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Abstract: Satellite geodesy, an indispensable modern tool for determining upper-crust deformation,
can be used to assess tectonically active structures and improve our understanding of the geotectonic
evolution in tectonically active regions. A region fulfilling these criteria is the North Aegean, part of
the Eastern Mediterranean. It is one of the most tectonically, and hence, seismically, active regions
worldwide, which makes it ideal for applying a satellite geodesy investigation. Although many
regional studies have been carried out across the entire Aegean region, there are three more focused
case studies that provide better resolution for different parts of the North Aegean. The synthesis
of these case studies can lead to an overall geodynamic assessment of the North Aegean. The
North Aegean Sea case study is characterized by the North Aegean Trough (NAT), which is directly
associated with the westward prolongation of the North Anatolian Fault (NAF). Both NE–SW normal
and strike-slip faulting have been documented in this offshore region. Geodetic analysis considers
geodetic data, derived from 32 permanent GPS/GNSS stations (recorded for the 2008–2014 time
period). This results in the estimation of the Maximum (MaHE) and Minimum (MiHE) Horizontal
Extension, Maximum Shear Strain (MSS) and Area Strain (AS) parameters, based on triangular
methodology implementation; the same strain parameters have similarly been estimated for the
Strymon and Thessalian basins, respectively. The Strymon basin (first case study) is located in
the central part of the northern Greek mainland, and it is dominated by NW–SE (up to E–W) dip-
slip normal faults; this area has been monitored by 16 permanent GPS/GNSS stations for seven
consecutive years. Regarding the Thessalian basin case study, E–W, dip-slip and normal faults are
noted at the basin boundaries and within the Thessalian plain. This region has also been monitored
for seven consecutive years by 27 permanent GPS/GNSS stations. However, this case study is
characterized by a strong seismic event (Mw6.3; 3 March 2021), and thus all strain parameters
depicted the pre-seismic deformation. Analysis of these three different case studies confirmed
the current tectonic setting of the North Aegean region, while revealing new aspects about the
geodynamic evolution of the wider region, such as highlighting areas with significant tectonic activity
and the crucial role of strike-slip faulting in the broader Aegean region.

Keywords: crust deformation; GPS/GNSS analysis; North Aegean geodynamics; triangulation
methodology; Greece

1. Introduction

Rapid technological advancements in navigation satellite missions, initially led by
the US GPS (which started development in the 1970s) and subsequently other systems,
such as the Russian GLONASS, Chinese Beidou and European Galileo, all integrated under
the Global Navigation Satellite System (GNSS), provide an opportunity for the geoscience
community to better understand plate tectonics motion and behaviour. Indeed, what was
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first an approximate estimation then became a high-resolution, quantified proof of how the
lithospheric plates move and deform. The first studies started in the 1990s (e.g., [1,2]), and
since then, the GPS/GNSS systems have been broadly used for monitoring geodynamics in
various parts of the world. In the past several years, ground station hardware and analysis
techniques have also significantly improved, making the acquisition and installation of
the stations more attractive economically and the data processing more precise, leading to
more realistic results. In this context, the spatial resolution has improved with the denser
networks, while at the same time, the time windows have also become longer, permitting
more extended periods of monitoring and more accurate observations.

In the East Mediterranean, plate tectonics have created a complex geodynamic regime:
the westward tectonic escape of the Anatolian microplate pushes the respective Aegean
southwestwards, producing intense interplate deformation expressed by lithospheric-scale
tectonic structures, and intraplate deformation, forming numerous crustal faults [3,4]. The
Hellenic Subduction Zone (HSZ), also known as the Hellenic Arc, and the North Anatolian
Fault Zone (NAFZ) are the dominant interplate structures associated with the intense
seismic activity. The key player in Aegean geodynamics is the 80 myr evolution of the
Hellenic Arc, which migrated southwards to its current position with a simultaneous
roll-back of the subducting slab ([5] and references therein). This procedure left room for
the Anatolian plate to push the Aegean southwestwards through the North Anatolian
Fault (NAF) and its western prolongation into the North Aegean Sea, i.e., the North
Aegean Trough, generating a complex seismotectonic setting along the eastern Aegean
Sea—western Anatolia (Figure 1).

According to previous studies (e.g., [3,6]), the Hellenic Trench has undergone a retreat
(approx. 580 km) since the Eocene–Miocene [7,8]. This geological phenomenon has resulted
in a tectonic regime, which is characterized by N–S and NE–SW extensional occurrences in
the Aegean and Anatolian regions [9,10]. The southwest Anatolian microplate motion is
considered to be related to the exertion of pulling and pushing forces resulting from the
HSZ in its western part [5]. This movement is affecting the lithospheric thickness across
Anatolia and the Aegean [11,12]. The Hellenic Trench (HT) retreat results in the extensional
stress field generation, causing the crustal thinning of central and northern Greece and
western Anatolia ([13,14] and references therein).

In our study area (Figure 1), i.e., the northern Aegean, the North Aegean Trough (NAT)
and the North Aegean Basin (NAB), two successive and interconnected tectonic structures
dominate and affect a wide area of the North Aegean Sea as the western prolongation of the
NAF ([15] and references therein). Specifically, these two tectonic structures cumulatively
accommodate a dextral (right-lateral) motion of 24–30 mm/yr ([16] and references therein).
The NAT fault zone exhibits quasi-pure shear characteristics, while the NAB region displays
transtensional deformation [17]. Moreover, the smaller, less active, but evident, Central
Aegean Trough (also known as the Skyros basin), which is the NAF’s southern branch
continuation [18–20], is the southmost transcurrent large structure in the Aegean Sea,
affecting a large area bilaterally. Therefore, this area serves as a transitional zone that
connects the strike-slip faulting observed along the NAF with the dip-slip, normal faulting,
observed in the Greek mainland [21,22]. In particular, the NAF and its continuation divides
the lithosphere, while it is considered as the northern boundary of the Aegean–Anatolian
microplates ([23] and references therein). The microplates’ westerly slip along this boundary,
exerting pressure on the southwestern region; hence, a transtensional field is generated,
which affects the surrounding area, while the formation of large basins (e.g., the Strymon
and Thessalian basins) that are tectonically controlled is attributed to the same stress
field [9,15,24–28]. These basins are typically delimited by antithetic (opposite displacement),
normal dip-slip tectonically active faults [5,29–33]. The predominant faulting direction
is E–W, which is perpendicular to the current N–S extensional field [34,35]. However,
NW–SE active faults are also documented, which may reactivate previous extensional
structures; these structures are related to the NE–SW, Late Miocene to Pliocene extensional
phase [36,37].
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Figure 1. The main lithospheric-scale tectonic structures of the broader Aegean region (East Mediter-
ranean). AACZ: Adria-Aegean Collision Zone, CTFZ: Cephalonia Transform Fault Zone, CAT: Central
Aegean Trough, NAB: North Aegean Basin, NAF: North Anatolian Fault, NAT: North Aegean Trough,
and CG: Corinth Gulf. The study area is marked by a red frame.

In such a tectonically active setting, expressed by active faults/fault zones and conse-
quently intense seismic activity (Figure 2), monitoring of the upper-crust deformation with
cutting-edge technology is crucial for recognizing and determining the behaviour of active
faulting, while the contribution of field activities is considered fundamental (e.g., [38]). The
aim of this paper is to provide a comprehensive synthesis and review based on geodetical
results in the North Aegean region, as well as to combine and evaluate the strain parameters
of three neighbouring cases studies: (i) the North Aegean Sea, (ii) the Strymon basin and
(iii) the Thessalian basin. The geodetic analysis results are expected to provide qualitative
and quantitative strain information, which will be used to correlate the crustal deformation
with tectonically active structures.
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Figure 2. (a) Earthquake activity in the northern Aegean for a 15 yr time period (2008–2022). (b) Focal
mechanisms from the RCMT catalogue for the period between 1997 and 2022. Beachball and fault
colouring is according to kinematics. Faults in both insets are taken from GreDaSS [39,40].

2. Geodetic Studies of the Aegean Region

Since it is clear to the scientific community that satellite geodesy can provide detailed
information about the motions of plate tectonics and the deformation of the crust, it is
widely applied. Particularly, the Aegean and the eastern Mediterranean constitute an ideal
laboratory site for geodetic analyses, and especially for the determination of strain [41–47].
Therefore, various studies have been conducted in the Aegean region by implementing
measurements recorded by either permanent or campaign GPS/GNSS stations [48–53].
While preceding seismological studies only implied the gross geodynamic setting of the
East Mediterranean (the relation between the Arabian, Nubian and Eurasian plates), the
geodetic studies confirmed and measured plate boundaries and motions. Furthermore,
they resulted in the separating of the region into several blocks, proposing potential
geodynamic models (e.g., [54–57]), which are complicated. Focusing on the Aegean, two
distinct velocity clusters are observed throughout the area, distributed on both sides of
the NAT (and its continuation) and considered as the boundary between the North and
South Aegean [58,59]. The most recent studies predominantly focus on developing crustal
block modelling (e.g., [16,57,60,61]), attempting to interpret their geodynamic activity, as
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well as their relationship to seismic events (e.g., [62–65]). Notably, the block modelling
considers that each block partially receives the brittle tectonics effect [57,66,67], caused by
tectonically active structures, while it is imprinted on the upper-crust strain. This North
Aegean region strain is documented on the seismic slip and the gravitational collapse of the
Aegean crustal wedge in response to slab roll-back at the Eurasian–Nubian convergence
boundary [68–70], while in tandem, strike-slip faulting dominates in this region [17,23,26].

3. Materials and Methods

In this paper we exploit the strain results of three regional GPS/GNSS studies, which
focus on three neighbouring areas [17,71,72]: (i) the North Aegean Sea, (ii) the Strymon
basin, and (iii) the Thessalian basin. The three case studies combined can give a wider
understanding of the geodynamics of the northern Aegean crustal regime. The reasons for
using these results are (i) the number of the GPS/GNSS stations, (ii) the long time-period
of seven years, and (iii) the consistency of the used methodology. Next, we will briefly
describe the technical features and the methodological procedure, which the three case
studies rely on.

Implementing permanent GPS/GNSS stations to acquire geodetic raw datasets is a
dependable technique for the instrumental evaluation of deformation in the upper crust.
The geodetic velocities have been predominantly employed, previously computed for
Greece [73]. This paper focuses on combining the results of three study areas (North
Aegean Sea, Strymon basin and Thessalian basin), which are uniformly monitored by 32,
16 and 27 GPS/GNSS stations, respectively. The stations mentioned above are incorporated
within the five existing, continuously operating networks, namely HxGN/SmartNet Greece,
Hepos, NoaNet, EUREF Permanent Network—EPN, and HermesNet, as documented [74].
This integration facilitates the combination of diverse datasets, thereby enabling the com-
putation of more precise outcomes.

The abovementioned geodetic velocities were measured over seven consecutive years,
specifically from 2008 to 2014 (Figure 3). Continuous 24 h region monitoring was performed
over a period of seven years, with a recording interval of 30 s. It is worth noting that the
GPS/GNSS data rate is 1 HZ, which is decimated to 30 s, as mentioned above. Additionally,
the geodetic velocities are referenced to the European Terrestrial Reference Frame 2000
(ETRF2000), which assumes the stability of the Eurasian plate. Furthermore, it is necessary
to mention that GPS/GNSS stations provide reliable information related to horizontal
motions. Therefore, this paper focuses on estimating strain derived from these motions.
On the contrary, the vertical displacements recorded by the GPS/GNSS stations show great
errors and hence cannot be considered for the strain analysis.

The geodetic data processing considers the principles employed by European centres,
wherein the Vienna Mapping Function 1 (VMF1; [75]) is executed to derive the Zenith Total
Delay (ZTD) over a 2 h time interval. Furthermore, the extended analysis was conducted
utilizing the IERS2003 conventions, and the geodetic raw datasets were analysed using
the GAMIT/GLOBK software suite (version 10.5, Massachusetts Institute of Technology,
Cambridge, MA, USA; [76,77]).

Based on all the above, the geodetic data yielded the estimation of every GPS/GNSS
station’s east and north velocity components and their respective errors. Several authors
have widely implemented the triangulation methodology [78–83], which is regarded as
the most appropriate among various methodologies (e.g., least square methodology, etc.)
for processing these datasets. The fundamental theory of the triangulation methodology
involves the combination of the velocity components, along with their respective errors,
taken each time from three different GPS/GNSS stations, which form the vertices of a
triangle; at the barycentre (centroid) of each triangle, the overall velocity is calculated and
the deformation processing starts, resulting in the strain parameters estimation [17,72,84].
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A total of 404 triangles with their respective centroids were constructed for the North
Aegean Sea, 216 for the Strymon basin, and 193 for the Thessalian basin, respectively. The strain
parameters for each centroid were estimated using the ‘GPS triangular calculator’ software
(UNAVCO, Boulder, CO, USA; [85]). The Maximum and Minimum Horizontal Extension
(MaHE and MiHE, respectively), the Maximum Shear Strain (MaxSS) and the Area Strain (AS)
are the calculated strain parameters, which will be described shortly.

However, some common characteristics of the strain parameters at this point are
worth noting. In particular, all strain parameters are dimensionless; therefore, no SI units
correspond to them. Nevertheless, the “nano-strain unit” has been established in the
geodetically based upper-crust analysis to provide a more comprehensible expression of
strain parameters. Moreover, the calculation of all parameters refers to an annual interval.

Regarding the errors of the estimated parameters, the statistical analysis of the 404 tri-
angles revealed a range between 2% and 4% (MaHE and MiHE: 3%, MaxSS: 4% and AS:
2%). Despite the occurrence of these errors, no uncertainty is imprinted on the extracted
results and therefore the geodynamic and tectonic interpretations are not affected by them.

3.1. Maximum (MaHE) and Minimum (MiHE) Horizontal Extension

The fault activity and its kinematics are strongly linked to these parameters. The Max-
imum Horizontal Extension (MaHE) parameter denotes instances of extensional tectonics
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(extension, according to the strain nomenclature). In contrast, the Minimum Horizontal
Extension (MiHE) parameter, which is perpendicular to the MaHE, denotes instances
of compressional tectonics (compression, according to the strain nomenclature). Equal
magnitudes of both (dilatation and compaction) reveal shear, related to strike-slip motion.

It is mentioned that the MaHE development occurrence characterizes the main axis
of the strain ellipse, while the minor axis is characterized by the MiHE development,
respectively. The MaHE and MiHE parameters are theoretically defined by the following
equations (Equations (1) and (2)):

MaHE = (l f − l0)/l0 (1)

MiHE =
(
l′f − l′0

)
/l′0 (2)

where

lf is the final length along the strain ellipse major axis,
l0 is the original length along the strain ellipse major axis,
l′f is the final length along the strain ellipse minor axis, and
l′0 is the original length along the strain ellipse minor axis.

3.2. Maximum Shear Strain (MaxSS)

The Maximum Shear Strain (MaxSS) highlights areas where shear prevails and, there-
fore, it can be used to recognise strike-slip faults. The mathematical formulation of MaxSS
is given by the following equation (Equation (3)):

MaxSS = MaHE−MiHE (3)

3.3. Area Strain (AS)

The Area Strain (AS) is a critical parameter for determining the type of crustal de-
formation, with two primary types being identified: (i) dilatation and (ii) compaction.
Dilatation is a phenomenon that is associated with extensional active tectonics and is char-
acterized by positive AS values. It is typically observed in regions where normal, dip-slip,
or transtensional strike-slip faulting is prevalent. Conversely, compaction is indicated
by the negative AS values and it is associated with compressional active tectonics where
folding and thrusting prevail. The AS parameter can be represented mathematically by the
following equation (Equation (4)):

AS = MaHE + MiHE (4)

4. Results
4.1. Synthesis of Strain Results
4.1.1. Maximum (MaHE) and Minimum (MiHE) Horizontal Extension

The MaHE and MiHE for the North Aegean Sea region are characterized by a wide
range of strain field values. In particular, these parameters demonstrate a heterogeneous
strain distribution within the North Aegean Sea region, as depicted in Figure 4a. The
MaHE values range from approximately −50 to 1000 nano-strain, with the highest value
observed in the Thrace region. Similarly, the MiHE values range approximately from−1250
to 70 nano-strain [71]. The North Aegean Sea is predominantly characterized by shear,
with comparable values of MaHE and MiHE. Moreover, the MaHE and MiHE exhibit an
increase in the northwestern region of Turkey, showing a slight NE–SW (MaHE orienta-
tion) extension dominance. These results indicate that the crustal dynamics of the North
Aegean Trough (NAT) are more complex ranging from 100 to 700 nano-strain, particularly
under a shear setting. At the same time, its extension is oriented in an NNE–SSW to
N–S direction [71]. The shear occurrence can also be observed in the North Aegean Basin
(NAB), characterized by moderate magnitudes and a gradual transition in an approximately



Appl. Sci. 2023, 13, 9943 8 of 17

NW–SE extension direction. The NAB exhibits a prevalence of local extension dominance
over compaction. The area exhibits a distinct extensional trend in contrast to the adjacent
regions, which follows an ENE–WSW direction [71]. The strain regime prevalent in the
northern Aegean region, except for the wider Skyros Island area, is the transition from pure
to quasi-pure extension.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 17 
 

 
Figure 4. Maximum (MaHE; blue arrows) and Minimum (MiHE; red arrows) Horizontal Extension 
in the regions of: (a) North Aegean Sea; (b) Strymon basin; and (c) Thessalian basin. 

4.1.2. Maximum Shear Strain (MaxSS) 
The MaxSS parameter exhibits a wide distribution of values within the North Aegean 

Sea region, as depicted in Figure 5. These values range from 10 to 1650 nano-strain, with 
both peak values observed in the Samothraki Plateau. The regions that show the highest 
values are documented in the eastern part of the Aegean Sea (western Turkey), the CAT 
(Central Aegean Trough) and the NAT, as shown in Figure 5a. The MaxSS is characterized 
by slightly reduced values within the vicinity of the NAB, in the transitional zone that 
links the NAB and the CAT, and the broader region of northwestern Turkey. The regions 
showing great values are primarily associated with shear faulting. The extension may ex-
hibit a greater magnitude in regions with possible oblique-to-normal dip-slip faulting. An 

Figure 4. Maximum (MaHE; blue arrows) and Minimum (MiHE; red arrows) Horizontal Extension
in the regions of: (a) North Aegean Sea; (b) Strymon basin; and (c) Thessalian basin.

A broad spectrum of strain field values is exhibited in the Strymon basin region.
In particular, the MaHE values show a range of variability from approximately −60 to
2650 × 10−9, whereas the corresponding MiHE values demonstrate a range of variability
from approximately −650 to 150 × 10−9, as depicted in Figure 4b. The primary analysis of
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the distribution of the values [17] indicates that the absolute maximum values of both MaHE
and MiHE are primarily concentrated along the eastern boundary and the northernmost
part of the western boundary of the Strymon basin. Moreover, the analysis of MaHE and
MiHE suggests that extension is the dominant process in the study area, resulting in a
normal faulting activity. In particular, the Strymon basin exhibits a notable concentration
of maximum values at its eastern and northwestern boundaries. At the same time, the
high MaHE values of these regions, coupled with exceedingly low absolute values of
corresponding MiHE, suggest the prevalence of dip-slip normal faulting activity [17]. The
documented data reveals a gradual decrease in both MaHe and MiHE values on either side
of the area. Simultaneously, the difference in values between MaHE and MiHE decreases,
with MaHE values remaining greater than the corresponding MiHE values. These findings
suggest oblique-slip normal faulting activity in the Strymon and the adjacent (e.g., Drama)
basins. Additionally, the northwestern part of the Strymon basin exhibits positive values
for both MaHE and MiHE, indicating a prevalent, pure extensional setting characterized by
normal faulting. Finally, it is worth mentioning that the direction of the MaHE vectors is
nearly perpendicular to the strike of the faults and fault zones, thereby providing evidence
for the existence of these tectonic structures and their normal faulting characteristics.

Focusing on the wider Thessalian basin region, the values show a range of −40 to
380 nano-strain, with the extensional regime prevailing as the dominant one (Figure 2a,b) [72].
The MaHE vectors exhibit an approximate N–S orientation in the southern Thessalian basin.
This region also displays the most significant values, exceeding 200 nano-strain. A notable
alteration in direction is discernible towards the westernmost Thessalian basin, while similar
noticeable changes are documented in the MaHE direction of the northernmost part [72].
Remarkable values exceeding 150 nano-strain are observed within the Larissa plain and the
Thessalian basin southern boundary. The findings of the MaHE study indicate a progressive
rise of tectonic activity in the central and eastern Thessalian basin.

4.1.2. Maximum Shear Strain (MaxSS)

The MaxSS parameter exhibits a wide distribution of values within the North Aegean
Sea region, as depicted in Figure 5. These values range from 10 to 1650 nano-strain, with
both peak values observed in the Samothraki Plateau. The regions that show the highest
values are documented in the eastern part of the Aegean Sea (western Turkey), the CAT
(Central Aegean Trough) and the NAT, as shown in Figure 5a. The MaxSS is characterized
by slightly reduced values within the vicinity of the NAB, in the transitional zone that
links the NAB and the CAT, and the broader region of northwestern Turkey. The regions
showing great values are primarily associated with shear faulting. The extension may
exhibit a greater magnitude in regions with possible oblique-to-normal dip-slip faulting.
An example of such a scenario can be observed in the eastern Aegean Sea region, suggesting
the occurrence of normal and oblique-slip faulting. Local kinematic variations (from pure
normal dip-slip to strike-slip faulting) can be observed in regions with moderate values.

Concerning the Strymon basin, the MaxSS value analysis shows a range of approxi-
mately 1 to 2750 × 10−9 nano-strain (Figure 5a). The highest MaxSS values are recorded in
the eastern region of the Strymon basin, with comparable values noted in the northwestern
margin [17], respectively, as depicted in Figure 5a. Furthermore, high MaxSS values are
documented in the southern region of the western boundary of the Strymon basin. The
results of the geostatistical analysis, as presented in Figure 5b, provide the distribution of
MaxSS. In particular, the analysis reveals that higher values of MaxSS are concentrated
along the WNW–ESE axis of the Strymon basin [17]. Notably, the adjacent basins (such
as the Drama basin) exhibit exceedingly low, nearly negligible values. Consequently, the
significant shear values highlight the tectonic structures that are actively distributed along
the boundaries of the Strymon basin, with particular emphasis on the eastern one.
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Finally, the Thessaly area exhibits a range of MSS values from 5 to 730 nano-strain.
According to the analysis of MSS values (Figure 5a,b), the regions with the highest values,
exceeding 400 nano-strain, are adjacent to the western boundary of the Thessalian basin [72];
additionally, high MSS values are observed in the southern part of this region. Moreover,
intermediate values (approximately 200–400 nano-strain) have been detected all along the
western margin, while the northern part is characterized by low MSS values, measuring
less than 100 nano-strain.

4.1.3. Area Strain (AS)

Two distinct AS types are distinguished: (i) dilatation, which is directly related to
extension, and (ii) compaction, which is directly related to compression. Compaction is
the predominant form of strain in the North Aegean Sea region, while the nano-strain
values for AS range from −1180 (compaction) to 970 (dilatation) (Figure 6a). The dilatation
encompasses a larger region (Figure 6b); the most significant values are documented in
the eastern and northeastern parts of the North Aegean Sea. Samothraki Plateau and
western NAB have smaller but notable dilatation values. Most compaction occurs in the
southerly area of the North Aegean Sea (NAB and NAT). In particular, the CAT exhibits
remarkably low values. Compaction is limited to the north of the NAB and NAT, showing
a slight presence in the northeast of the North Aegean Sea and along the eastern coast of
Thessaly. In a case of a vast contrast between dilatation and compaction, extensional or
compressional tectonics occur, respectively. However, shear tectonics are documented in a
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case of similar dilatation and compaction values. For instance, the broader NAT region is
characterized by high dilatation and compaction values, defining a more complex setting,
as the two strain types do not extend uniformly or equally.
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Accordingly, the AS results of the Strymon basin reveal a dilatation dominance over
compaction (Figure 5a), with values ranging from approximately −600 (compaction) to
2750 × 10−9 (dilatation). Even though the dilatation type dominates in the Strymon
basin (Figure 6b), it partially coexists with compaction, indicating shear occurrence [17].
Specifically, the greatest concentrations are only documented within the Strymon basin
area, especially along the eastern margin and the northwestern part of the Strymon basin.
Concerning the high-value concentrations of compaction (Figure 6b), they are predomi-
nantly documented at the eastern Strymon basin boundary [17]. The difference between
dilatation and compaction defines extension (dilatation > compaction) or compression
(compaction > dilatation), whereas comparable values indicate shear tectonics [71]. The
Strymon basin is predominantly characterized by dilatation over compaction; nevertheless,
the compaction occurrence is noteworthy, indicating that despite the dilatation dominance,
a remarkable shear component is documented, leading to oblique-slip, normal faulting. A
typical example is the southernmost part of the Strymon basin, which is adjacent to the
North Aegean Sea and potentially affected by the corresponding strike-slip tectonic regime.

Regarding the Thessalian basin area, it exhibits AS values that vary from −420 to
360 nano-strain [72], implying occurrences of both dilatation and compaction (Figure 6a,b).
The phenomenon of compaction is primarily spotted at the western boundary of Thessalian
basin, where the absolute strain (AS) exceeds 100 nano-strain. However, there are also
some areas in the central part, where the absolute strain ranges between 50 and 150 nano-
strain. The dilatation shows a greater dispersion when higher values are considered,
specifically with values exceeding 200 nano-strain in the southeastern Thessalian basin [72];
the maximum dilatation is observed to the south of the Thessalian basin. Dilatation values
ranging from 100 to 200 nano-strain have been observed in the northwestern part of the
Thessalian basin, while at its northern part, small values (approximately 50 nano-strain) for
both compaction and dilatation are documented.

5. Discussion and Conclusions

The overall synthesis of the results gives a broader perspective on the North Aegean’s
geodynamic and seismotectonic setting. However, to optimise the visualisation of the
combined strain parameters, we used the well-established kriging interpolation method for
the MaxSS and the AS parameters, which practically reflect the MaHE and MiHE results.
This method effectively distributes parameter values across the study area seamlessly,
while highlighting the concentrations of extreme values and neutral-transition areas. These
neutral-transition areas are important for tectonic interpretation, as they indicate transitions
between different tectonic regimes.

Hence, the interpolated results highlighted new aspects in the geodynamic evolution
of the study area. What strikes us the most is the intensely fast deforming area in the central
part of the Strymon basin, where significant MaxSS and AS values are documented; the
other area with high values is the NAT region as expected. In addition, quite high values
(but distinctively lower than those above) characterize the NAB and CAT regions.

The deformation rate of the Strymon basin region exceeds the NAT is opposed to the
results of other previous studies [43,45,49], according to which the NAT strain dominates in
the broader northern Aegean. Although there is no doubt that the NAT is the dominant and
most tectonically active structure of the broader North Aegean region, the higher values of
the Strymon basin can be explained in many ways. At first, the long recording time period,
i.e., seven years (2008–2014), can catch possible variations of the deformation rate; hence,
during this long period, the Strymon basin might have shown more intense deformation
compared to the NAT. Secondly, the seismological data suggest that seismic activity in the
northern Greek mainland during the instrumentally recorded period and, especially, the
very recent one could be considered as poor (Figure 2); however, few strong historic events
have occurred. The NAT, as a very large, multi-segmented fault zone, exhibits frequent
seismicity in all magnitudes up to approximately Mw7. Therefore, the energy is possibly
released less frequently in northern Greece, waiting for the accumulated deformation and,
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hence, stress to reach their highest threshold before rupturing towards a characteristic
earthquake. This could also explain the long earthquake recurrence intervals in this area.
From a methodological point of view, it is obvious that no barycentres have been defined
within the narrow area of the NAT and the eastern part of the NAB. A denser GPS/GNSS
network and, hence, denser triangles and barycentres could have shown even higher values
of deformation in these particularly active areas.

Regarding the geodynamic and, in particular, the kinematics implications for the North
Aegean, the MaxSS and AS syntheses indicate a transtensional regime for the Strymon
basin. This area might be under the effect of the transcurrent NAT, as the CAT is to the
south, forming a quasi-pull-apart basin with NW–SE-striking oblique-slip marginal faults.
The NAT region shows high MaxSS values and, consequently, similarly high dilatation and
compaction values (compaction slightly exceeds dilatation), implying a transpressional
regime. In the NAB region, dilation becomes more dominant with much lower compaction;
the MaxSS values are notable, and therefore it is concluded that the NAB undergoes E
to W almost progressive transtension, shaping the trapezoidal basin with, respectively,
progressively changing strike-slip to quasi-pure dip-slip normal faulting. The same pattern
continues into the central Greek mainland (i.e., the Thessalian basin); however, the intensity
of deformation is much lower. Finally, the coexistence of high dilatation and compaction
values in the CAT region (dilatation exceeds compaction) and remarkable MaxSS values
indicate transtensional strike-slip faulting.

Based on all the above, it is evident that the NAT controls the geodynamic setting of
the North Aegean region. However, the geodetic analysis shed light on new geodynamic
aspects in the Northern Greek mainland implying not only a fast-deforming site (Strymon
basin), but a shear derived transtensional faulting, which probably extends from the
Thermaikos Gulf and eastwards, reaching Thrace and western Turkey. All these shear-
derived faults are potential Riedel structures strongly affected by the major NAT fault
zone. This is a sensible assumption, as the CAT, located at the southern part of NAT, is also
characterized by Riedel structures. Therefore, it is presumable that a similar geodynamic
setting may occur in the northern part of the NAT.

Author Contributions: Conceptualization, I.L. and S.S.; methodology, I.L.; software, I.L.; validation,
I.L., S.S. and C.P.; formal analysis, I.L. and C.P.; investigation, I.L. and S.S; resources, I.L., S.S. and C.P.;
data curation, I.L. and S.S.; writing—original draft preparation, I.L.; writing—review and editing, I.L.,
S.S. and C.P.; visualization, S.S.; supervision, C.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank NOANET (www.gein.noa.gr (accessed on 18
April 2023)), the HxGN/SmartNet (www.metricanet.gr (accessed on 20 April 2023)), the HermesNet
of AUTh (users.auth.gr/cpik (accessed on 25 April 2023)) and HEPOS (www.hepos.gr (accessed on
30 April 2023)) for providing the geodetic data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bevis, M. GPS Networks: The Practical Side. Eos Trans. Am. Geophys. Union. 1991, 72, 49. [CrossRef]
2. Segall, P.; Davis, J.L. GPS Applications for Geodynamics and Earthquake Studies. Annu. Rev. Earth Planet. Sci. 1997, 25, 301–336.

[CrossRef]
3. McKenzie, D. Active Tectonics of the Mediterranean Region. Geophys. J. Int. 1972, 30, 109–185. [CrossRef]
4. Taymaz, T.; Jackson, J.; McKenzie, D. Active Tectonics of the North and Central Aegean Sea. Geophys. J. Int. 1991, 106, 433–490.

[CrossRef]

www.gein.noa.gr
www.metricanet.gr
users.auth.gr/cpik
www.hepos.gr
https://doi.org/10.1029/EO072i006p00049-02
https://doi.org/10.1146/annurev.earth.25.1.301
https://doi.org/10.1111/j.1365-246X.1972.tb02351.x
https://doi.org/10.1111/j.1365-246X.1991.tb03906.x


Appl. Sci. 2023, 13, 9943 14 of 17

5. Jolivet, L.; Faccenna, C.; Huet, B.; Labrousse, L.; Le Pourhiet, L.; Lacombe, O.; Lecomte, E.; Burov, E.; Denèle, Y.; Brun, J.P.; et al.
Aegean Tectonics: Strain Localisation, Slab Tearing and Trench Retreat. Tectonophysics 2013, 597–598, 1–33. [CrossRef]

6. Brun, J.P.; Faccenna, C. Exhumation of High-Pressure Rocks Driven by Slab Rollback. Earth Planet. Sci. Lett. 2008, 272, 1–7.
[CrossRef]

7. Philippon, M.; Brun, J.P.; Gueydan, F.; Sokoutis, D. The Interaction between Aegean Back-Arc Extension and Anatolia Escape
since Middle Miocene. Tectonophysics 2014, 631, 176–188. [CrossRef]
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