd et al., 1992). The subduction 
convergence rate is < 5 mm/yr (Pérouse et al., 2012), and has documented intraslab seismicity down to 
∼450–500 km (Selvaggi & Chiarabba, 1995), as well as a depletion of shallow interplate seismicity offshore 
in the Ionian Sea. The very low interplate seismicity and the low strain rates in the forearc (∼10–20 nanos-
train/yr) led some authors to consider the subduction as inactive (e.g., Pérouse et al., 2012). However, a re-
cent study interprets unambiguous geodetic signals consistent with elastic strain accumulation at the meg-
athrust being released episodically seismically and/or more likely through aseismic slip transients (Carafa 
et al., 2018). The interpretation is consistent with the large historical earthquake data in Calabria (Carafa 
et al., 2018), and would support the occurrence of slow earthquakes.

2.3.  The Hellenic Subduction Zone

The Hellenic Subduction Zone (Figure 2c) defines an approximately 1,000 km long arcuate interface bound-
ed by the Kefalonia Transform Fault to the west and a tear in the slab beneath south-western Turkey to the 
east (Bocchini et al., 2018). Oceanic lithosphere of age >220–230 Ma to the west (Speranza et al., 2012), and 
likely >300 Ma to the east (Granot, 2016) subducts at a rate of ∼35–40 mm/yr (McClusky et al., 2000). A wide 
∼250–300 km long and up to 10–12 km thick sediment layer forming the Mediterranean Ridge Accretionary 
Prism overlays the down-going oceanic lithosphere (e.g., Bohnhoff et al., 2001; Kopf et al., 2003). Nubi-
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an-Aegea convergence generates intense seismicity with magnitudes exceeding M ≥ 4 (Figure 2), including 
earthquakes as large as M∼8 as reported in historical catalogs (Papazachos & Papazachou, 2003). Seismic 
and geodetic studies suggest that more than 70%–80% of the relative plate motion occurs asesimically (Beck-
er & Meier, 2010; Saltogianni et al., 2020; Vernant et al., 2014). Very recently, Mouslopoulou et al. (2020) re-
ported two SSEs beneath the western coast of Peloponnese south of Zakynthos (Figure S1b). Approximately 
two months of plate motion acceleration preceded both SSEs. Each geodetic transient related to the SSEs 
lasted for ∼5–6 months (i.e., September 24, 2014 to March 20, 2015 and May 14, 2018 to October 25, 2018) 
and likely occurred between 20 and 40 km depth along the plate interface (Mouslopoulou et al., 2020).

Crete represents a horst structure in the central Hellenic forearc (Figure 2c) currently undergoing fast up-
lift and extension (Meier et al., 2007). Subduction south of Crete started about 20–15 Ma, when the plate 
boundary stepped back to the southern edge of an accreted microcontinent, building most of the present 
continental area (Thomson et al., 1999). The megathrust south of Crete exhibits intense microseismicity 
that abruptly terminates at ∼40 km depth below the southern coastline of the island (Meier et al., 2004), 
where the upper-plate crustal thickness is ∼30–35 km (Bohnhoff et al., 2001; Meier et al., 2007).

2.4.  The North Anatolian Fault

The North Anatolian Fault is a 1,200-km-long right-lateral transform fault forming the boundary between 
the Eurasian Plate and the Anatolian microplate with relative displacement of ∼20–25 mm/yr (Figure 2d; 
McClusky et  al.,  2000). Formation started 12–13  Ma ago during the late phase of Arabia-Eurasia colli-
sion that accumulated a maximum displacement of ∼85–90 km decreasing from east to west (Bohnhoff 
et  al.,  2016). The North Anatolian Fault generates intense seismicity and frequent M  >  7 earthquakes 
(Bohnhoff et al., 2016), such as the earthquake sequence in the 20th century that ruptured all but the Sea of 
Marmara segments (Stein et al., 1997). The Sea of Marmara region (Figure 2d) makes up the western por-
tion of the North Anatolian Fault, and is in a transtensional state that represents a pull-apart basin within 
two major branches of the North Anatolian Fault that are ∼100 km apart (Armijo et al., 2002). It formed as 
part of a NS-extensional regime related to the fast rollback of the Hellenic Subduction Zone with the strike-
slip regime being active since ∼2.5 Ma (Le Pichón et al., 2016; Şengör et al., 2005). The northern part of the 
Sea of Marmara is characterized by the presence of three deep basins separated by bathymetric highs, from 
east to west: the Çınarcık, Central, and Tekirdag basins (Armijo et al., 2002). The Çınarcık Fault bounds the 
Çınarcık Basin to the south and the Princess Island Fault segment bounds it to the north (Figure 2d). Precise 
hypocentral solutions suggest a seismogenic layer extending down to 10–15 km in the eastern Sea of Mar-
mara (Wollin et al., 2018) while the Moho is found at 26–41 km depth (Jenkins et al., 2020; Zor et al., 2006).

The analysis of recent, high temporal resolution, geodetic data revealed the existence of temporal fluctua-
tions of the creep rate with detection of accelerating bursts of shallow (i.e., 0–5 km) creep events along the 
segments of the North Anatolian Fault that ruptured during the 1999 Izmit (Aslan et al., 2019) and the 1944 
Ismetpasa earthquakes (Rousset et al., 2016). On June 25, 2016, a ∼50-daylong SSE was recorded along the 
Çınarcık Fault below the eastern Sea of Marmara, which was interpreted as the strain release equivalent 
of a Mw 5.8 at the depth of 9 km (Martínez-Garzón et al., 2019). The authors assume the source location to 
be near to the Mw 4.2 Yalova earthquake (Malin et al., 2018) that occurred during the onset of the SSE (Fig-
ure 2d), although the depth was difficult to constrain after being recorded at a single station.

A previous study found no evidence for triggered tremor and no unambiguous evidence for ambient tremor 
on the central segment of the North Anatolian Fault near Ismetpasa (Pfohl et al., 2015), while here we focus 
on the recently densely instrumented eastern Sea of Marmara (Figure 2d).

3.  Data and Methods
In the description that follows, we restrict the analysis of triggered tremor in the Hellenic Subduction Zone 
to the segment south of Crete due to the high station-density and quality of open-access seismic data rel-
ative to adjacent arc segments. Similarly, the North Anatolian Fault analysis focuses on the eastern Sea of 
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Marmara due to the density of station coverage from local network deployments. We report in Table S1 a 
detailed list of the seismic networks, stations and instrument types used.

As a first criteria to search for deep triggered tremor, we identify prospective triggering teleseismic earth-
quakes by selecting all events from the International Seismological Centre (ISC) catalog (ISC, 2020) with 
Mw ≥ 6.5, hypocentral depths ≤ 50 km, and epicentral distances ≥ 800 km that generated a theoretical PGV 
larger than 0.01  cm/s within each study region. We restrict our analysis to large and shallow potential 
triggering mainshocks, because they are most effective in generating large surface waves at teleseismic dis-
tances that have the greatest potential of triggering tremor. We calculate theoretical PGV values at a point 
in the middle of each study region (Figures 2a–2d) using a ground motion empirical relationship (Aki & 
Richards, 2002; Lay & Wallace, 1995):

20log 1.66 log Δ 2.0sM A  � (1)

20PGV 2 /A T� (2)

where Ms is the surface wave magnitude,A20 is the amplitude (in microns) of the Airy phase (surface wave 
with a 20 s period), ∆ is the source-receiver (epicentral) distance, and T is the surface wave period (20 s). 
We assume Ms = Mw as first approximation, as Ms generally saturates at higher magnitudes than the thresh-
old cutoff. We download all mainshock candidate waveforms from the European Integrated Data Archive 
(EIDA, http://www.orfeus-eu.org/data/eida/, last accessed February 2020). In addition to publicly available 
data (AFAD, 1990; AUTH, 1981; GEOFON, 1993; INGV, 2006; KOERI, 2001; MedNet, 1990; NOA, 1997; 
TEIC, 2006; UA, 2008; UP, 2000), we use data from dense local deployments, namely the PIRES network 
(GFZ Potsdam BU-Kandilli, 2006) and the GONAF borehole network (Bohnhoff et al., 2017) to search for 
triggered tremor in the eastern Sea of Marmara.

As a second criteria for culling the list of candidate mainshocks, we calculate the observed PGVobs value 
as the average value between the three components from all the available broad-band stations within each 
region (Figures 2a–2d), and reject events with average PGVobs <0.01 cm/s (Figures 3a–3d). We retain a total 
of 16 candidates for the Hellenic and Calabrian subduction zones and for the Kefalonia Transform Fault 
and of 18 events for the North Anatolian Fault (Figures 3a–3d, Table S2). Table S2 provides a complete list of 
candidate mainshocks. Nearly all selected mainshocks are either strike-slip or reverse faulting earthquakes 
(Figures 3a–3d), and cover a wide range of back azimuths, with a gap to the south (Figures 3e–3h).

We manually search for cases of triggered tremor by visually inspecting waveforms surrounding the time in-
terval predicted for the passage of surface waves in each region. We calculate theoretical surface wave arriv-
als using the TauP package (Crotwell et al., 1999) and the iasp91 velocity model (Kennett & Engdahl, 1991) 
in Obspy (Beyreuther et al., 2010), and search temporal windows starting when a phase traveling at 4.4 km/s 
(approximate Love wave arrival) reaches the station and terminating with the predicted arrival of a Ray-
leigh phase traveling at 2.0 km/s. The time window choice ensures that Love and Rayleigh waves with the 
highest triggering potential and amplitudes are included in the analysis. We rotate horizontal components 
to transverse and radial directions to visually confirm the correct arrival time of Love and Rayleigh waves, 
respectively. Following a well-established procedure, we search for non impulsive, coherent signals after 
applying either a 2–8 Hz bandpass filter or a 5 Hz highpass filter to remove the low-frequency teleseismic 
signal (i.e., primary and secondary arrivals) and preserve tremor signals in the frequency band where it is 
commonly observed to be most energetic. We require any prospective triggered tremor signal to be recorded 
by at least three seismic stations to ensure the signal is local and of tectonic origin. We also investigate low 
amplitude and long duration signals recorded only at two stations.

In addition to visual inspection, we also employ an envelope cross-correlation (Ide, 2010, 2012) to detect 
ambient tremor during the SSE in the eastern Sea of Marmara during an extended time period (from June 
02, 2016 to July 30, 2016) encompassing the SSE documents in Martínez-Garzón et al. (2019) and the two 
geodetic transients, in 2014–2015 (from September 24, 2014 to March 20, 2015) and in 2018 (from May 14, 
2018 to October 25, 2018), along the western segment of the Hellenic Subduction Zone (Mouslopoulou 
et  al.,  2020). The procedure entails creating daily envelopes of signals filtered between 2 and 8  Hz and 

BOCCHINI ET AL.

10.1029/2020JB020448

7 of 22

http://www.orfeus-eu.org/data/eida/


Journal of Geophysical Research: Solid Earth

BOCCHINI ET AL.

10.1029/2020JB020448

8 of 22

Figure 3.  Candidate mainshocks around which the search for deep triggered tremor is centered with respective PGV values (a–d). (a–d) Symbol sizes 
correspond to magnitude, while color code corresponds to focal mechanism type. Dotted red lines indicate lower threshold of 0.01 cm/s Peak Ground Velocities 
(PGV) considered for mainshock candidates in this study. Observed PGV (PGVobs) is calculated as the average value (unfiltered traces) among the three 
components of all the available broad-band stations within each region. (e–h) Back azimuths of candidate mainshocks producing PGVobs ≥ 0.01 cm/s. Numbers 
are event IDs and associated events are reported in Table S2.
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cross-correlating horizontal channels at stations located < 100 km apart. An event is detected when a min-
imum cross-correlation value (0.5–0.7) is exceeded at a minimum number of channels (5–8). A more de-
tailed description of the method is available at Ide (2010; 2012) and it is also provided in the supplement 
along with details on the station configuration (Text S1). To verify the efficacy of the automatic detection, 
we test its ability to detect several cataloged tremor signals near the Parkfield-Cholame segment of the 
San Andreas Fault, where tremor is widely documented (Horstmann et al., 2013; Nadeau & Dolenc, 2005; 
Shelly, 2017), using the same settings as for the eastern Sea of Marmara (Figure S2).

Finally, because we do not know a priori whether tremor occurs in any of the study regions, we perform 
synthetic tests to quantify the thresholds of detection in each of the regions. We generate synthetic tremor 
waveforms under realistic conditions using the Pyrocko toolbox (Heimann et al., 2017) based on the ex-
pected source locations, station coverage, and noise conditions in each region. In cases where no tremor is 
detected, the synthetic test allows us to quantify tremor detection thresholds so that we can quantify the 
minimum event size that would likely be observed. We provide a detailed description of the method in the 
supplement (Text S2).

4.  Results
The manual inspection of waveforms during the passage of surface waves from events in Table S2 at seismic 
stations along four major fault systems within the central-eastern Mediterranean basin reveals no unam-
biguous case of triggered tremor at any of the study areas (Section 4.1), nor ambient tremor (Section 4.2) 
during the documented SSEs.

4.1.  Triggered Tremor

We find no unambiguous evidence for triggered tremor beneath Crete, along the Hellenic Subduction Zone, 
beneath Calabria at the Calabrian Subduction Zone, at the Kefalonia Transform Fault, and in the eastern 
Sea of Marmara during the time period from 2010 to 2020. Although the minimum number of three stations 
may be a strict criterion relative to previous studies, we also observe no coherent tremor-like signals by 
reducing the minimum number of required stations to two. The waveforms after applying a bandpass filter 
in the frequency range 2–8 Hz show a distinct lack of tremor energy at a representative sample of stations 
during the surface wave shaking of the teleseismic mainshocks inducing some of the largest PGVobs within 
each region (Figure 4). In addition, we show the expected amplitudes of deep synthetic tremor episodes (in 
blue) with respect to those of real waveforms (gray) filtered in the same frequency band (Figure 4). Overlay-
ing the synthetic tremor waveforms provides an indication of the smallest tremor-like signals we would be 
able to detect within the surface wave shaking, should they have occurred. We plot the smallest magnitude 
bursts of LFEs that would be detectable at a minimum number of two or three stations.

We do observe potentially triggered LFEs at stations located along the Aeolian Arc, the volcanic arc of the 
Calabrian Subduction Zone (Figures 2b and S3). Two of the most striking signals are observed at station 
ILLI on Lipari Island (Figure S4) and at stations ISTR and IST3 on Stromboli (Figure S5). However, despite 
the good correlation between PGVobs and low frequency signal occurrence, we cannot consider them as 
triggered signals. First, neither case fulfills the criterion of tremor-like signals exhibiting signal coherency 
at minimum three stations. In addition, careful inspection of the waveforms from one day before to one 
day after the mainshock reveals that the signal detected at station ILLI (Figure S4) is likely noise, due to 
the highly regular and repetitive nature of the candidate tremor signal (starting at ∼6 a.m. and ending at 
∼5 p.m.) in the frequency band of interest (2–8 Hz and higher). The signal observed at stations ISTR and 
IST3 on Stromboli (Figure S5) is very likely a LFE of volcanic origin. However, we note that we also observe 
several LFEs both before and after the ground shaking induced by the teleseismic event. Moreover, the 
slab interface at the stations closest to where the tremor-like signal is observed is located at ∼100 km depth 
beneath the volcanic Arc (Maesano et al., 2017). A seismic signal originating at 100 km depth would be 
inconsistent with an origin in the deep tremor zone, which is expected at corresponding to ∼25 km depth 
at the observed location (Figure 2b). The synthetic tests suggest a detection threshold of Mw ∼1.3–1.5 for 
bursts of LFEs at the Calabrian Subduction Zone (Figures 4b and 5a) based on LFEs that would nucleate at 

BOCCHINI ET AL.

10.1029/2020JB020448

9 of 22



Journal of Geophysical Research: Solid Earth

BOCCHINI ET AL.

10.1029/2020JB020448

10 of 22

Figure 4.  Example of waveforms exhibiting a lack of evidence for triggered tremor at the (a) Kefalonia Transform Fault, (b) Calabrian Subduction Zone, (c) 
Hellenic Subduction Zone (Crete) during the Mw 8.3 Illapel, Chile earthquake (ID 15 in Figure 3 and Table S2); and (d) North Anatolian Fault (Eastern Sea of 
Marmara) during the Mw 8.6 Sumatra, Indonesia earthquake (ID 6 in Figure 3 and Table S2). The dashed blue and red lines in the topmost panels indicate the 
estimated arrival time of phases traveling at 4.4 and 3.5 km/s, respectively, used as preliminary arrival time of Love and Rayleigh waves. Dark gray traces are the 
real waveforms filtered between 2 and 8 Hz, while blue traces show synthetic tremor waveforms. The bottom-right of each panel reports the Mw of individual 
LFEs in the synthetic tremor episodes. The location of the synthetic tremor events (ev. #1, ev. #2., ev. #3) and of seismic stations is shown in Figure S3. We 
report the source-receiver hypocentral distances in kilometer (dis_1, dis_2, dis_3, where the number refers to the event). A detailed view of synthetic tremor 
episodes is provided Figure S8. Waveforms in the topmost panels are low-pass filtered below 0.05 Hz, while the others are bandpass filtered between 2 and 8 Hz.
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26 km depth, namely around the intersection between the continental Moho and the subducting slab. We 
test epicentral locations in southern, central, and northern Calabria (Text S2, Figure S3b). The indicated 
magnitude threshold refers to the station configuration available from the 2011 onward. In 2010 the smaller 
number of available stations would prevent the observation of similar Mw ∼1.3–1.5 LFEs at more than one 
or two stations.

The seismic stations on Crete exhibit evidence for a single tremor candidate during the Mw 8.3 Illapel (Chile) 
earthquake (ID 15 in Figure 3, Table S1). However, although visible at three or four stations (Figure S6) the 
signal is observed before the arrival of surface waves, when PGVobs is smaller than 0.01 cm/s, suggesting an 
ambient, rather than triggered origin. We explore the possibility that the detected signal (Figure S6) could 
represent ambient tremor by running a matched-filter detection in EQcorrscan (Chamberlain et al., 2018). 
We used 6 and 8 second-long signal time windows, filtered between 2 and 8 Hz from both the horizontal 
channels of the three stations where the signal was clearly visible (i.e., TMBK, SIVA, and IDI; Figures S6 
and S7; refer to supporting information Text S3 for additional details on matched-filter detection). We cor-
relate the templates with continuous data in 1-day time windows before and after the tremor-like signal 
occurrence. Observations of ambient tremor in other fault zones rarely document isolated tremor events, 
but more commonly clustered, prolonged activity. The matched-filter detection yields traditional earth-
quake detections, some of which (e.g., at 18:23 and 19:00 on September 16, 2015) are reported in the revised 
catalog from the National Observatory of Athens (https://bbnet.gein.noa.gr/HL/databases/database, last 
accessed August 31, 2020). We observe that the moveout of tremor-like signals at the different stations is 
consistent with that of the detected earthquakes, suggesting a similar epicentral location (Figure S7). Thus, 
we interpret the observed signal as an earthquake with low SNR rather than tremor. We estimate through 
the synthetic tests a minimum detection magnitude of Mw ∼1.7–1.9 (Figures 4c and 5), where synthetic 
sources are located at 40 km depth, namely at the down-dip limit of the seismogenic zone (Section 2.3), 
beneath eastern, central, and western Crete (Figure S3c). The proposed threshold refers to the station con-
figuration available for the period 2014–2019 when most of the stations from the Technological Educational 
Institute of Crete (TEIC, 2006) were operational, in addition to those of the National Observatory of Athens 
(NOA, 1997). Should deep tremor have occurred earlier, we would be able to observe it only at specific 
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Figure 5.  Estimated detectability thresholds for (a) triggered, and (b) ambient tremor episodes for each region 
analyzed in this study (Figures S1 and 2). Mw refers to values for individual Low Frequency Earthquakes (LFEs) 
comprising the tremor episodes. For reference, the dashed horizontal lines indicate the Mw of the largest detected LFEs 
within tremor episodes at several fault systems around the Pacific rim, including the Guerrero trench (Fa20, Farge 
et al., 2020), the Cascadia Subduction Zone (Bo15, Bostock et al., 2015), the San Andreas Fault (F&M11, Fletcher & 
McGarr, 2011) and the Nankai trench (Su20, Supino et al., 2020). CSZ, Calabrian Subduction Zone; HSZ, Hellenic 
Subduction Zone; KTF, Kefalonia Transform Fault; NAF, North Anatolian Fault. For more details on the synthetic tests 
performed to estimate the magnitude thresholds we refer the reader to Text S2.

https://bbnet.gein.noa.gr/HL/databases/database
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locations, namely close to well instrumented parts of Crete (e.g., between stations IDI and SIVA, beneath 
central Crete; and between stations ZKR, LAST, and NPS beneath eastern Crete; Figure S3c).

We do not observe any tremor-like signal at seismic stations along the Kefalonia Transform Fault. However, 
our detection yields possible dynamically triggered local earthquakes, as in other regions (Figure 4a), which 
will with investigate further in a follow-up study of remote dynamic earthquake triggering. The synthetic 
tests suggest a detection threshold of Mw ∼1.3–1.5 (Figures 4a and 5a) for bursts of LFEs nucleating at 
16 km depth (down-dip limit of the seismogenic zone, Section 2.1) along the Kefalonia and Lefkada seg-
ments of the Kefalonia Transform Fault (Figure S3a). Synthetic tests indicate that we would not be able to 
detect deep tremor triggered by the Mw 8.8 2010 Maule and the Mw 9.1 2011 Tohoku earthquakes, at more 
than one station, should it have occurred, due to the poor station coverage.

Finally, we do not observe unambiguous triggered tremor activity in the eastern Sea of Marmara. Observed 
correlated signals are either associated to local earthquakes or to instrument/cultural noise. We estimate a 
detection threshold of Mw ∼1.5–1.7 for the smallest LFE bursts on at least two seismic stations (Figures 4d 
and 5a). We assume our synthetic tremor sources to be located at two distinct places along the Princess 
Island segment of the North Anatolian Fault (Figures 2d and S3d) at a depth of 12 km, namely at the down-
dip limit of the seismogenic layer (Section 2.4). The detection threshold is valid for the period 2010–2018, 
when the PIRES stations were available (GFZ Potsdam BU-Kandilli, 2006). We do not test the case of a trig-
gered tremor source located along the Çınarcık Fault segment, as we already do it in the synthetic tests for 
ambient tremor (Section 4.2, supporting information Text S2) and we expect similar results, at least starting 
from 2015, the time period when the GONAF borehole data became available (Bohnhoff et al., 2017).

Figure 5a synthesizes results of the synthetic tests carried out to quantify the detection thresholds of trig-
gered tremor for each of the study regions. All the regions show similar or lower minimum detection 
thresholds with respect to the maximum magnitude of LFEs reported from several fault systems, where 
deep tremor has been well documented (Figure 5). We attribute an uncertainty to each value that is related 
to the magnitude steps considered in the synthetic tests (Text S2) that takes differences observed from the 
analysis of several teleseismic events into consideration. We refer the reader to the supplemental material 
for details of the synthetic test (Text S2).

4.2.  Ambient Tremor

We find no unambiguous examples of LFE/tremor activity accompanying the SSEs in the eastern Marmara 
Sea nor beneath western Peloponnese. The result is consistent with the absence of triggered tremor along 
the investigated fault systems. It is also generally consistent with observations elsewhere showing that trig-
gered tremor tends to occur in regions where also ambient tremor occurs (Figure 1).

In addition to local earthquakes with energetic signals both within the 2–8 Hz band and higher than 5 Hz, 
we do detect signals with dominant frequencies in the tectonic tremor frequency band (2–8 Hz, Figure 6). 
However, other factors suggest that the signals as shown in Figure 6, are not tectonic tremor. The signal 
in Figure 6a has a duration >15 s and frequency content <10 Hz at the closest station. However, the same 
signal more closely resembles a local earthquake rather than tremor (Figure S9) at stations exhibiting a 
higher Signal-to-Noise-Ratio (SNR) (e.g., DRO Figure 6a). We also detect signals (S-waves) from more dis-
tant earthquakes that could be misinterpreted as tremor if one restricted observation to stations located near 
SSEs sources where tremor activity would be expected (Figure 6b). For example, the signal shown in Fig-
ure 6b exhibits low frequency energy at stations on the Armutlu Peninsula (e.g., ARMT, KURT, YLV). How-
ever, it exhibits the typical character of an earthquake at stations located to the west of the Marmara Sea 
(e.g., KRBG, RKY). Because of the occurrence of several examples as those reported in Figure 6, we visually 
check all detections. Due to the longer cumulative duration of the two geodetic transients (∼1-year long) 
in the Hellenic Subduction Zone, we checked all detected signals with duration longer than 15 s (through a 
preliminary investigation we observed that signals shorter than 15 s were mostly local earthquakes and in 
a very few cases noise). We note that the synthetic tests suggest higher magnitude detectability thresholds 
for tremor episodes at the Hellenic Subduction Zone during the 2014–2015 (Mw ∼2.7, Figures 5b and S10) 
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and 2018 (Mw ∼3.3, Figures 5b and S10) SSEs compared to the eastern Sea of Marmara (Figures 5b and S10) 
during the 2016 SSE (namely of ∼Mw 1.5).

5.  Discussion
The most prominent worldwide reported examples of ambient and triggered tremor are primarily limited 
to fault systems or plate boundary faults located along the Pacific rim (Figure 1), with the exception of the 
Oriente Fault in Cuba (Peng et al., 2013).

We note that the synthetic tests ensure that the absence of tremor in the Mediterranean basin is not re-
lated to the detectability thresholds of the employed networks in each region. The results indicate that in 
all the investigated regions but in Peloponnese (Hellenic Subduction Zone), we would be able to detect 
tremor episodes composed by LFEs of Mw larger than ∼1.5–1.9 (Figure 5). Similar Mw LFEs or larger have 
been documented at several fault systems around the Pacific rim, including the Guerrero trench in Mexico 
(Mw 1.7–3 with a few events up to Mw 3.5, Farge et al., 2020), the Cascadia Subduction Zone (Mw 1.0–2.6, 
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Figure 6.  Example of detected signals using the automatic cross-correlation method at (a) the Hellenic Subduction Zone, and (b) in the eastern Marmara Sea 
along the North Anatolian Fault. The red line shows the detection time of the signal. The bottommost panels show the respective spectrograms of the signals 
shown in the panels above. The signals are detected by using half-overlapping windows of 300 s and a cross-correlation value of 0.6 at 5 or more channels at 
stations located <100 km apart on traces filtered between 2 and 8 Hz. Station location is shown in Figure S1. PSD, power spectral density.
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Bostock et al., 2015), the Parkfield-Cholame segment of the San Andreas Fault (Mw 1.6–1.9, Fletcher & 
McGarr, 2011), and the Nankai trench in Japan (Mw 0.9–2.2, Supino et al., 2020). Previous studies have 
noticed lower Mw LFEs obtained from amplitude ratios with local earthquakes, which may underesti-
mate LFE magnitudes due to differing frequency contents relative to local earthquakes (e.g., Bostock 
et al.,  2015). We therefore report Mw values estimated from source parameter analysis and not those 
obtained by relative amplitude ratios. In the case of Peloponnese, during the SSE in 2014–2015 we 
would still be able to detect very vigorous tremor episodes composed by LFEs with similar Mw values to 
that of the largest recorded ones in Cascadia by Bostock et al. (2015) or at the Guerrero trench by Farge 
et al. (2020), while the network configuration and ambient noise level would have potentially missed 
tremor-like signals during the 2018 SSE. However, due the high similarity of the duration, location, and 
released seismic moment of the 2014–2015 and the 2018 SSEs (Mouslopoulou et al., 2020) it is possible 
that the absence of vigorous tremor episodes is common to both the SSEs.

One limitation of the triggered tremor analysis could be the short time period of investigation, particu-
larly in cases where hypothetical deep tremor episodes would have inter-event periods longer than the 
10 years investigated in this study. The relation between ambient and triggered tremor is still poorly 
understood (Chao et  al.,  2012a), however, many documented cases suggest that tremor is commonly 
triggered by low stress perturbations (e.g., Rubinstein et al., 2008; Shelly et al., 2007a) in areas where 
ambient tremor occurs, and the time windows considered should be ample to detect triggered tremor. 
For instance, along the Simi Valley segment of the San Andreas Fault in southern California, where 
no unambiguous case of ambient tremor is documented, apparent triggering thresholds are suggested 
to be much larger than those for the Parkfield–Cholame section of the San Andreas Fault (∼>12 kPa 
and 2–3 kPa, respectively; Yang & Peng, 2013), where ambient tremor occurs. Another limitation could 
be the relatively low PGVobs values recorded in our study regions with respect to circum-Pacific fault 
systems that lie closer to the sources of M > 7–7.5 earthquakes where tremor occurs. However, we note 
that the 0.1 cm/s threshold is exceeded during 4–5 events, or during three events when considering a 
20 s period, within each region (Figures 3a–3d), and the estimated dynamic stresses perturbations are 
>9 kPa. Therefore, many of what appear to be the essential physical conditions associated with observed 
cases of triggering are met by the candidate mainshocks here. Thus, working on the assumption that 
the mainshocks generated sufficiently large stress perturbations to trigger tremor and that the seismic 
network coverage would be sufficient to detect them, in the following, we discuss similarities and dif-
ferences between the Pacific and the Mediterranean regions and the possible causes of absence of deep 
tremor along the investigated subduction (Section 5.1) and transform fault systems (Section 5.2).

5.1.  Absence of Tremor along the Calabrian and the Hellenic Arc

The most striking difference between the Pacific and the Mediterranean subduction zones is arguably 
the age of the down-going plate (Figure 1, Müller et al., 2008). In addition, the Mediterranean Sea is 
populated with wider and thicker accretionary prisms (Clift & Vannucchi, 2004), and convergence rates 
are on average lower within the Mediterranean basin (Matthews et al., 2016). All the above differences 
may be significant for tremorgenesis.

The age controlled thermal state of subducting slabs causes young slabs to dehydrate at shallower depths 
than older slabs, resulting in significant differences in subduction dynamics (Peacock & Wang, 1999). 
For instance, in warmer subduction zones (e.g., Cascadia, Mexico, Nankai), the brittle-plastic transition 
(assumed to be near the 350°C isotherm) occurs at shallower depths (Figures  7a and 7b; Peacock & 
Wang, 1999), and the mantle wedge corner is more hydrated (Abers et al., 2017) relative to older subduc-
tion zones (Figure 7). Thermal models for the Hellenic Subduction Zone show that the 350°C isotherm 
lies at ∼60 km depth (Bocchini et al., 2018; Halpaap et al., 2019), well-below the down-dip limit of the 
seismogenic zone south of Crete and the intersection between the down-going plate and the upper-plate 
Moho (Figure 7b). Although the intersection between the upper-plate Moho and the down-going slab 
south of Crete is not well-defined, it is not located far from the southern coastline of the island (Bohn-
hoff et  al.,  2001). Hence, the absence of deep tremor is not surprising if we expect it to occur when 
the down-dip limit of the megathrust is shallower than the slab upper-plate Moho intersection depth 
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(Figure 7a; Gao & Wang, 2017). A similar situation can be hypothesized for the Calabrian arc, due to 
the similar age of the subducting slab and its intersection with the upper-plate Moho at ∼25 km. In fact, 
thermal models suggest that the 350°C isotherm occurs at depths much greater than 25 km (Syracuse 
et al., 2010). However, although not in oceanic crust as old as the Mediterranean oceanic lithosphere 
(>220–230 Ma), tremor does occur at subduction zones where the down-going slab is older than 100 Ma. 
Examples are the Hikurangi trench in New Zealand (Ide, 2012; Romanet & Ide, 2019) and the NE Japan 
Trench (Nishikawa et al., 2019), where both have common, unique conditions that may prime them for 
the occurrence of tremor. Deep tremorgenic conditions in New Zealand are explained to be consequence 
of the high frictional heating along the megathrust (Gao & Wang, 2017; Yabe et al., 2014) while in NE 
Japan, where tremor occurs at seismogenic depths, tremorgenic conditions are promoted by frictional 
heterogeneities likely induced by pore fluid changes, seafloor roughness, and/or fracturing of the up-
per-plate (Nishikawa et al., 2019). We note that in the latter case, tremor at seismogenic depths may be 
viewed as a special case, as it does not fulfill the definition of deep tremor outlined at the beginning 
of the paper. In addition, we note another unique example involving the subduction of fluid rich sedi-
ments, which is also invoked to explain the deep tremor sources (60–80 km) at the eastern termination 
of the Alaskan Subduction Zone, to date the deepest, well documented example of tremor worldwide 
(Wech, 2016).

It is unlikely that there are anomalous physical conditions present at the Hellenic and Calabrian subduc-
tion zones that would be able to create a deep tremorgenic environment. For instance, heat flow values 
offshore south of Crete (20–30 mW/m2; Eckstein, 1978), as well as in continental Calabria (∼40 mW/
m2; Loddo et al., 1973) are comparatively low and consistent with the age of the subducting slab, hence 
excluding the presence of a warm, strong megathrust as in the case of Hikurangi (Gao & Wang, 2014). 
The mantle wedge corner at both subduction zones is expected to be poorly hydrated because of the old 
nature of the subducting lithosphere (Abers et al., 2017; Halpaap et al., 2019). It is also likely poorly 
hydrated beneath Crete because the current subduction configuration was reached only 15–20 Ma ago 
(Thomson et al., 1999). It has been proposed that temperature-dependent silica precipitation by upward 
migrating fluid derived from the down-going slab reduces permeability in the forearc crust and favors 
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Figure 7.  Sketch comparing typical slip behavior in a (a) warm subduction zone and a (b) cold subduction zone. (a) 
Cross-section along the Nankai trench (Japan) adapted from Gao and Wang (2017). (b) Cross-section across Crete using 
slab geometry and thermal structure from half-space cooling model in Bocchini et al. (2018). Upper-plate Moho depth 
in panel b is from Bohnhoff et al. (2001) and Meier et al. (2007).
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fluid overpressure, and therefore deep tremorgenic conditions (Audet & Bürgmann, 2014). The poten-
tial for silica-rich fluids exists in subduction zones where conditions favor high temperatures (Man-
ning, 1997), and it is greatly enhanced by complete serpentinization of the mantle wedge corner (Audet 
& Bürgmann, 2014). At both the analyzed subduction zones, such conditions are not met.

The role that the very thick layer of sediments on the down-going plate could play is not easy to address. 
Deep tremor is observed in erosional (e.g., Mexico) as well as in accretional (e.g., Cascadia or Nankai) 
subducting margins (Clift & Vannucchi, 2004). Sediments are water rich and can transport it up to 200 km 
depth (van Keken et al., 2011). However, they release a considerably smaller amount of water than other 
slab dehydration sources (van Keken et al., 2011), therefore are not expected to significantly contribute to 
the hydration of the mantle wedge corner.

At the Calabrian Arc, the very low convergence rate may affect the occurrence of tremor, as tremor is not 
observed elsewhere on fault systems moving slower than 5 mm/yr. We note the convergence rates at the 
Hellenic Subduction Zone are comparable to those of the slower subduction margins where tremor is ob-
served (e.g., Cascadia, Hikurangi), therefore should not prevent tremor occurrence.

This study does not exclude that tremor could occur above the up-dip limit of the seismogenic zone. The pres-
ence of widespread mud volcanos between the backstop and the accretionary wedges of both the Calabrian 
(Panieri et al., 2013) and Hellenic (Huguen et al., 2001) subduction zones hints at large amounts of fluids re-
leased by sediments. High pore fluid pressure could promote tremorgenic conditions up-dip of the seismogenic 
zone (Saffer & Wallace, 2015). To rule out or confirm the occurrence of shallow tremor, the deployment of dense 
Ocean Bottom Seismometer networks, as for instance in NE Japan (Nishikawa et al., 2019), would be needed.

Very recently SSEs have been found at the down-dip limit of the seismogenic zone, at depths of 20–40 km be-
neath western Peloponnese (Mouslopoulou et al., 2020) leaving open the possibility that they occur along oth-
er segments of the Hellenic Subduction Zone (Saltogianni et al., 2020). Limitations on publicly available geo-
detic data may have prevented their detection elsewhere. The duration, location, and the equivalent moment 
magnitude released are consistent with those of long-term SSEs (i.e., durations from months to years, Obara & 
Kato, 2016), which are suggested to be manifestation of semi-brittle to viscous behavior (Gao & Wang, 2017), 
and are not commonly associated with tremor (Husker et al., 2012; Obara, 2011). In contrast, semi-brittle to 
brittle behavior is invoked to explain ETS episodes (Gao & Wang, 2017). The observations of months-long SSEs 
at the Hellenic Subduction Zone may suggest that the physical conditions are better suited to long-term SSEs 
occurrence rather than ETS and would be consistent with a lack of deep triggered tremor.

5.2.  Absence of Tremor Along the Kefalonia Transform Fault and North Anatolia Fault in the 
Sea of Marmara

Of the documented cases of tremor along transform margins, the most well-established examples are 
along the Parkfield-Cholame segment of the San Andreas Fault (Nadeau & Dolenc, 2005; Peng et al., 2009, 
Shelly, 2017). The occurrence of tremor in the Parkfield-Cholame area is interpreted to be related to the 
presence of remnants of partially serpentinized mantle wedge from a former subduction zone (Kirby 
et al., 2014). The frequency of tremor episodes significantly decreases toward NW (Calaveras) and SE (San 
Jacinto) along the San Andreas Fault (Gomberg et al., 2008; Peng et al., 2009) enhancing the primary con-
trol exerted by the water reservoir beneath the Parkfield-Cholame segment. Although less frequent, deep 
tremor activity beneath the Alpine Fault in New Zealand is also suggested to be related to the presence of 
high pore fluid pressures (Baratin et al., 2018; Wech et al., 2012). Along the Kefalonia Transform Fault and 
the North Anatolian Fault segments in the Sea of Marmara, such a fluid source is possibly missing and/or 
the conditions required to create high fluid pressures and promote tremorgenesis may not exist. Our results 
along the North Anatolian Fault are consistent with those of Pfohl et al. (2015) who found no unambiguous 
evidence for triggered or ambient tremor along the central segment of the North Anatolian Fault. In addi-
tion, the transtensional regime in the Sea of Marmara may also not be favorable for tremor occurrence, as 
most observations of tremor occur along compressive or transform/transpressive margins (Figure 1). While 
the Kefalonia Transform Fault exhibits transpressional deformation like the Alpine and San Andreas Faults, 
it shows a different tectonic evolution. For example, it is not located along a former suture zone and it is 
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much younger, with less accumulated displacement (van Hinsbergen et al., 2006). Furthermore, the seismo-
genic layer and the Moho depths do not occur at anomalous depths at either the Kefalonia Transform Fault 
or the Çınarcık segment of the North Anatolian Fault (Sections 2.1 and 2.4) that could hint at significantly 
high or low temperature gradients.

The absence of triggered tremor in the eastern Marmara Sea agrees with the absence of LFE/tremor 
activity accompanying the ∼50-daylong SSE along the Çınarcık Fault (Martínez-Garzón et al., 2019). 
The absence of ambient tremor associated with the ∼50-daylong SSE could be explained in two differ-
ent ways: (1) the SSE occurred at shallow depth, consistent with the observation of shallow SSEs along 
adjacent segments of the North Anatolian Fault (Aslan et al., 2019; Rousset et al., 2016); or (2) the SSE 
occurred at the down-dip limit of the seismogenic zone, and thereby exhibited a similar behavior to that 
of long-term SSEs. The occurrence of shallow SSEs along adjacent segments of the North Anatolian 
Fault would support the shallow origin of the signal.

6.  Conclusions
We find no unambiguous evidence for deep triggered tremor at the Hellenic Subduction Zone, beneath Crete, 
at the Calabrian Subduction Zone, at the Kefalonia Transform Fault, and at the North Anatolian Fault in the 
eastern Marmara Sea, during the passage of surface waves of 16–18 teleseismic events between 2010 and 2020. 
Furthermore, we find no unambiguous examples of LFE/tremor activity accompanying the SSE in the eastern 
Marmara Sea and the two SSEs beneath Peloponnese, along the western segment of the Hellenic Subduction 
Zone. The station coverage in each of the study areas suggest we would be able to detect tremor episodes 
formed by LFEs as small as Mw ∼1.5–1.9 in all the analyzed regions but Peloponnese, where we would be able 
to detect LFEs down to Mw ∼2.7 ± 0.3, that is, similar to larger events detected in the Cascadia Subduction 
Zone or Mexico. The absence of triggered tremor, strengthened by the absence of ambient tremor during SSE 
episodes, suggests the absence of favorable physical conditions for a deep tremorgenic zone in the central-east-
ern Mediterranean basin. Our results add to the body of evidence supporting that the thermal structure has 
a significant control on the occurrence of deep tremor in subduction zones. The possible absence of fluid 
sources that would be able to promote elevated pore fluid pressures at the base of the seismogenic layers at the 
Kefalonia and North Anatolian transform faults could explain the absence of tremor. In addition, the transten-
sional regime within the Çınarcık basin, in the eastern Sea of Marmara, may not be favorable to the generation 
of tremor. The absence of tremor episodes accompanying the SSE along the Çınarcık Fault in the eastern Sea 
of Marmara suggests that the detected ∼50-daylong SSE occurred either at shallow depths in agreement with 
observations from adjacent segments, or that, if deep, could be classified as long-term SSE. The depth range, 
duration, and absence of deep tremor during the SSEs along the western segment of the Hellenic Subduction 
Zone (at least during the 2014–2015 SSE, where the station configuration is denser) is consistent with observa-
tions of long-term SSEs elsewhere. The null result presented here indicates that conditions for long-term SSEs, 
likely a manifestation of semi-brittle to viscous behavior, may be more prevalent compared to the conditions 
suggested for deep tremor that require a restoration of a brittle or semi-brittle regime at depths where rocks 
would deform viscously under normal conditions.

Data Availability Statement
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