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The localization of the North Anatolian Fault in the northern Aegean Sea (North Aegean Trough) is an intriguing
example of continental transform fault propagation. Understanding this process critically depends on the
quantification of strike-slip displacement and the superposition of normal and strike-slip faulting in the region,
which is the aim of this study. In particular, we unravel and quantify normal and dextral faulting along the
Alonnisos fault system, at the south-western margin of the North Aegean Trough (Sporades Basin). We present
detailed structural data collected from Messinian strata of Alonnisos to infer the amount of post-5 Ma tilting and
shortening on the island, and relate them to normal and dextral faulting along the Alonnisos fault system through
simple analytical half-space models of dislocations. The Messinian rocks of Alonnisos record significant (13.5°)
tilting and gentle folding close to the termination zone of the main fault segment. The tilting of the Messinian
rocks was related to footwall uplift during normal faulting (in the order of 6-7 km vertical displacement) along
the Alonnisos fault system, which implies that the deepening of the Sporades Basin occurred post-5 Ma. The post-
Messinian folding accommodated ~1 km shortening along the footwall termination zone of the Alonnisos fault
and was related to 3-4 km dextral slip, possibly during the last 100-200 kyr. This is the first clear indication of
major dextral displacement along the Alonnisos fault system. Our results support interpretations of currently
distributed dextral strain in the North Aegean in response to the propagation of the North Anatolian Fault.
However, similarities with the evolution of the Sea of Marmara might suggest that dextral shear could yet
become fully localized in the NAT.

1. Introduction

The North Aegean Trough (NAT, Fig. 1b) in the northern Aegean Sea
is a key region for investigating the interplay between back-arc exten-
sion and strike-slip faulting, related to the combined effects of the Hel-
lenic slab-rollback and the westward extrusion of Anatolia (Le Pichon
et al., 1981; Lybéris, 1984; Mascle and Martin, 1990; Philippon et al.,
2014; Beniest et al., 2016; Sakellariou et al., 2016; Ferentinos et al.,
2018). The latter has been accommodated by a major continental
transform fault, the North Anatolian Fault (NAF, Fig. 1a), which formed
during the Middle Miocene (13-11 Ma, Sengor et al., 2005) in Eastern
Turkey, and propagated to Western Turkey where it became fully
localized between 5 and 2.5 Ma (Armijo et al., 1999; Le Pichon et al.,
2016). Its propagation into the NAT occurred even later, probably

during the Early-Middle Pleistocene, and by the reactivation of pre-
existing faults that define the south-eastern border of the NAT. Due to
this reactivation of pre-existing structures, the NAF changes its strike
from ENE-WSW to NE-SW at the NAT (Fig. 1a, Lybéris, 1984; Lyberis
and Sauvage, 1985; Roussos and Lyssimachou, 1991; Beniest et al.,
2016). In Turkey the NAF is a well-defined and well-documented fault
zone with quantified (~ 80 km at the Sea of Marmara) dextral
displacement (Barka, 1992; Armijo et al., 1999; Hubert-Ferrari et al.,
2002; Sengor et al., 2005).

In contrast, the continuation of the NAF in the Aegean displays
distributed, transtensional style of deformation, possibly related to the
interaction of the propagating dextral NAF with the pre-existing exten-
sional stress field and fault pattern of the Aegean region (Armijo et al.,
1996; McNeill et al., 2004; Philippon et al., 2014; Sakellariou et al.,
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2016; Ferentinos et al., 2018). The Aegean extension is related to trench
retreat since ca. 45 Ma, following the stacking of the continental Pela-
gonian and Rhodopia nappes, which sutured the oceanic Vardar nappe
between them (Fig. 1a, Brun and Sokoutis, 2007; Jolivet and Brun, 2010;
Brun et al., 2016). The velocity of slab-rollback accelerated substantially
due to the Middle Miocene tearing of the Hellenic slab, eventually
leading to distributed, whole Aegean-wide extension and basin devel-
opment (Jolivet et al., 2013; Brun et al., 2016). The currently observed
superposition of dextral and extensional faulting in the North Aegean
makes the identification of fault segments that represent the true
continuation of the NAF much more difficult. Nevertheless, the NAT is
recognized as an active strike-slip deformation zone, which defines the
boundary between coherently deforming regions (microplates or
microblocks) within the Aegean (McKenzie, 1972; Armijo et al., 1996;
McClusky et al., 2000; Nyst and Thatcher, 2004).

A key area where the propagation of the NAF can be constrained is
the south-western corner of the NAT, the Sporades Basin (e.g. Ferentinos
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et al., 2018), and the neighbouring Northern Sporades islands (Fig. 1b).
The Sporades Basin is a major depression with current water depths of
up to 1600 m and largely filled by Neogene and Quaternary sediments.
The basin is situated NE from the island of Skopelos and NW from the
island of Alonnisos (Fig. 1b). It is generally accepted, that extensional
and strike-slip faulting is superposed in the basin, and that recent strike-
slip activity is probably related to the propagation of the NAF into the
Sporades Basin (Roussos and Lyssimachou, 1991; Hatzfeld et al., 1999;
Beniest et al., 2016; Sakellariou et al., 2016; Ferentinos et al., 2018). The
interpretation of current dextral movement in the Sporades Basin is
further evidenced by dextral earthquake focal mechanism solutions
(Fig. 1b, e.g. Hatzfeld et al., 1999; Kiratzi, 2002; Kiratzi and Louvari,
2003; Kassaras et al., 2020) and GPS data (e.g. Hollenstein et al., 2008),
which show significant westward motion of the Northern Sporades with
respect to the Chalkidiki peninsula (Fig. 1b). Furthermore, GNSS data
show that the island of Alonnisos is moving towards the SW 7 mm/yr
faster (calculated parallel with the N 40° - N 220° f1 fault, Fig. 1b) than

Fig. 1. (a) Satellite image of Greece high-
lighting the main tectonic units, faults and
geographic locations. KLTF = Kephalonia -
Lefkada transform fault. (b) Elevation map
and major faults of the North Aegean Trough
(NAT). Fault kinematics are based on Fer-
entinos et al. (2018). The studied Alonnisos
fault system (f1 and f2) is highlighted with
red colour. Earthquake focal mechanisms
data 1900 and 2019 are based on Kapetani-
dis and Kassaras (2019); GPS data are taken
from Hollenstein et al. (2008). SpB = Spor-
ades Basin. (¢) Schematic 3D structural
model of the Sporades Basin and the Alon-
nisos fault system. Fault geometries are
estimated based on Ferentinos et al. (2018).
Notice the bathymetry scale that shows the
displacement of the seafloor in the hang-
ingwall of the Alonnisos fault by >1000 m,
which is not reflected visually in the cross
section. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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Skopelos, implying that dextral slip on the f1 fault (from this point called
Alonnisos fault, Figs. 1b, c) might be active. However, no clear evidence
for major dextral slip on the Alonnisos fault has been presented so far.
Earthquake data do record dextral events in the vicinity of the Alonnisos
fault, but largely on smaller faults inside the basin (e.g. near the f3 fault,
Fig. 1b), or at the island of Kyra Panagia, NE from Alonnisos (Kapeta-
nidis and Kassaras, 2019; Kassaras et al., 2020). In contrast, the exten-
sional origin of the basin is clearly evidenced by the up to 6 km normal-
sense displacements along the Alonnisos fault and its north-eastern
continuation as well as the thick Neogene sediments in the Sporades
Basin (Brooks and Ferentinos, 1980; Mascle and Martin, 1990; Sakel-
lariou et al., 2016; Ferentinos et al., 2018, Fig. 1c). Despite recent
progress in mapping the fault geometry and kinematics of the Sporades
Basin (Sakellariou et al., 2016; Ferentinos et al., 2018), its spatial and
temporal evolution remains poorly constrained. In particular, the su-
perposition of normal and dextral faulting as well as the quantification
of the strike-slip component related to the propagation of the NAF are
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B Palouki unit
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$ anticline
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key questions that are still unclear.

We aim at characterising and quantifying deformation related to the
superposition of normal and dextral faulting along the Alonnisos fault
system (f1 and f2, Figs. 1b, c) in order to constrain fault kinematics
related to the propagation of the NAF into the Sporades Basin. To this
end, we present detailed structural data collected from the Messinian
rocks of Alonnisos. We quantify the deformation (tilting and folding) of
the Messinian strata and relate it to normal and dextral faulting along
the Alonnisos fault system through simple structural considerations and
analytical models of a fault dislocation in an elastic half-space (Okada,
1985; Nikkhoo et al., 2016). The results are interpreted and discussed in
the context of the NAF propagation and the interplay between Aegean
back-arc extension and the lateral extrusion of Anatolia.

2. Geological background

The islands of the Northern Sporades predominantly consist of
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Fig. 2. Geological map of the study area. (a) Geological formations of Skopelos and Alonnisos, highlighting the main faults and the area affected by post-Messinian
folding. The folded section is ca. 20 km long, and is located at the termination zone of the Alonnisos fault (f1). (b) Geological map of Alonnisos modified after
Kelepertsis (1974), showing detailed structural data in terms of faults, foliation measurements, and fold axes. (¢) Line-length balancing of a representative 6.75 km

long section across the Messinian strata that implies shortening of around 6%.
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Palaeozoic to Eocene, low-grade metamorphic rocks of the Pelagonian
zone (Jacobshagen and Wallbrecher, 1984; Jacobshagen and Mata-
rangas, 2004). These are from bottom to top the metapelites and car-
bonates of the Pelagonian wunit, the Eohellenic unit, the
Mesoautochtonous unit, and the Palouki unit (Fig. 2b, Kelepertsis, 1974;
Jacobshagen and Wallbrecher, 1984; Matarangas, 1992; Jacobshagen
and Matarangas, 2004). These formations were buried in an accre-
tionary wedge during latest Cretaceous to Eocene times, and subse-
quently exhumed along extensional shear zones and normal faults
(Porkolab et al., 2019). Normal faulting on top of the accretionary
wedge probably initiated in the late Eocene (Porkolab et al., 2020) and
has been active ever since, contributing to the formation of the NAT (e.g.
Beniest et al., 2016; Ferentinos et al., 2018). Seismic interpretations
show a thick Neogene basin fill (up to 4-5 km in the Sporades basin,
Sakellariou et al., 2016; Ferentinos et al., 2018) that wedges out towards
the northern margin of the asymmetric NAT (Fig. 1c). The steep
southern margin is defined by fault segments with up to 6 km of normal-
sense displacement (Ferentinos et al., 2018), also defining the shoreline
of Alonnisos (Figs. 1b, c). Paleogene deposits lying directly on the
metamorphic basement are present in the north-western Thermaikos
Basin, however, the extrapolation of such deposits into the Sporades
Basin is to be confirmed by boreholes (Beniest et al., 2016; Varesis and
Anastasakis, 2021).

Alonnisos is the only island of the Sporades that display Neogene
sedimentary rocks, which unconformably cover the metamorphic rocks
of the Palouki and Mesoautochtenous units (Fig. 1c, Fig. 2). These rocks
consist of shallow-water carbonates (Fig. 3b) and up-section alluvial fan
conglomerates (Fig. 3c) that are preserved on the SW-part of Alonnisos
(Fig. 2b). The stratigraphic age is dated as Upper Miocene based on
fossils (Kelepertsis, 1974), and more precisely interpreted to be Messi-
nian based on stratigraphic correlation (Poulimenos and Karkanas,
1998).

3. Data collection and methods
3.1. Field work

Geological field work was conducted on Alonnisos and, subordi-
nately, on the Palouki Peninsula of Skopelos (Fig. 2a). Structural
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mapping focused particularly on measuring sedimentary bedding planes
in the Messinian strata, metamorphic foliations in the Paleogene and
older formations (Fig. 2b), (map-scale) fault (slickensides and slicken-
lines, Riedel shears) and fold structures. The mapping resulted in the
revision of the geological map of Alonnisos (Kelepertsis, 1974, Fig. 2b).
The new map contains 162 bedding/metamorphic foliation measure-
ments, which includes 37 measurements taken from the map of Kele-
pertsis (1974) and 125 new measurements. This dataset allowed to
establish map-scale fold patterns (Fig. 2b). Mapping and structural
analysis were especially focused on the Messinian sedimentary rocks
outcropping on Alonnisos in order to characterise the relatively young
deformation affecting the area.

3.2. Dislocation modelling

In order to quantify and relate the deformation of the Messinian
strata to fault activity along the Alonnisos fault system, we conducted a
model parameter study using the compound dislocation model (CDM)
method (Okada, 1985; Nikkhoo et al., 2016), which is based on elastic
dislocation theory and allows to quantify the surface response of a half-
space model to an imposed displacement along a dislocation (fault). We
approximated movements along the Alonnisos fault system with a single
rectangular dislocation assuming uniform slip. We calculated the surface
movements related to slip along the rectangular dislocation using the
MATLAB-based function of Nikkhoo et al. (2016). Varied model pa-
rameters were the vertical slip component, dextral slip component
(rake), fault dip angle, and the Poisson's ratio of the half-space (for more
details see the Model Setup and Model Results sections).

4. Results
4.1. Structural results

Based on field observations, we identified two map-scale, gentle to
open fold populations. The first population is NE-SW trending, and was
not detected in the Messinian rocks, while the second one is NNW-SSE
trending, and is especially well-developed in the Messinian strata
outcropping on SW-Alonnisos (Fig. 2). This fold population was also
observed on the Palouki peninsula of Skopelos (SE-Skopelos, Fig. 2a).

|
e average

number of measurements |average azimuth (AA) |average dip in AA-parallel section

39 139.5°

e —= intersection
—— bedding plane

13.5°

Fig. 3. Field photographs and bedding measurements of the Messinian strata on Alonnisos. (a) Hinge of a gentle fold where the Messinian carbonates transition into
siliciclastic conglomerates. (b) SE-dipping carbonate beds. (¢) S-dipping conglomerate beds. (d) Stereographic projection of the bedding measurements. (e) Data of
the bedding measurements. The average dip (or tilt angle) of the Messinian strata towards the average azimuth (139.5°) is 13.5°.
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We note the presence of some minor outcrop-scale normal and reverse
faults affecting the Messinian rocks (also reported by Poulimenos and
Karkanas, 1998), but the overall displacement accommodated by these
structures is negligible on the scale of the island.

We further revised the location and kinematics of map-scale faults
(Fig. 2b), which are dominantly NE-SW trending normal faults that are
subparallel with the Alonnisos fault system (f1 and f2, Figs. 1b, c). The
largest onshore structure is a normal fault running parallel to the
shoreline (f2), which has produced the steep and spectacular fault scarp
of Alonnisos with a vertical displacement of at least 500 m (Fig. 1c). The
maximum displacement could possibly exceed 1 km, but is not con-
strained by observations.

4.1.1. Tilting of the Messinian strata

Measurements of sedimentary bedding in the Messinian rocks of
Alonnisos (Figs. 2b, 3) have been subjected to a selection procedure,
where we eliminated the locally disturbed data (e.g. bedding planes
locally steepened by a fault) from the representative population of
orientation data. The resulting dataset consists of 39 bedding plane
measurements, with an average dip azimuth of N 139.5° (trending N
49.5°) and an average dip angle of 13.5°, calculated for a section that is
parallel to the average azimuth (Figs. 3d, e). This clearly indicates that
the Messinian strata are significantly tilted around an axis that is sub-
parallel with the Alonnisos fault, which trends ~ N 40°. The Messi-
nian strata are eroded from most parts of Alonnisos, therefore the
gradient of the tilting steepness across the island is not clear. The
metamorphic foliation of the pre-Messinian rocks also has a dominant
SE-dip (Fig. 2b). However, we did not use these data for estimating the
tilt angle due to the multiple folding and shearing events (e.g. Porkolab
et al., 2019) that disturb the signal of the post-Messinian tilting in these
formations.

4.1.2. Folding of the Messinian strata

The analysis of bedding plane orientations show that the Messinian
sediments are gently folded around NNW-SSE trending axes (Figs. 2b, ¢
and Fig. 3a). These fold axes are not exactly perpendicular, but slightly
oblique to the Alonnisos fault (Fig. 2a). This fold population is best
developed in the Messinian sediments on SW-Alonnisos, and are largely
absent from the central and eastern parts of the island (Fig. 2b). A fold
population with identical interlimb angles and orientation was observed
on the Palouki peninsula of Skopelos, but is absent from the rest of the
island (Fig. 2a, for a detailed structural map of Skopelos see Porkolab
etal., 2019). This suggests that the area which is affected by this folding
event is 15-25 km long, and overlaps with the termination zone of the
Alonnisos fault (Figs. 1, 2a). The amount of shortening for this folding
phase has been estimated by line-length balancing of a representative,
6.75 km long, fault-parallel (N 40°) section in the Messinian sediments
(Fig. 2¢). The balancing estimation shows that the gentle folding
accommodated ~6% fault-parallel shortening, which equals 0.9 to 1.5
km shortening over a distance of 15 to 25 km, respectively (considering
the approximate length of the folded section, Fig. 2a). Other structures
that would have accommodated significant amounts of fault-parallel,
post-Messinian shortening, such as major reverse faults, were not
observed.

4.2. Structural interpretation and model considerations

The interpretation of structural observations (tilting and folding) was
used to design and constrain an elastic compound dislocation model
(CDM). Firstly, we interpret the fault-parallel tilting of the Messinian
sediments as a result of footwall uplift in response to normal faulting, as
described by Weissel and Karner (1989), observed for example at the
Corinth Rift (Armijo et al., 1996; de Gelder et al., 2019). We used the
CDM to test whether 1) this interpretation was realistic for the Alonnisos
fault system, and 2) which fault parameters exert a major control on the
tilting in the footwall.
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Secondly, we assume that all post-Messinian, fault-parallel short-
ening of ca. 900-1500 m was accommodated by gentle folding around
NNW-SSE trending axes close to the termination zone of the Alonnisos
fault (f1, Fig. 1), on SW-Alonnisos and SE-Skopelos (Fig. 2a). The fold
axes are not precisely perpendicular, but slightly oblique to the Alon-
nisos fault, resembling an en-echelon fold arrangement in a dextral
strike-slip deformation zone (Fig. 2a). In addition, there is no continu-
ation or linking structure observed at the termination of the Alonnisos
fault, meaning that any lateral slip on the fault should result in rock
deformation at the termination zone. Hence, we interpret the post-
Messinian shortening at the termination zone of the Alonnisos fault as
the consequence of dextral slip on the Alonnisos fault or fault system (f1
fault and possibly also the f2 fault, Fig. 1), i.e. the southwest directed
motion of the footwall. We used the CDM for quantifying the amount of
dextral slip component required for producing 900-1500 m lateral
footwall motion, which in nature could be accommodated by folding at
the fault termination zone.

4.3. Model setup

The fault geometry was estimated using available reflection seismic
data (Sakellariou et al., 2016; Ferentinos et al., 2018). The Alonnisos
fault is almost straight in nature, and can thus be approximated by a 30
km long straight fault plane. In contrast, it appears to have varying dip
angles along strike ranging from around 70° to 50° with a listric
continuation in depth (Ferentinos et al., 2018). Other faults of the
Sporades Basin that are in the vicinity of the main Alonnisos fault
segment typically dip around 60° (Sakellariou et al., 2016; Ferentinos
et al., 2018), including the major normal fault that defines the steep
north-western scarp of the island (f2, Fig. 1c, Figs. 2a, b). This fault is
only 4-5 km away from and perfectly parallel with the Alonnisos fault
(Figs. 1c, 2a), insinuating a connection at depth (Fig. 1c), similar to the
basin-bounding faults in the northeastern part of the NAT (McNeill et al.,
2004). For these reasons, we treat the f1 and f2 as parts of the same fault
system (Alonnisos fault system), and approximate them as a single
dislocation plane in our models. The vertical (normal) displacement
component of the Alonnisos fault (f1) appears to be around 6 km on
seismic lines (Ferentinos et al., 2018), while the shoreline normal fault
(f2) of the island adds an extra 500-1000 (uncertain) m of normal
displacement (Fig. 1c). Hence, altogether, the Alonnisos fault system has
a normal displacement component in the order of 6-7 km.

It has been demonstrated, that precise datasets (e.g. elevation of
dated marine terraces) and well-constrained fault properties allow for
the application of sophisticated fault model setups (de Gelder et al.,
2019). However, in our case, the datasets used for the model setup
(estimated fault geometry) and validation (shortening and tilt angle
estimations) are significantly less precise. For this reason, and based on
the observations and considerations above, we designed an elastic half-
space model with a single rectangular dislocation and assuming uniform
slip, which allows to compare the first order characteristics of models
and observations. The dislocation is 30 km long, has a dip angle varying
between 55°, 60°, 65°, and 70°, and a vertical displacement component
varying between 6 and 7 km. The dislocation extends from the surface to
the depth of 10 km. We further adjusted the rake (slip vector direction)
in 10° increments to achieve lateral footwall motion in the order of 1 km,
corresponding to the observed shortening between Alonnisos and Sko-
pelos (Figs. 2a, ¢). Following initial tests, we used a rake of —120° in the
reference model (a rake of —90° or — 180° means pure normal or pure
dextral displacement, respectively). Lateral footwall and hangingwall
motion together were used to determine the overall dextral displace-
ment (sum lateral motion) along the dislocation. Variation in model
parameters was implemented in separate model runs. For the Poisson's
ratio of the elastic half-space we chose the value of v = 0.25, which is an
average crustal value for orogenic belts (Zandt and Ammon, 1995), but
also ran models with a Poisson's ratio of 0.35 in order to test the influ-
ence of this parameter on the results.
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4.4. Model results (Fig. 4c). Results show that the tilt angle of the footwall is proportional
with the dip angle of the fault and the amount of vertical slip on the fault

To compare the predicted footwall tilt angles with the observed dip (Fig. 4e). The observed post-Messinian tilting of around 13-14° on
data of the Messinian rocks, we defined the tilt angle in the models as the Alonnisos is closely approximated by models with a dip of 65° and 6-7
average dip of the uplifted surface along a 5 km section (roughly km of vertical displacement, or a dip of 60° or 70° and a vertical
equalling the width of Alonnisos) measured away from the fault displacement of 7 or 6 km, respectively (Fig. 4a, e). A dip of 70° and a
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Fig. 4. Results of elastic half-space dislocation models (Okada, 1985; Nikkhoo et al., 2016). The reference model (plots a-d) has a fault dip angle of 65°, a vertical
displacement component of 7 km, and a rake of —120° (where —90° is pure normal and — 180° is pure dextral displacement). (a) Map-view vertical displacement
component of the reference model. Dashed line shows the trace of the cross-section plot on Fig. c. (b) Map-view fault-parallel (Y direction) displacement component
of the reference model. Dashed line shows the trace of the cross-section plot on Fig. d. (c¢) Cross section (at Y = 62 km) plot of the vertical displacement component of
the reference model. The footwall tilt angle (14.2°) is defined as the average dip of the first 5 km in the footwall measured from the dislocation. (d) Cross section (at
Y = 62 km) plot of the fault-parallel (Y direction) displacement component of the reference model. (e) Footwall tilt angle as the function of the fault dip angle and the
amount of vertical displacement (Disp,) in various models. Connected dots are model results with the same amount of vertical displacement. Red dashed line
represents the observed (average) tilt angle of the Messinian rocks (13.5°). Data points within the red area are model results that closely approximate the observed tilt
angle (within 13.5 + 2°). (f) Horizontal footwall displacement as a function of sum (footwall + hangingwall) horizontal displacement in models with various rake
values. The horizontal displacement increases with decreasing rake (i.e. with increasing dextral slip component along the dislocation). The red area highlights the
estimated 0.9-1.5 km, post-Messinian shortening at the termination zone of the Alonnisos fault. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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vertical displacement of 7 km predicts an average tilt angle of almost
17°, which is significantly larger than the observations (Fig. 4e).
Significantly smaller tilt angles are predicted by models with a dip of 55°
or smaller and for models with a vertical displacement of <6 km.

Models show that a dextral displacement component (the sum of
lateral footwall and hangingwall motion) of 3-4 km is required to ach-
ieve the inferred 900-1500 m fault-parallel motion in the footwall
(Fig. 4f). This dextral displacement requires that the rake of the
modelled dislocation is ca. -115° - -120° (Fig. 4f). The majority of the
lateral slip component is accommodated in the hangingwall due to the
dip of the fault (Fig. 4b, d, f). In the reference model, the footwall moves
~1.3 km in the positive Y direction (which could correspond to 1.3 km
shortening at the fault termination zone in nature), while the hanging-
wall moves 2.7 km in the negative Y direction, resulting in a sum hori-
zontal displacement of 4 km (Fig. 4b, d, f). Testing the Poisson's ratio (v
= 0.25 in all of the models on Fig. 4e) showed a negligible influence on
the results: using v = 0.35 instead of v = 0.25 resulted in a tilt angle
increase of 0.2°, and increased the horizontal hangingwall displacement
by 50 m.

In summary of the model results, the initial field-based conditions (a
footwall tilt angle of 13-14° and a lateral footwall motion of 0.9-1.5 km)
were predicted by models with a fault dip angle of 60-65°, a vertical
displacement component of 6-7 km, and a dextral displacement
component of 3-4 km.

5. Discussion
5.1. Normal faulting in the Sporades Basin

Model results show, that the 13-14° tilting of the Messinian strata
can be explained by footwall uplift during normal slip on the Alonnisos
fault system (f1 and f2 faults, Figs. 1b, ¢), i.e. during the deepening of the
Sporades Basin. The required 6-7 km of vertical displacement on the
Alonnisos fault system and the 60-65° fault dip angle are within un-
certainties and consistent with observations and constraints from
seismic data (Beniest et al., 2016; Sakellariou et al., 2016; Ferentinos
et al., 2018). We note that fault segments with lower dip angles and
listric geometry also exist along the Alonnisos fault (Ferentinos et al.,
2018), which were not taken into account in our model setup. Never-
theless, the first-order agreement between observations and model
predictions confirms that 1) the Neogene evolution of the Sporades
Basin was dominated by extension, and 2) the Alonnisos fault is origi-
nally a major normal fault that controlled the subsidence of the Sporades
Basin. These implications are in agreement with previous interpretations
(Mascle and Martin, 1990; Beniest et al., 2016; Ferentinos et al., 2018).
Our results furthermore highlight that the majority of extension and
subsidence in the Sporades Basin has to be post-Messinian rather than
early Miocene or Late Paleogene (while not excluding the possibility of
minor pre-Messinian extension); this is the only way to achieve the
13-14° tilt angle in the Messinian rocks. This poses additional con-
straints to basin evolution models that are based on seismic datasets
hindered by the lack of local borehole control and the strong Messinian
salt reflection preventing the proper imaging of the underlying older
sediments (Beniest et al., 2016; Sakellariou et al., 2016; Ferentinos et al.,
2018). Dominantly Late Miocene and post-Miocene extension in the
Sporades Basin as suggested by our results is consistent with the inter-
pretation of Sakellariou et al. (2016) and Ferentinos et al. (2018).
However, the new timing constraint is less consistent with the inter-
pretation of up to 1 km thick Paleogene and Lower Miocene deposits
extrapolated into the Sporades Basin by Beniest et al. (2016), or the
interpretation of initial Paleogene basin development adjacent to the
Northern Sporades by Porkolab et al. (2019) and Porkolab et al. (2020).
While extension has probably been active on the Northern Sporades
since late Paleogene times (Porkolab et al., 2020), the deepening of the
Sporades Basin appears to be a substantially younger, post-Messinian
process.
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5.2. Dextral faulting in the Sporades Basin

Field observations and structural analysis show that ~1 km short-
ening was accommodated by gentle folding at the termination zone of
the Alonnisos fault. The NNW-SSE orientation of the gentle folds suggest
ENE-WSW oriented shortening, which corresponds reasonably well with
the E-W shortening and perpendicular extension directions derived from
strain rate tensor calculations based on GNSS data (Hollenstein et al.,
2008; Miiller et al., 2013). Observations supported by model results
furthermore imply that the ~1 km shortening is related to dextral slip on
the Alonnisos fault system. Reflection seismic data and structural anal-
ysis up to now have not shown evidence for major dextral reactivations
on the Alonnisos fault system (e.g. Ferentinos et al., 2018). In addition,
focal mechanism solutions suggest that dextral slip events are currently
distributed across the whole Sporades Basin (and NAT) rather than being
focussed along the Alonnisos fault system (e.g. close to f3, Fig. 1b,
Kapetanidis and Kassaras, 2019; Kassaras et al., 2020). Consequently,
the identification and estimation of significant dextral slip on the
Alonnisos fault system are critical new inferences for the tectonic evo-
lution of the area. Model results imply that the required ~1 km of lateral
footwall motion towards the SW (causing the shortening) could have
been achieved by 3-4 km of dextral slip, with the majority of the lateral
motion taking place in the hangingwall of the fault (Figs. 4 b, d, f). Our
results hence suggest that the observed shortening on SW-Alonnisos and
SE-Skopelos corresponds to a dextral displacement of 3-4 km along the
Alonnisos fault system. Using the current rate of fault-parallel conver-
gence between Alonnisos and Skopelos islands (~ 7 mm/yr, calculated
from Hollenstein et al., 2008), the ~1 km shortening that we observed
would take ~150 kyr to accumulate. This time frame would also be
roughly consistent with the model results of Miiller et al. (2013), which
implies a current displacement rate of 5-15 mm/yr for the NAF in the
Sporades Basin. This first order approximation shows that the propa-
gation of the NAF into the Sporades Basin and especially the dextral slip
on the Alonnisos fault system is likely very young. It has been proposed,
that the propagation of the NAF into the NAT might be Early-Middle
Pleistocene (Roussos and Lyssimachou, 1991; Beniest et al., 2016;
Brun et al., 2016). Based on our estimations, the initiation of dextral
movements in the Sporades Basin could be even younger, Late Pleisto-
cene. Alternatively, an initially slow dextral slip could have been
accelerating since the Early-Middle Pleistocene. In the former case, it is
likely that “pure” normal faulting along the Alonnisos fault system was
replaced by dominantly dextral slip during the Late Pleistocene, while
the latter case would allow for initially slow, possibly oblique normal-
dextral faulting from the Early-Middle Pleistocene, gradually evolving
into a pure dextral system that is inferred presently by GNSS and seis-
mological data (e.g. Hatzfeld et al., 1999; Kiratzi, 2002; Kiratzi and
Louvari, 2003; Hollenstein et al., 2008; Kassaras et al., 2020).

5.3. Propagation of the NAF: regional implications

The NAF has a dextral displacement of ~85 km at the Sea of Mar-
mara (Armijo et al., 1999), ~ 300 km away from the Sporades Basin,
where the dextral displacement is around 3-4 km on the largest fault
structure (Alonnisos fault system, Fig. 1). This eastward decrease in the
displacement could largely be attributed to the decreasing displacement
towards the tip of a propagating strike-slip fault. However, as the
occurrence of strike-slip earthquake focal mechanism solutions (e.g.
Kassaras et al., 2020) and the structural analysis of bathymetry and
seismic data in the NAT (Sakellariou et al., 2016) show, there is also a
significantly wider distribution of dextral slip in the NAT compared to
the NAF in Anatolia. While the Anatolian segment and the eastern NAT
are characterized by a narrow (~ 10 km) zone of strike-slip earthquake
locations defining a localized zone of deformation, the western NAT is
characterized by an order of magnitude wider (~ 100 km) strike-slip-
dominated deformation zone ranging from the Northern Sporades to
the Chalkidiki peninsula (Fig. 1b, Kassaras et al., 2020). Consequently,
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the dextral slip is distributed over numerous fault segments in the NAT,
such that the related rock deformation is not recorded on Alonnisos and
Skopelos. Furthermore, the regional occurrence of dextral earthquake
focal mechanisms suggests that dextral displacement is distributed over
a much larger area than the NAT itself, also including the more southern
areas between Skyros and the Cyclades (Taymaz et al., 1991; Kiratzi and
Louvari, 2003; Kassaras et al., 2020). The prime example of this is the
dextral Skyros-Edremit Fault (Fig. 1a), which has a similar strike to the
NAF and accommodates significant dextral slip in the Central Aegean
region (currently up to 10 mm/yr as derived from GNSS-based model-
ling, Miiller et al., 2013). The tectonic model of Armijo et al. (1996)
accounted for such distributed dextral deformation by interpreting a
southern splay of the NAF in the Aegean that connects into the Skyros
basin. In contrast, significant dextral deformation South of the NAT
appears to be inconsistent with other studies where the southern
boundary fault of the NAT (including the Alonnisos fault) defines the
boundary between a northern microplate dominated by strike-slip
deformation and a southern, SW moving microplate with less internal
deformation (e.g. McClusky et al., 2000; Nyst and Thatcher, 2004). In
the context of these microplate models, our results confirm that the
Alonnisos fault is an important strike-slip deformation zone.

A second mechanism that could contribute to the decrease of
displacement towards the western NAT is stress transfer through the
lithosphere. Stresses arising from the extrusion of Anatolia could also be
transferred towards the Gulf of Corinth and Evvoia where predomi-
nantly extensional deformation has been localized into rift structures
during the past Myr (e.g. Armijo et al., 1996; Faucher et al., 2021), or
towards the Kephalonia-Lefkada transform fault (e.g. Kiratzi and Lou-
vari, 2003; Le Pichon et al., 2016). A few studies furthermore argue that
the propagation of the NAF into the Aegean already lead to the forma-
tion of a regional Aegean-Anatolian plate boundary, with the NAF fully
accommodating the previously more distributed deformation (Le Pichon
et al., 2016; Faucher et al., 2021). While the idea of the fully localized
Aegean-Anatolia plate boundary might fit with the observed stress field
changes during the Pleistocene in the North Aegean and Central Greece
(Lybéris, 1984; Lyberis and Sauvage, 1985; Faucher et al., 2021), it is
not supported by the seismological and structural data (Taymaz et al.,
1991; Kiratzi and Louvari, 2003; Sakellariou et al., 2016; Kassaras et al.,
2020). In contrast, these data suggest that deformation is not yet fully
localized on a single major structure, showing agreement with our es-
timates of a modest 3-4 km of dextral slip component along the Alon-
nisos fault system.

The timing and kinematic characteristics of the NAF propagation
from the Sea of Marmara into the NAT and mainland Greece are further
key problems. Le Pichon et al. (2016) have shown that deformation at
the Sea of Marmara was largely extensional between 5 and 2.5 Ma,
resulting in the formation of a major extensional basin resembling the
presently active Corinth rift. Since then the Sea of Marmara became a
fully localized strike-slip plate boundary zone, which accommodated
~85 km of dextral slip (Armijo et al., 1999; Le Pichon et al., 2016). In the
light of our results, the Sporades basin (and more widely the NAT) ap-
pears to be undergoing a similar evolution. It originated as an exten-
sional basin with the main phase of deepening occurring within the last
5 Myrs (as evidenced by the substantially tilted Messinian strata), and
was reactivated in dextral sense during the Pleistocene (Lybéris, 1984;
Lyberis and Sauvage, 1985; Roussos and Lyssimachou, 1991; Beniest
et al., 2016), possibly as recent as 150 kyr in our estimation. The pre-
dextral origin of the NAT is further supported by the geometry of the
NAF: the latter changes its strike from ENE-WSW to NE-SW when
entering the NAT (Fig. 1a) implying that the reactivation of pre-existing
structures was favoured over the formation of new dextral fault seg-
ments when the propagating NAF reached the NAT (e.g. Roussos and
Lyssimachou, 1991). Although the Sporades Basin accommodated
significantly less dextral motion than the Sea of Marmara up to present,
the process of dextral shear localization is proceeding (e.g. Kassaras
et al., 2020) and may develop into a dextral plate boundary, similar to

Tectonophysics 846 (2023) 229654

the Sea of Marmara. Following this line of thought, one could speculate
that the Evvoia and Corinth rifts, where extensional deformation has
accelerated in the last Myr (Armijo et al., 1996) could be the next
extensional basins that undergo substantial dextral strain localization in
the future. Another possible future scenario involves the continuation of
stress transfer to the Kephalonia - Lefkada transform fault, where dextral
slip is already localized (Kiratzi and Louvari, 2003; Le Pichon et al.,
2016). This latter could result in the formation of transfer faults through
Central Greece, connecting a more localized NAF in the North Aegean
with the Kephalonia - Lefkada transform fault, eventually forming a
continuous plate boundary (e.g. Kiratzi and Louvari, 2003; Le Pichon
et al., 2016).

6. Conclusions

The presented structural field data and analytical modelling revealed
and quantified normal and dextral faulting at the boundary fault system
of the Sporades Basin. The results of this study allowed to draw the
following main conclusions:

- The Messinian rocks of Alonnisos record significant (~ 13.5°) tilting
and gentle folding close to the termination zone of the Alonnisos
fault.

The tilting of the Messinian rocks implies footwall uplift as a
response to normal faulting in the order of 6-7 km (vertical
displacement) along Alonnisos fault system. This constrains the
substantial deepening of the Sporades Basin for the last 5 Myr.
Gentle post-Messinian folding accommodated ~1 km shortening at
the footwall termination zone of the main fault, which implies that
dextral slip in the order of 3-4 km occurred along the Alonnisos fault
system, possibly during the last 100-200 kyr.

Propagation of the dextral North Anatolian Fault into the North
Aegean Trough reactivated major pre-existing normal faults in the
Sporades Basin and is currently expressed by distributed dextral
deformation across the North Aegean region.
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