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ARTICLE INFO ABSTRACT

Keywords: In this work we report on early-orogenic fracture patterns affecting a Cretaceous to Eocene sedimentary suc-
Fractures cession exposed in western Greece. These rocks belong to the Cenozoic External Hellenides, which form the
Thrust and fold belt western portion of the Aegean orocline. The analysis of fracture type, orientation, and crosscutting relationships
g:z:;ne provides constraints on the stress and strain patterns during the early stages of orocline formation. The fracture

patterns in the study area includes early-orogenic extensional fractures arranged into two mutually orthogonal
sets. These developed during progressive burial in the forebulge-foredeep system, ahead of the advancing
compressive front. Tectonic solution seams at a high angle to bedding postdate these extensional structures.
Solution seams are arranged in different sets, oblique to each other, and developed in the early stages of
thrusting and folding. Extensional structures and solution seams are oblique to each other. Their orientation and
crosscutting relationships provide evidence for clockwise vertical axis rotation of stress directions with time.
This is consistent with the progressive arching of the forebulge-thrust belt system during progressive slab retreat.

1. Introduction

Curved belts are ubiquitous and occur across different scales in both
ancient and active orogenic systems (e.g. Eldredge et al., 1985;
Marshak, 1988, 2004; Silver et al., 1990; Cunningham, 1993; Speranza
et al., 1997; Weil et al., 2000, 2013; Mazzoli et al., 2001, 2005; Weil
and Sussman, 2004; Allmendinger et al., 2005; Cifelli et al., 2008;
Johnston and Mazzoli, 2009; Cawood et al., 2011; Gutiérrez-Alonso
et al., 2011; Mattei et al., 2017; Szaniawski et al., 2017). Oroclines
constitute a particular class of curved belts, in which folding in map
view occurs by buckling or bending of an initially almost linear belt
(e.g. Carey, 1955; Marshak, 2004). Many challenging geological issues
are associated with orocline formation, among which the evolution in
time and space of stress and strain patterns has received great attention
(e.g. Ries and Shackleton, 1976; Pastor-Galan et al., 2011). Linear fold-
and-thrust belts, indeed, are characterised by a rather simple evolution
of the stress field. As described in Tavani et al. (2015) (Fig. 1a), in linear
belts the onset of convergence is marked by belt-perpendicular exten-
sion in the forebulge/foredeep region, followed by belt-parallel
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extension in the foredeep. Later on, shortening occurs ahead and within
the thrust wedge, with the shortening direction being oriented per-
pendicular to the belt and almost parallel to bedding (i.e. layer parallel
shortening, LPS). In agreement, the stress history of linear belts in the
early stage of the orogenic process involves permutations among the
stress tensor axes. The directions of these axes remain essentially con-
stant, being oriented either parallel or perpendicular to the trend of the
belt, and almost perpendicular to bedding (Tavani et al., 2015 and re-
ferences therein). During orocline development, progressive arching
adds complexities to such a simple history (Fig. 1b). Arching requires
lateral strain, such as outer-arc extension and inner-arc compression in
map view. For instance, this strain pattern produces belt-parallel ex-
tension and compression components in the frontal and inner portions
of the orocline, respectively (e.g. Gutiérrez-Alonso et al., 2012). Such a
strain pattern is well depicted by syn-orocline meso-structures in sec-
ondary arcs (i.e. that developed in response to buckling or bending of a
pre-existing linear belt). More complex strain patterns can instead be
produced in progressive arcs. There, orocline formation occurs syn-
chronously with folding and thrusting (Fig. 1b and c), and rotations of
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Fig. 1. Stress in fold and thrust belts. 3D schemes showing the architecture of linear (a) and curved (b) foreland fold-and-thrust belts and the typical evolution of the
stress field during the early orogenic stages. (c) Map view of a curved belt with expected directions of extension (blue arrows) and compression (red arrows). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

both blocks and stress axes occur.

Coeval arching and thrust belt development has occurred in the
Aegean orocline (Jolivet et al., 2013; Rosenbaum, 2014). There, on-
going slab retreat is considered the causative process for orocline for-
mation and for coeval back-arc extension in the Aegean Sea (e.g. Jolivet
et al., 2013 and references therein). Moreover, paleomagnetic studies in
the area pointed out how vertical axis rotation occurred synchronously
with thrusting and folding (e.g. Broadley et al., 2006).

In this work we present a meso-structural study in the Ionian fold
and thrust belt of Greece. This constitutes the external portion of the
western side of the Aegean Orocline. By this work we intend to: (i) show
the effect of trench retreat and arching on fracture network develop-
ment, and (ii) demonstrate the reliability of fracture data in con-
straining geodynamic processes. Early works proposed that fracture
distribution in thrust and fold belts mostly relates with the shape of the
hosting thrust-related anticlines (e.g. Stearns, 1968). However, more
recent studies have indicated that pre-thrusting and pre-folding pro-
cesses are more important in determining the fracture pattern in fold
and thrust belts (Geiser and Sansone, 1981; Dunne and North, 1990;
Railsback and Andrews, 1995; Lash and Engelder, 2007; Quinta and
Tavani, 2012; Beaudoin et al., 2012 Weil and Yonkee, 2012; Arboit
et al., 2015; Branellec et al., 2015; Korneva et al., 2016; Rustichelli
et al., 2016). On the other hand, these later studies, as well as tens of
other works in similar and different tectonic settings (e.g. Engelder and
Geiser, 1980; Hancock, 1991; Rawnsley et al., 1998; Eyal et al., 2001;
Pastor-Galan et al., 2011; Lamarche et al., 2012; Izquierdo-Llavall et al.,
2013; Savignano et al., 2016; Beaudoin and Lacombe, 2018; Tavani
et al., 2018) have demonstrated the reliability of meso-structures (e.g.
striated meso-faults, joints, veins, and solution seams) in constraining
the paleo-stress fields over large areas. The present work has been de-
veloped in the framework of the documented link between fracture
pattern and geodynamic processes. We used orientation, angular re-
lationships with bedding and overprinting relationships of joints, veins,
solution seams, and meso-faults, measured in different sites, to define
the early-orogenic fracture pattern of the region. Our results provide
new constraints on the evolving stress field during foreland lithosphere
bending and associated extension, and during the subsequent layer
parallel shortening stage of this orocline.

2. Geological setting

The Hellenides constitute the southern portion of the roughly NW-
trending Dinarides-Albanides-Hellenides belt (Fig. 2a). This developed
due to the Cenozoic collision between the Adria-Africa and Eurasian
continental paleomargins (e.g. Dercourt et al., 1986; Dewey et al.,
1973; Aubouin et al., 1976, Robertson and Shallo, 2000; Roure et al.,
2004; Papanikolaou, 2009), after the subduction of the oceanic basins
originally interposed between them (e.g. Robertson and Dixon, 1984;
Robertson et al., 1991; Saccani et al., 2003; Bortolotti et al., 2013).
Active subduction is presently occurring in the southernmost portion of
the orogenic system, where the Ionian lithosphere is underthrusting
northward below the Eurasian one (e.g. McKenzie, 1972, 1978;
Spakman et al., 1988; Underhill, 1989). The active trench is located
along the southern border of the arched Mediterranean ridge accre-
tionary complex (e.g. Le Pichon et al., 1982). The transition from
subduction to continental collision occurs along the NNE-SSW striking,
seismically active Kefalonia right-lateral transform fault (e.g. Louvari
et al., 1999; Sachpazi et al., 2000; Pearce et al., 2012) (Fig. 2b and c).
Arching of the trench occurred progressively since the late Miocene and
led to the formation of the so-called Aegean Orocline (e.g. Pastor-Galan
et al., 2017). This is characterised by counterclockwise vertical-axis
rotations in the eastern Aegean area (Kissel and Poisson, 1987; Morris
and Robertson, 1993; van Hinsbergen et al., 2010) and clockwise ver-
tical axis rotations (of up to 90°) in the different domains of the Alba-
nides (e.g. Speranza et al., 1995) and Hellenides (e.g. Laj et al., 1982;
Kondopoulou, 2000; van Hinsbergen et al., 2005, 2006; Broadley et al.,
2006) (Fig. 2b).

The study area is located in the Ionian zone of the External
Hellenides (Fig. 2b). This area is separated from the Internal Hellenides
by a suture zone involving relics of the Mesozoic Pindos Ocean, for-
merly dividing the Apulian (Adria-Africa) and Pelagonian (Europe)
crustal blocks (e.g. Smith et al., 1979; Mountrakis, 1986; Jones and
Robertson, 1991; Doutsos et al., 1993). In detail, the External Helle-
nides fold and thrust belt is constituted by NNW elongated thrust-
bounded zones where the Meso-Cenozoic sedimentary successions of
different palaeographic domains are exposed (e.g. Aubouin, 1965;
Jenkins, 1972; Underhill, 1988, 1989; Karakitsios, 1995). These do-
mains, developed onto the Adria plate during the Early Jurassic rifting,
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Fig. 2. The Hellenides. (A) Structural scheme of the Albanides-Hellenides and surrounding areas (after Jolivet et al., 2013). Geological map of the External Hellenides
(after Broadley et al., 2006), with (B) paleodeclinations (data from van Hinsbergen et al., 2005) and (C) Mw > 5 earthquake distribution (source USGS, https://

earthquake.usgs.gov/).

are from west (foreland) to east (hinterland) (e.g. Aubouin, 1965; Smith
et al., 1979; Robertson et al., 1991; Karakitsios, 1995, 2013): (i) The
Apulian carbonate platform (located to the west of the area in Fig. 2b);
(ii) the pre-Apulian or Paxos zone (Fig. 2b), consisting of Triassic to
Miocene neritic and pelagic carbonates; (iii) the Ionian pelagic basin;
and (iv) the Gavrovo-Tripolitza carbonate platform, passing eastward to
the Pindos oceanic basin. Thrusting in the Hellenides roughly evolved
in a piggy-back sequence, from east to west (Smith and Moores, 1974;
Robertson and Dixon, 1984), although out-of-sequence thrusting is also
locally documented (e.g. Sotiropoulos et al., 2003). During the late
Eocene the terrains of the Pindos ocean were thrusted westward
(Degnan and Robertson, 1998, Skourlis and Doutsos, 2003; Doutsos
et al., 2006). Since then, flexural subsidence established in the Gavrovo
and Ionian zones. During the Oligocene and the Miocene, the foredeep-
thrust belt system progressively migrated forelandward (i.e. westward).
Thrusting progressively affected the Gavrovo, Ionian, and pre-Apulian
zones, resulting in the development of the External Hellenides fold and
thrust belt (Aubouin et al., 1976; Underhill, 1989; Doutsos et al. 2006).
The external portion of the fold and thrust belt is still undergoing active
compression (Kiratzi and Louvari, 2003; Jolivet et al., 2013). This is
shown by earthquakes indicating right-lateral motion along NNE-SSW
striking faults (belonging to the Kefalonia fault system) and reverse slip
along NW-SE to N-S striking faults (Fig. 2c). The forelandward migra-
tion of the belt-foredeep system was coeval with clockwise vertical axis
rotation, which occurred in the External Hellenides since the middle
Miocene (e.g. Duermeijer et al., 1999). More in detail, clockwise rota-
tion of the External Hellenides occurred into two stages: the first one is
middle to late Miocene in age and implied a rotation of about 30°-40°;
the second stage, which started during the Quaternary, caused an ad-
ditional rotation of up to 20° (e.g. Duermeijer et al., 1999; Broadley
et al., 2006). The amount of rotation decreases forelandward (Broadley
et al., 2006) (Figs. 2b and 3), being less than 20° in the Corfu and Ithaki
islands immediately to the east of the Ionian Thrust. Complex rotation
patterns are instead observed in Kefalonia and Lefkada islands (Figs. 2b
and 3), and have been interpreted as related to the Kefalonia right-
lateral fault (Birch, 1994).

The Ionian zone, where we collected fracture data, includes large
parts of some Ionian islands (i.e. Corfu, and large sectors of Ithaki and
Lefkada), the Epiros, the Akarnania, the western part of Peloponnesus
and the southern portion of Albania (Figs. 2b and 3). It is bounded to
the west by the NW-SE to NNW-SSE striking Ionian thrust, having the

pre-Apulian zone in its footwall, and to the east by the NNW-SSE
striking Gavrovo thrust. The Ionian zone in the study area can be fur-
ther subdivided into a western and an eastern area, separated by the
NNW-SSE striking Katouna-Stamna fault system (Fig. 3). This is an
active left-lateral transtensive fault system (Pérouse et al., 2017) that
developed after the main thrusting and folding stage. To the east of this
fault system, Cenozoic strata are largely exposed (with small areas
where Jurassic and Cretaceous rocks crop out) and structures are
homogeneously NNW-SSE-oriented. To the west of the Katouna-Stamna
fault system, instead, the entire Triassic to Quaternary multilayer crops
out and different structural trends occur. In detail, thrusts and folds are
primarily NNW-SSE oriented, coherently with the WSW-ENE oriented
shortening recognised in the area (e.g. Underhill, 1989), but some ob-
lique folds also occur. Some of these oblique trends can be framed
within the 3D architecture of NNW-SSE striking faults (e.g. lateral
ramps). However, others indicate different shortening directions. These
include the E-W striking folds located immediately to the east of the
Lefkada Island (which record N-S shortening).

The sedimentary succession of the Ionian zone is divided into three
major sequences (Karakitsios, 1995): (i) the Triassic-Sinemurian pre-rift
sequence, (ii) the Pliensbachian-Tithonian syn-rift sequence, and (iii)
the Tithonian-Eocene post-rift sequence, capped by late Eocene (Pria-
bonian) - Oligocene Flysch strata (IGRS-IFP, 1966) (Fig. 3). The pre-rift
sequence starts with poorly exposed Middle Triassic evaporites (IGRS-
IFP, 1966), overlain by Ladinian-Carnian bituminous limestones and
Norian dolostones (the Foustapidima Limestone Fm.; Renz, 1955;
Karakitsios and Tsaila-Monopolis, 1990). It ends with the Lower Jur-
assic (Hettangian to Sinemurian) thick-bedded to massive shallow-
water carbonates of the Pantokrator Limestone Formation (Renz, 1955;
Fliigel, 1983; Karakitsios and Tsaila-Monopolis, 1988). The overlying
syn-rift strata contain Middle to Upper Jurassic hemipelagic limestones
and marls that were deposited as asymmetric wedges associated with
listric block faulting (Siniais Limestone Formation and Louros Lime-
stone Formation, followed by the “Posidonia beds” and laterally
equivalent Ammonitico Rosso Formation and Limestone with Filaments
Formation; Bernoulli and Renz, 1970; Karakitsios, 1993). These strata
mark the progressive deepening of the entire Ionian domain and the
change from carbonate platform to deep-water basinal facies
(Karakitsios, 1995, 2013). They are capped by the post-rift sequence,
which directly overlies remnants of up-faulted blocks of the Pantokrator
Limestone Formation in some cases. The post-rift sequence consists of
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Fig. 3. The Ionian Zone. Geological map and stratigraphy of the Ionian zone, with field measurement sites and structural scheme of major thrust sheets (after
Broadley et al., 2006). Arrows indicate rotations relative to fixed Africa (after Broadley et al., 2006).

uppermost Jurassic-Lower Cretaceous chert-bearing deep-water lime-
stones, called Vigla Limestone Formation (Aubouin, 1959; IGRS-IFP,
1966; Skourtsis-Coroneou et al., 1995; Danelian et al., 1997). These are
overlain by Upper Cretaceous to Eocene pelagic and hemipelagic
limestones interlayered with frequent calcareous re-sediments, which
have been called with different informal names (e.g.: Calcaire micro-
brechique and Calcaire sublithographique formations, IGRS-IFP, 1966;
Microbreccious Limestone Formation, Karakitsios, 1995; Senonian
Limestone and Microbreccious Limestone formations, Karakitsios and
Rigakis, 2007). The Eocene pelagic limestones make a gradual transi-
tion to the overlying so-called Ionian Flysch Unit. The transition, gen-
erally occurring over an interval less than 20 m thick, is marked by the
progressive increase of marly interlayers, followed by the appearance of
the first siliciclastic beds (Fleury, 1980; Kamberis et al., 2005;
Sotiropoulos et al., 2008).

3. Fracture data

Data of meso-faults, joints, veins, and pressure solution seams (ex-
cluding the bedding parallel ones) affecting Jurassic to Eocene forma-
tions have been measured in 27 field sites (Fig. 3). These sites are lo-
cated in different thrust sheets of the Ionian belt and have been
deformed at shallow crustal levels (i.e. at a maximum depth of 2-3 km).
Meso-structures (in the following referred to as fractures) have been
characterised in terms of type, orientation, and abutting/crosscutting

relationships. Opening mode fractures have been classified in the field
into veins and joints based on the occurrence or absence of visible ce-
ment infill, respectively. In agreement, joints include barren joints but
also some veins with extremely thin (or weathered and removed) ce-
ment film (e.g. Laubach, 2003; Ukar et al., 2019). However, this is not a
critical point for our study. Indeed, veins and joints in the studied
outcrops are mutually exclusive structures (characterised by the same
orientations, as illustrated below). Veins occur together with abundant
bedding-parallel stylolites (most likely supplying calcite for vein in-
filling), whereas joints are mostly found in sites with scarce bedding-
parallel stylolites. The reference bedding has also been measured, and
fracture data are displayed both in present-day orientation and after
restoring the bedding to the horizontal.

3.1. Fracture types

3.1.1. Joints

In their present-day orientation, irrespectively of their structural
and stratigraphic locations, joints are clustered into four major sets.
Two of them include near vertical surfaces striking NE-SW and NW-SE.
The other two sets include N- and S-dipping surfaces (Fig. 4). Clustering
of joints increases in the unfolded projection, where joints are near
vertical (i.e. bedding-perpendicular) and NE-SW and NW-SE striking.



3.1.2. Veins

Veins are characterised by a similar pattern as joints, both in the
present-day orientation and after unfolding. In detail, when bedding dip
is removed, veins are clustered into two broad sets including bedding-
perpendicular structures striking NW-SE and, secondarily, NE-SW.

3.1.3. Solution seams

Pressure solution seams are clustered in various sets in present-day
orientation, the major one being sub-vertical and E-W striking. In the
unfolded setting, solution seams are organised into two near vertical
(i.e. bedding-perpendicular), roughly E-W and N-S striking sets.

3.1.4. Faults

The measured fault planes are steeply dipping and NW-SE striking
(Fig. 4). When bedding dip is removed, faults become clustered into
two, NE-SW and NW-SE striking sets at a high angle to bedding. The
plot of rotaxes (i.e. the slip-normal direction along the fault plane;
Salvini and Vittori, 1982) of normal faults indicates roughly E-W ex-
tension (i.e. N-S trending rotaxes) along W-dipping faults. When bed-
ding dip is removed, the direction of extension provided by rotaxes of
normal faults becomes WNW-ESE. Rotaxes of reverse faults indicate,
particularly for the unfolded dataset, NNW-SSE oriented reverse motion
along WSW-ENE striking faults and E-W oriented reverse movements
(N-S trending rotaxes) along N-S striking faults. Slickenlines of strike-
slip faults, both in present-day orientation and after bedding dip re-
moval, are not well clustered. Only the WNW-ESE striking left-lateral
strike-slip fault set can be clearly identified.

3.2. Fractures in the different structural domains

To better define fracture pattern development during the post-rift
stage, fracture data collected in the Jurassic portion of the multilayer
have been removed. This has been done to rule out all fractures that
possibly developed during or immediately after the Jurassic rifting
event, even though these fractures could have played a role during the
subsequent phases. The remaining fracture data have been collected in
the Cretaceous to Eocene pelagic and hemipelagic limestones inter-
layered with calcareous re-sediments of four areas (Fig. 3). These areas
correspond to different structural domains of the Ionian belt that, from
the innermost to the outermost, are: (i) a broad area near the Aitoliko
town, characterised by gently dipping bedding, located to the east of
the Stamna fault; (ii) the upright frontal limb of an anticline close to the
Vliziana village, located in the hanging wall of the Boumisto thrust; (iii)
a NE-dipping limb exposed at the Trifos tectonic window, in the foot-
wall of the Boumisto thrust; (iv) a synclinal area exposed at the Ithaki
island, in the hanging wall of the Ionian thrust. Available paleomag-
netic data (e.g. van Hinsbergen et al., 2005; Broadley et al., 2006)
suggest nearly 60° of post Eocene clockwise rotation for the Aitoliko
and Vliziana areas and less than 20° of clockwise rotation for the Ithaki
sites. For the Trifos site we took into account the 40-60° post-Eocene
clockwise rotation measured in the surrounding area (Fig. 3).

Bedding and fracture data collected in these four areas are presented
in Fig. 5. Fractures are displayed in their unfolded attitude; joint and
vein datasets have been merged, due to their identical pattern in the
cumulative analysis. The correctness of considering together veins and
joints is also supported by the observation that they are mutually ex-
clusive, as mentioned above.

3.2.1. Aitoliko area

Fracture data in the Aitoliko sites have been collected in sub hor-
izontal to gently N-dipping strata of the Ioannina thrust sheet. Both joints
and veins occur in this area. They are bedding perpendicular and are
clustered into two main maxima - roughly mutually orthogonal - corre-
sponding to N80° and N178° striking fractures (Fig. 5). The pressure
solution seams in the Aitoliko sites are bedding-orthogonal and define at
least three maxima, corresponding to surfaces striking N58°, N113°, and

N177°. Faults in the Aitoliko sites are rather scattered. The rotaxes of
normal faults are N-S to NNE-SSW trending, recording E-W extension.
The rotaxes of reverse faults are mostly NE-SW trending, i.e. parallel to
the main trend of the solution seams, indicating NW-SE shortening, with
a few additional elements mostly E-W striking. Slickenlines of right-lat-
eral strike-slip faults in the Aitoliko sites are NW-SE trending, whereas
those of left-lateral faults are both NE-SW and WNW-ESE trending.

3.2.2. Vliziana area

The Vliziana sites are located in the Thesprotika thrust sheet.
Bedding surfaces in the Vliziana sites are WNW-dipping (Fig. 5), with
bedding dip ranging from 60° to 90°. Both joints and veins occur in the
Vliziana area; they are bedding-perpendicular and show a main strike of
N121°. Solution seams are bedding-perpendicular and have a main
strike of N13°; they form a mean angle of 108° with the main joint/vein
set. Faults are both NW-SE and NE-SW striking. The rotaxes of normal
faults indicate both NE-SW and NW-SE oriented extension, while the
rotaxes of reverse faults indicate WNW-ESE oriented shortening.

3.2.3. Trifos area

The Trifos area corresponds to a tectonic window in the Paramythia
thrust sheet, where the footwall of the Boumisto thrust is exposed. In
the Trifos sites, strata are NE-dipping, with an average dip of 50°.
Similarly to the Aitoliko sites, in the Trifos sites joints and veins are
arranged into two bedding-perpendicular sets striking N27° and N106°,
respectively, and thus forming an angle of nearly 80°. The solution
seams are bedding-perpendicular too and strike N95°; they are neither
parallel nor perpendicular to both joint/vein sets. E-W striking faults
are at a high angle to bedding and frequently display normal offset (as
detailed below), whereas the WSW-striking and 40° dipping faults are
characterised by a reverse kinematics, as indicated by E-W trending
rotaxes of reverse faults.

3.2.4. Ithaki area

The last of the four areas is the Ithaki island, forming part of the
Corfu thrust sheet, where we collected fracture data both from sub-
horizontal and steeply SW-dipping strata. Both joints and veins occur in
the Ithaki area. These structures are bedding-perpendicular and orga-
nised into two sets displaying mean strike of N1° and N115°, respec-
tively. Solution seams are at a high angle to bedding and their strike is
rather scattered, with a main set of N61° striking surfaces. Faults are
roughly WNW-ESE striking and 70° dipping toward the SSW. Although
no kinematic indicators have been measured along these faults, the
stratigraphic offsets after bedding dip removal are mostly normal.

3.3. Relative chronology of fractures

Abutting/crosscutting relationships between the different fracture
sets have been observed and carefully evaluated. Bedding-perpendi-
cular veins and some extensional faults striking parallel to them show
opposite crosscutting relationships with bedding-parallel stylolites. In
many cases veins postdate the stylolites (Fig. 6a) (n = 22 observations)
but in others bedding-parallel stylolites clearly truncate, and thus
postdate, veins (Fig. 6b and c) (n = 15 observations). E-W striking ex-
tensional faults observed at the Trifos sites frequently show evidence of
an early-diagenetic origin. This is documented, for example, by ductile
deformation observed in cherty layers (Fig. 7a), indicating that the
chert was not yet completely lithified during extensional faulting. Ad-
ditional evidence is provided by extensional faulting accommodated by
en-echelon veins, with the veins being coeval with bedding-parallel
stylolites (Fig. 7b). The occurrence of closely-spaced bedding-parallel
stylolites is generally associated with the occurrence of bedding-per-
pendicular veins, in which the dissolved calcite is precipitated. Indeed,
where bedding-parallel stylolites are rare, the calcite infill is rare too
and joints are observed instead of veins with the same structural trend
(Fig. 7c). As seen in the cumulative contour plot of joints/veins and
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normal) indicated. Data are displayed both in the present-day orientation and after bedding dip removal. Here and in the following, plots are in stereographic lower

hemisphere projection.

solution seams in the four areas (Fig. 5), solution seams are oblique to
the joints and veins. Solution seams are either at a high (Figs. 7c, 8a and
8c) or at a low angle (Fig. 8b and c) with the joint/vein sets and only
locally we have observed bedding-perpendicular veins oriented per-
pendicular to the solution seams (Fig. 9a). In most of the cases (n = 25
observations), solution seams truncate (i.e. postdate) the joint/vein sets
(Fig. 8), and only in a limited suite of outcrops (n = 2 observations) we
have observed bedding-perpendicular veins post-dating the solution

seams. In the Vliziana and Trifos sites, solution seams are characterised
by a single bedding-perpendicular set, striking (after bedding dip re-
moval) NNE-SSW and E-W, respectively. On the other hand, in the
Aitoliko and Ithaki sites, solution seams are still at a high angle to
bedding but they are organised in multiple sets. In the Aitoliko area, we
have observed N-S oriented teeth along the oblique junction zones
between N-S and E-W striking solution seams (Fig. 9a). In the same
area, N-S striking solution seams are crosscut and displaced by E-W
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Fig. 5. Fracture data in the Cretaceous to Eocene units. Cumulative density contour of poles to bedding, joints and veins, solution seams, and faults in the Vliziana,
Aitoliko, Trifos, and Ithaki areas (see Fig. 2 for location). Faults, joints and veins, and solution seams are displayed after bedding dip removal. Rotaxes and striations
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version of this article.)

striking seams (Fig. 9b). Both types of observations (for a total of five
sites) indicate how, in the Aitoliko sites, N-S shortening postdates E-W
shortening. A similar observation is made close to the Vliziana sites. As
already mentioned, in the Cretaceous to Eocene multilayer of these
sites, only one set of bedding-perpendicular solution seams occurs.
However, a few kilometres to the west, in Lower Jurassic limestones,
both N-S and E-W striking sets of solution seams occur. There, the E-W
striking set postdates the N-S striking set, as indicated by strongly ob-
lique N-S trending stylolitic teeth found along the N-S striking solution
seams (Fig. 9¢). In the Trifos sites, only one set of solution seam is
documented, whereas in the Ithaki sites the E-W striking bedding-

perpendicular solution seams again postdate the N-S striking seams
(Fig. 9d) (four observations).

4. Discussion
4.1. Fracture assemblages and timing
4.1.1. Extensional fractures
The study area is characterised by the occurrence of bedding-per-

pendicular veins and fractures, which are oriented almost parallel to
high-angle extensional faults, postdated by multiple sets of bedding-
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Fig. 6. Pre-to early-orogenic meso-structures. (A) View from above of a near-vertical bed in the Vigla Fm. hosting tilted small-scale normal faults coeval with
bedding-parallel stylolites. Vliziana area. (B) Steeply W-dipping strata of the Vigla Fm., exposing bedding-perpendicular veins displaced by bedding-parallel sty-
lolites. Vliziana area. (C) Sub-horizontal Cretaceous limestones with bedding-perpendicular veins displaced by bedding-parallel stylolites. Aitoliko area.

perpendicular solution seams. In many tectonic settings, joints and
veins developed at different burial conditions (e.g. Gillespie et al.,
2001). In the study area, instead, we have observed that: (i) joints and
veins have identical trends; (i) they are mutually exclusive, i.e. either
veins or joints are found in a single outcrop; (iii) outcrops at short
distance (< 10 m) from each other are either joints or veins dominated;
(iv) veins occur where pressure solution seams are abundant. These
observations indicate that joints and veins formed during the same
tectonic stages, but in rock volumes where abundant dissolved calcite

supplied by solution seams was circulating and re-precipitating (veins)
or not (joints). The cumulative contouring of extensional structures
shows that NNE-SSW and WNW-ESE striking structures (Fig. 4), when
grouped by area, increase their clustering and define two (roughly)
mutually orthogonal sets (Fig. 5), oriented neither parallel nor per-
pendicular to the strike of local bedding, nor to the trend of the hosting
anticlines (as seen in Fig. 3). Many of these structures clearly show a
syn-burial origin, coeval with bedding-parallel solution seams (Figs. 6
and 7a,b), so it is assumed that they have a pre-to early-orogenic origin.
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Fig. 7. Pre-to early-orogenic meso-structures. (A) Tilted normal fault in N-dipping strata of the Vigla Fm. The fault arrests on a cherty layer, which is coherently
folded, evidencing a ductile deformation of silica and thus an early-diagenetic character of the fault. Trifos area. (B) Tilted normal faults in N-dipping strata of the
Vigla Fm. These faults are formed by en-echelon bedding-perpendicular veins, which are displaced by bedding-parallel stylolites (forming the bed boundaries in this
exposure), in turn folded by the incipient faulting, these relationships indicating faulting during burial and bedding-parallel stylolites development. Trifos area. (C)
Frontal view of the steeply W-dipping upper Eocene strata just below the transition with the Flysch deposits, hosting bedding perpendicular joints predating bedding-
perpendicular solution seam (which abut on them). Vliziana area. Joints are oriented parallel to veins occurring a few strata below.
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Fig. 8. Crosscutting relationships between veins and bedding-perpendicular solution seams. (A) Frontal view of a S-dipping limestone bed of the Vigla Fm., showing a
NNE-SSW striking (after unfolded) bedding-perpendicular solution seam displacing NW-SE striking (after unfolding) veins. Vliziana area. (B) View from above of a
gently N-dipping Eocene limestone bed hosting an E-W striking bedding perpendicular solution seam consuming the tip area of - thus postdating — a E-W striking
bedding perpendicular vein. Trifos area. (C) View from above of sub-horizontal Eocene limestone beds, with nearly E-W striking solution seams displacing N-S

striking veins. Trifos area.

Graham Wall et al. (2006) and Lacombe et al. (2009) documented
identical structures in the Albanides, a few hundreds of kilometres to
the NW of our study area. These authors attributed the formation of
bedding-perpendicular veins and bedding-parallel solution-seams to the
overburden stress during burial. More in detail, Lacombe et al. (2009)
proposed that this association formed under a well-defined NNE-SSW
directed extension before folding, in response to the flexuring of the
lithosphere ahead of the advancing thrust sheets. This interpretation is
in line with fracture studies in other fold and thrust belts worldwide
(e.g. Ahmadhadi et al., 2008; Beaudoin et al., 2012; Carminati et al.,
2014; Branellec et al., 2015; Herndndez and Franzese, 2017; La Bruna
et al.,, 2018; Tavani et al., 2018), suggesting how early-orogenic ex-
tensional structures that developed ahead of the belt frequently form a
relevant portion of the fracture network affecting sedimentary rocks
exposed in those fold and thrust belts. This network of extensional
structures includes, like in the study area (e.g. Dunne and North, 1990;
Laubach et al., 1998), two orthogonal sets. In particular, flexuring in
the forebulge and along-foredeep stretching cause extension in the di-
rections both parallel and perpendicular to the foredeep-belt system
(Fig. 1) (e.g. Doglioni, 1995; Quinta and Tavani, 2012; Tavani et al.,
2015), which fits with the occurrence of two orthogonal sets of exten-
sional structures in the different sites of our study area.

4.1.2. Layer parallel shortening events

Based on crosscutting relationships, we suggest that early-orogenic
extensional structures predate the layer-parallel shortening pattern, as
documented also in the Albanides (Graham Wall et al., 2006; Lacombe
et al., 2009), where the shortening direction is well clustered and or-
iented almost perpendicular to the strike of the belt (Lacombe et al.,
2009). In the Ionian zone, where we carried out our meso-structural
study, solution seams are organised in different sets, oblique to each
other, and, together with reverse faults, define multiple layer-parallel
shortening directions. Notably, bedding-perpendicular solution seams
are not perpendicular to the veins (Fig. 5). Typically, the layer-parallel
shortening pattern developing in linear fold and thrust belts includes
mutually orthogonal bedding-perpendicular solution seams and veins
(e.g. Engelder and Geiser, 1980; Mitra and Yonkee, 1985; Railsback and

Andrews, 1995; Tavarnelli, 1997; Evans and Elmore, 2006; Tavani
et al., 2012; Weil and Yonkee, 2012), with the veins corresponding to
both newly formed structures oriented normal to the minimum acting
stress (e.g. Fletcher and Pollard, 1981) and re-opened joints inherited
from the early orogenic stages (e.g. Gratier et al., 2005; Tavani et al.,
2015). In linear belts, these two types of veins (i.e. newly formed and
re-opened) are almost indistinguishable, as the minimum stress direc-
tions during along-foredeep stretching and layer-parallel shortening
stages coincide (Fig. 1). In the study area, due to the curved shape of the
belt, solution seams and veins are not mutually perpendicular. This
observation, together with the crosscutting relationships between these
elements, indicate the occurrence of vertical axis rotations of either the
stress field or crustal blocks (or both) during the transition from along-
foredeep stretching to layer-parallel shortening stages. Concerning the
origin of the layer-parallel shortening patterns, it must be taken into
account that most bedding-perpendicular solution seams are mostly
almost parallel to the trend of the belt. However, additional sets also
occur, oriented oblique to the trend of the belt. The (almost) belt-par-
allel solution seams are abundant (except for the Trifos site) and their
occurrence is in line with belt-perpendicular, E-W oriented shortening.
Such an E-W oriented shortening is also consistent with the earthquake
pattern of western Greece, indicating that active E-W horizontal com-
pression is occurring immediately to the west of the study area (e.g.
Clément et al., 2000). However, in between the E-W shortening event in
the study area and the present-day E-W oriented active shortening af-
fecting the external portion of the Hellenides, a N-S shortening event
has occurred. This is indicated by widespread, roughly E-W striking
solution seams postdating the N-S striking solution seams (Figs. 9b and
10). More in detail, the different sets of bedding-perpendicular pressure
solution seams are not exactly perpendicular, allowing us to discard the
stress permutation mechanism (e.g. Zhou and Aydin, 2012) as the
causative process for the development of multiple generations of solu-
tion seams. This obliquity, together with the occurrence of some E-W
trending folds and NW-SE striking left-lateral faults (Fig. 3), points to a
N-S oriented, belt-parallel, shortening event postdating the main E-W
shortening event (and thus the development of N-S trending major
thrust-related anticlines). Actually, the solution seam pattern is even



Fig. 9. Crosscutting relationships between bedding-
perpendicular solution seam sets. Views from above
of sub-horizontal limestone beds exposing E-W
striking bedding perpendicular solution seams post-
dating N-S striking bedding perpendicular seams. (A)
The relative timing between the two sets is visible in
the junction zone, where the teeth are N-S trending,
thus indicating that N-S oriented shortening postdate
E-W oriented shortening. Cretaceous limestone,
Aitoliko area. (B) E-W striking solution seams offset
the N-S seams, whose displaced segments on the op-
posite walls of the E-W seams are still recognisable.
Cretaceous limestone, Aitoliko area. (C) The occur-
rence of N-S trending teeth along the N-S striking
solution seams evidence that N-S oriented shortening
postdate E-W oriented shortening. Jurassic limestone,
Mitikas area (about 15 km west of the Vliziana area).
(D) N-S trending teeth along NNW-SSE striking so-
lution seams evidence that the last stage of short-
ening was N-S oriented. Eocene limestone, Ithaki.

more complex, as belt-perpendicular shortening affects areas that have
undergone variable vertical axis rotations.

4.2. Fracture pattern development and thrust belt evolution

To better understand the stress evolution during the early stages of
the orogenic process, Fig. 10 shows directions of extensional structures
and solution seams in the present-day orientation. The figure also
shows the pre-vertical axis rotation shortening directions, as derived
from the orientation of solution seams (i.e. the directions orthogonal to
the solution seam sets and parallel to their teeth) and the trend of the
forebulge-foredeep as derived from extensional structures (i.e. parallel
or orthogonal to the joint/vein sets). In order to display the data in the
pre-vertical axis rotation reference frame, the data from the Aitoliko,
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Vliziana, and Trifos sites have been rotated 60° counterclockwise, re-
moving the vertical axis rotation with respect to the Ithaki site. Sites are
sorted from the innermost (Aitoliko) to the outermost (Ithaki). The
results show a progressive forelandward clockwise rotation of the trend
of the forebulge-foredeep system and of both first and second layer-
parallel shortening events. The age of foredeep infill in this portion of
the Ionian fold and thrust belt is late Eocene-Miocene (IGRS-IFP, 1966;
Bellas, 1997; Sotiropoulos et al., 2008; Triantaphyllou, 2013), whereas
vertical axis rotation (VAR) started since the middle Miocene, as in-
dicated by paleomagnetic studies (e.g. Duermeijer et al., 1999). Ac-
cordingly, extension in the forebulge predated VAR, whereas thrusting
and folding and VAR were probably coeval, as suggested by Broadley
et al. (2006). When Miocene to recent VARs are removed, we observe a
forelandward rotation of the strike of the forebulge-foredeep-related
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being progressively rotated after their incorporation into the thrust belt.

extensional structures. This indicates the occurrence of a progressive
arching, in map view, of the forebulge. Differential retreat of the sub-
ducting Ionian slab (e.g Jolivet et al., 2013) provides an explanation for
this. Indeed, as illustrated in Fig. 11, differential slab retreat causes
bulge and trench retreat, and their progressive arching as well. Arching
- in map view - of the bulge was not accompanied by remarkable VAR.
Vertical axis rotation and progressive arching occurred in the thrust
sheets of the thrust belt, imposing a non-linear pattern to the layer
parallel shortening directions ahead of the frontal thrust. Both exten-
sional (bulge and foredeep-related) and shortening-related (i.e. solution
seams associated with belt-orthogonal layer-parallel shortening) struc-
tures were then incorporated into the advancing fold and thrust belt,

where they underwent VAR. Such a complex tectonic history, however,
produced an apparently simple pattern. Indeed, the final (i.e. present
day) orientation of both shortening-related and extensional structures is
almost parallel (or perpendicular) to the present day local trend of the
belt, regardless of the amount of VAR they underwent. An identical
situation is documented in the transverse fold system of the Ainsa basin
(Pyrenees), where along-belt compression and extension are suggested
to be related to the arching of the belt (e.g.Vidal-Royo et al., 2009,
Muiioz et al., 2013). In agreement, we deduce that along-belt short-
ening postdating belt-perpendicular shortening relates with a slight
differential rotation, inducing inner arc compression in map view. As
shown in the inset of Fig. 11, the present-day orientation of
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compressional and extensional structures of the Ionian zone is roughly
parallel and perpendicular to the present-day trend of the foredeep-
thrust belt system. However, removing VAR reveals that early-orogenic
extension in the bulge-foredeep system and consequent layer-parallel
shortening occurred during progressive slab and trench retreating and
arching.

5. Conclusions

Despite having experienced a long and complex structural history,
including folding and thrusting and late high-angle faulting, the studied
Cretaceous to Eocene sedimentary succession of the External Hellenides
of western Greece is characterised by a ‘background’ fracture network —
including two joint sets orthogonal to each other - that appears to be
associated with the early fault sets that formed during the first (fore-
bulge-to foredeep-related) deformation stage ahead of the advancing
thrust front. A spaced, disjunctive pressure-solution cleavage at a high
angle to bedding postdates the early extensional structures. This pres-
sure-solution cleavage, which developed in the early stages of thrusting
and folding, includes different sets oblique to each other. Their or-
ientation and crosscutting relationships with respect to early exten-
sional joints and veins record clockwise vertical axis rotation of the
stress field and arching of the belt from its innermost to outermost
parts. Our model (Fig. 11) reconciles complex structural overprinting
relationships with a relatively simple tectonic evolution involving
progressive arching of the forebulge-thrust belt system during pro-
gressive slab retreat in the Aegean orocline.
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