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A B S T R A C T

Extension is a key process controlling the post-orogenic exhumation of metamorphic rocks in subduction and
collision zones. Previous studies have largely focused on the mechanics of localized core-complex style post-
orogenic extension and the large-scale effects of various internal (e.g. rheology) and external (e.g. plate motions)
parameters on the mode of extension. However, many regions on earth underwent rock exhumation during post-
orogenic extension, which is characterized by distributed rather than localized deformation. We explore con-
ditions of distributed deformation as illustrated by the Pelagonian unit in the Aegean subduction system. In
particular, we explore the influence of structural inheritance related to the pre-extension shortening and me-
chanical stratigraphy on the localization of extension on the scale of the upper crust through detailed structural
analysis on the islands of Skiathos and Skopelos. Additionally, the time frame of deformation has been estab-
lished by 40Ar/39Ar dating of key shear zones. Shortening on the islands predominantly took place by ductile top-
SW thrusting under low-grade metamorphic conditions, localized in weak calcite marble layers within the Upper
Cretaceous and Upper Triassic carbonates at ~55Ma. We show that the presence of shallow decoupling levels in
the upper crust resulted in the formation of thin (several 100m thick) thrust sheets that are defined for the first
time on Skiathos. The Early Paleogene accretion of the Pelagonian upper crust to the upper plate (Eurasia/
Rhodopia) was followed by the extensional inversion of the nappe stack. Extension was accommodated by
opposite-sense, generally top-NE, ductile to brittle shearing, which localized at inherited heterogeneities such as
reverse-sense shear zones and stratigraphic contacts at around 35Ma, as suggested by our 40Ar/39Ar age spectra.
The dense network of such northerly-dipping, inherited weakness zones resulted in a highly distributed pattern
of extensional deformation dominated by layer-parallel shearing. We argue that the distribution of crustal
heterogeneities substantially influences the style of post-orogenic extension.

1. Introduction

The burial and exhumation of continental rocks in subduction and
collision settings has received significant attention during the last
decades. Large-scale analogue and numerical models have demon-
strated, that the relative strength (rheology) of the upper crust, lower
crust, and lithospheric mantle of continental plates in subduction/col-
lision systems determines where strain localizes and hence controls the
geometry of the evolving mountain belt (Sokoutis and Willingshofer,
2011; Vogt et al., 2017; Vogt et al., 2018). In such settings, subduction
of continental crust is often followed by post-orogenic extension that is
one of the key mechanisms driving the exhumation of deeply buried

rocks (e.g. Dewey, 1988; Gautier and Brun, 1994; Lister et al., 1984;
Wernicke, 1981). The onset of extensional deformation is often ex-
plained by a change in slab dynamics from advancing to retreating
(with respect to the upper plate of the subduction system) (Brun and
Faccenna, 2008; Brunet et al., 2000; Le Pichon et al., 1981). The dis-
tribution of post-orogenic extension is substantially influenced by
crustal or lithospheric heterogeneities such as weakness zones inherited
from the shortening phase (nappe contacts and suture zones). These
weakness zones are prone to be reactivated as extensional faults and
shear zones, and may lead to the formation of extensional detachments
(e.g. Balázs et al., 2017; Daniel et al., 1996; Jolivet et al., 2010; Patel
et al., 1993). Detachments accommodate at least several 10s of
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Fig. 1. a) Geological maps of Skiathos (after Ferentinos, 1973) and Skopelos (after Porkoláb et al., 2019) highlighting the locations of key outcrops discussed in the
text; b) Magnified detail of Fig. 1a; c) Tectono-stratigraphic column of Skiathos and Skopelos displaying the approximate outcropping thicknesses of the formations
and the tectonic units established prior to this study (Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983; Jacobshagen and Wallbrecher, 1984; Matarangas, 1992);
d) Stereographic projection of stretching lineations measured on Skiathos and Skopelos.
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kilometers of displacement and juxtapose high-grade next to low-grade
metamorphic rocks (metamorphic core complexes) (Gautier and Brun,
1994; Reynolds and Spencer, 1985; Wernicke, 1981). The mechanics of
detachment faulting and thus the localized mode of post-orogenic ex-
tension have been studied extensively (e.g. Axen et al., 1995; Brun
et al., 2018; García-Dueñas et al., 1992; Jolivet et al., 2010; Selverstone,
1988), however, less attention have been paid to regions where ex-
tensional deformation never resulted in the formation of a major de-
tachment, but is distributed over multiple, smaller shear zones. As a
consequence, extensional deformation does not produce easily ob-
servable jumps in the metamorphic grade. Furthermore, the relation
between the distribution of contractional deformation during nappe
stacking and the distribution of subsequent extensional deformation
remains unexplored, especially on a smaller, upper crustal scale.

We focus our study on the metasedimentary cover of the Pelagonian
thrust sheet (Internal Hellenides) outcropping on the islands of Skiathos
and Skopelos (Fig. 1). Different to Rhodopia in the north and the Cy-
clades in the south, where the extensional style is of localized core-
complex type (Brun and Sokoutis, 2007; Brun and Sokoutis, 2018;
Gautier and Brun, 1994; Jolivet et al., 2010), extension in our study
area is distributed over multiple small-scale (up to a few 10m thick)
extensional shear zones. We aim to understand strain localization on
the scale of the Pelagonian metasedimentary cover formations (Late
Paleozoic to Paleogene), from the initial stages of shortening, through
nappe stacking, to extensional exhumation. We present detailed struc-
tural geological analyses supplemented by 40Ar/39Ar dating of key
shear zones, and discuss the kinematics of burial – exhumation and the
importance of mechanical stratigraphy and structural inheritance. We
revise the nature of contacts between different geological units on the
islands of Skiathos and Skopelos, identifying multiple thrusts and
normal-sense shear zones that were previously mapped as stratigraphic
contacts (Ferentinos, 1973; Heinitz and Richter-Heinitz, 1983;
Matarangas, 1992). We compare our findings on the conditions of
distributed extensional shearing with type locations of localized, core-
complex-style extension to develop the understanding of post-orogenic
extensional strain localization.

2. Tectonic and Geological setting

The Aegean is an excellent location for investigating the burial and
exhumation of continental crust, as Cretaceous to Early Paleogene
nappe stacking and metamorphism of continental crust was followed by
extensional exhumation starting during the Eocene (Brun and Sokoutis,
2007; Hinsbergen and Schmid, 2012; Jolivet and Brun, 2010). This
burial-exhumation cycle occurred in context of Africa – Europe con-
vergence, which also led to the closure of the Mesozoic Neotethys ocean
and the subduction and accretion of largely upper crustal continental
thrust sheets (Pelagonian, Pindos, Gavrovo-Tripolitza, and Ionian thrust
sheets) derived from the Adria microplate (Brunn et al., 1976;
Jacobshagen, 1978; Jolivet and Brun, 2010; Ricou et al., 1998; Schmid
et al., 2019; van Hinsbergen et al., 2005). The accretion of buoyant
material to the upper plate (Rhodopia i.e. Eurasia) triggered the retreat
of the subduction trench resulting in upper plate extension (Brun and
Faccenna, 2008). Following the initiation of slab-rollback, early-stage
extension was accommodated by a major top-SW detachment in Rho-
dopia (Brun and Sokoutis, 2007; Brun and Sokoutis, 2018; Dinter and
Royden, 1993; Sokoutis et al., 1993), and a top-NE detachment(s) at the
Cyclades (Gautier and Brun, 1994; Jolivet et al., 2010), implying that
initial extension was highly localized in those regions. In Neogene
times, the rate of slab rollback substantially accelerated following the
tearing of the Hellenic slab, resulting in a more distributed pattern of
brittle extensional structures related to an increase in mechanical
coupling among layers, throughout the Aegean (Brun et al., 2016; Brun,
1999).

The Northern Sporades island group is part of the Pelagonian zone
in Greece (Aubouin et al., 1976; Jacobshagen, 1978) and consists of

three major islands (Skiathos, Skopelos, and Alonnisos) that are largely
made up by low-grade metasediments (Jacobshagen and Wallbrecher,
1984). In the Northern Sporades, the Pelagonian zone consists pre-
dominantly of metamorphosed cover sequences and upper crustal rocks
that were decoupled from the subducting lower crust and lithospheric
mantle during the collision with Eurasia (e.g. Jolivet and Brun, 2010;
van Hinsbergen et al., 2005). The oldest outcropping formations are
Paleozoic meta-siliciclastics locally intruded by granites, which are
overlain by thick (~3 km) Middle Triassic to Middle Jurassic platform
carbonates (dolostones and limestone marbles) and a much thinner
Middle-Late Jurassic deep water sequence (radiolarites and grey-
wackes). This succession was deposited on the east-facing Pelagonian/
Adriatic passive margin (De Bono, 1998; De Bono et al., 2001;
Scherreiks, 2000; Scherreiks et al., 2010) and is structurally overlain by
obducted Middle-Late Jurassic ophiolites and sub-ophiolitic metasedi-
ments that originated in the eastward enclosing Neotethys ocean
(Dimo-Lahitte et al., 2001; Scherreiks, 2000; Spray et al., 1984). On the
Northern Sporades, the ophiolites that are almost completely eroded
(Bortolotti et al., 2013 and references therein; Jacobshagen and
Wallbrecher, 1984), and comprise together with the underlying sub-
ophiolitic metasediments the Eohellenic nappe (Jacobshagen and
Wallbrecher, 1984; Jacobshagen et al., 1978) or the Western-Vardar
Ophiolitic unit (Schmid et al., 2019). On Skopelos, the metamafic and
metasedimentary rocks of the Eohellenic nappe are referred to as the
“Glossa unit”, which covers the northern part of the island (Fig. 1a)
(Matarangas, 1992). On Skiathos, the Glossa unit was not distinguished
on the maps of Ferentinos (1973) or Heinitz and Richter-Heinitz (1983),
and it seems to be largely eroded. The Paleozoic-Mesozoic formations
below the ophiolites were metamorphosed during the Early Cretaceous,
probably related to a phase of continental subduction below the oceanic
upper plate (Kilias et al., 2010; Lips et al., 1998; Lips et al., 1999; Most,
2003; Porkoláb et al., 2019). Burial was followed by exhumation, re-
gional erosion, and the deposition of Late Cretaceous-Paleogene sedi-
mentary formations. On the Northern Sporades, the Late Cretaceous –
Paleogene formations comprise the Mesoautochtonous unit deposited
on Triassic and Jurassic rocks, and the Palouki unit, which was thrust
on top of the Mesoautochtonous unit following the deposition of the
Upper Cretaceous - Paleogene flysch (Jacobshagen and Wallbrecher,
1984; Matarangas, 1992) (Fig. 1c). These units consist of a transgressive
sequence of coarse siliciclastic sediments which are followed by shallow
water carbonates (dominantly rudist-bearing limestones), and a quartz-
rich flysch succession marking the final closure of the Neotethys ocean
(Ferentinos, 1973; Jacobshagen and Wallbrecher, 1984; Matarangas,
1992). On Skiathos, Vidakis (1995) re-interpreted the entire flysch
formation as the Eohellenic nappe, however, we consider this erroneous
and use the original classification of Ferentinos (1973). During latest
Cretaceous – Early Paleogene times, all the formations of the Northern
Sporades were affected by tectonic burial leading to greenschist to lo-
cally blueschist facies metamorphism, followed by the erosion of the
nappe stack and extensional exhumation (Porkoláb et al., 2019). In the
following sections we present our results on the strain localization
during this phase of burial and exhumation on the islands of Skiathos
and Skopelos.

3. Strain localization and the kinematics of deformation

Our fieldwork included detailed mapping of ductile and brittle
structures focusing on the kinematics of deformation and delineating
the main zones of strain localization. Mapping was based on detailed
stratigraphic studies of Skiathos (Ferentinos, 1973; Heinitz and Richter-
Heinitz, 1983) and Skopelos (Matarangas, 1992). Regarding the struc-
tural build-up of Skopelos, we follow the new map of Porkoláb et al.
(2019). We present the results of our structural mapping in the form of
geological maps of the two islands (Fig. 1), interpretations of key out-
crops (Figs. 2, 3, 4, 5, 6 and 7), and cross sections (Fig. 10).

The pre-Upper Cretaceous formations of the Northern Sporades (the
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Paleozoic to Middle Triassic metaclastics and Upper Triassic platform
carbonates of the Pelagonian unit, and the Glossa unit) preserve
structural elements related to an Early Cretaceous tectono-metamorphic
event. In these rocks, the Late-Cretaceous – Paleogene tectono-meta-
morphic event is already D2, while in the Upper Cretaceous – Paleogene
lithologies it is the first phase, D1 (Porkoláb et al., 2019). In the present
study, we only focus on the Late Cretaceous – Paleogene burial-ex-
humation cycle which affected all the outcropping formations on
Skiathos and Skopelos. Contraction during tectonic burial and exten-
sional exhumation are from now on indexed as Db and De, respectively.
Regarding the distribution of deformation in a given rock volume, we
use the expressions “localized” and “distributed” always with respect to
the scale of observation. Therefore, what is described as “localized”
deformation on the scale of the islands, may be part of a “distributed”
deformation pattern on a larger scale.

3.1. Contractional structures related to tectonic burial (Db)

All the geological units of the islands are characterized by a pene-
trative tectonic foliation (Sb) which is the axial planar cleavage of Fb
tight to isoclinal folds. The foliation is poorly or not developed in the
dolomitized parts of the Upper Triassic carbonates, but especially well-
developed in the calcite marble layers (Figs. 2 and 3). Up to a few

hundreds of meters thick calcite marble layers are found in the Upper
Triassic part of the Pelagonian unit, and in the Cenomanian – Turonian
part of the Mesoautochtonous unit. Thin marble layers are also found in
the Glossa unit, which also show well-developed Sb foliation planes
(Figs. 6 and 7b). The Sb foliation in the metaclastic rocks (Paleozoic –
Carnian part of the Pelagonian unit, some parts of the Glossa unit, and
the Upper Cretaceous – Paleogene flysch) is largely defined by re-
crystallized white micas, chlorite, and occasionally oriented quartz
observed macroscopically and in thin sections. The penetrative foliation
carries a stretching lineation (Lb) which is defined by stretched calcite
aggregates in marbles, and white mica or chlorite in the metaclastic
rocks and the metabasalts of the Glossa unit. The best developed
stretching lineations are observed in calcite marbles, while stretching
lineations in the Upper Cretaceous – Paleogene flysch are often poorly
developed. The general trend of stretching lineations is NE-SW on both
islands. Lb stretching lineations are generally associated with top-SW to
top-S sense of shear described in detail in section 3.1.1., observed on
both islands (Fig. 1). These kinematic directions are typically dis-
tributed over the entire thickness of the strata. Additionally, localized
Db deformation was also observed in a few, 5–15m thick shear zones
showing a mylonitic foliation, well-developed stretching lineations, and
more intense shear fabric compared to the ductile strain recorded
outside of these zones. At such shear zones, the Cenomanian – Turonian

Fig. 2. a) Top-SW reverse-sense shear zone (Kastro shear zone) at Location 1 emplacing the Upper Cretaceous carbonates on top of the Upper Cretaceous-Paleogene
Flysch. Stereographic projection of structural measurements is included; b) C′-type shear bands and σ-clasts showing top-SW sense of shear, pencil for scale; c)
Relation between the tightly folded S0 bedding of the marble and the newly formed Sb foliation; d) Plain polarized microscope image of the sample from Location 1
showing the microscale structure of the marble mylonite. Red lines highlight the shape-preferred orientation of the calcite crystals (~95% of the rock mass) that is
slightly oblique to the S0 original bedding (white lines). Discontinuous white mica layers (~5% of the rock mass) follow the S0 bedding. (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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marbles are found on top of the Late Cretaceous – Paleogene flysch unit,
or Upper Triassic Pelagonian carbonates on top of the Upper Cretaceous
carbonates or flysch of the Mesoautochtonous unit (Fig. 1). Such re-
lationships are observed on both islands at multiple locations, providing
the clearest marker for post-Upper Cretaceous thrusting on the
Northern Sporades (Figs. 1).

3.1.1. Key outcrops
On Skiathos, the Cenomanian – Santonian carbonates of the

Mesoautochtonous unit are in many cases found on top of the younger
flysch formation (Fig. 1a). Previous works focusing on lithological
mapping defined these as stratigraphic contacts (Ferentinos, 1973;
Heinitz and Richter-Heinitz, 1983), not explaining the structural posi-
tion of the formations.

Location 1 (Kastro shear zone) (Fig. 2a) provides the best exposed
section to study this relationship at the historical village of Kastro. The
village is built on a cliff made up by the Cenomanian – Santonian
carbonates which dip 30–45° to the NE. The flysch (dark grey to brown
quartz-rich metasandstones, slates, and phyllites) is outcropping below
the carbonates, with an identical orientation. The carbonates show an
alternation of well-foliated and massive parts (Fig. 2a), while the flysch
carries a moderately developed main foliation (Sb) subparallel with the
S0 compositional layering (bedding), and a weakly developed NE-
plunging stretching lineation. The two formations are separated by
5–10m thick zone with a very closely spaced mylonitic foliation and
intense stretching lineations. The mylonitic foliation is NE dipping and
carries a down-dip stretching lineation. Both structural elements are
similarly oriented as the weakly or moderately developed Sb and Lb in
the flysch below, indicating that the tectonic transport along the shear
zone was subparallel to the orientation of the S0 sedimentary foliation.
The shear zone consists of nearly pure calcite marble with minor
amount (estimated as< 5% based on the thin section) of fine-grained
white micas found in discontinuous layers along the S0 bedding

(Fig. 2d). The original bedding is preserved, suggesting that the pro-
tolith of the marble mylonite was a well-bedded rather than a massive
limestone (Fig. 2a). Shape-preferred orientation of the calcite crystals
attesting to dynamic recrystallization defines the Sb foliation that makes
a small (10–20°) angle to the S0 bedding and defines a SW-ward
structural vergence (Fig. 2d). This agrees with asymmetric boudinage
and σ-clasts showing top-SW sense of shear (Fig. 2b). A similar zone of
very well-foliated marble was identified higher up in the outcrop
(Fig. 2a). The shear zones are cut by two northerly-dipping normal
faults which belong to a later phase of extension. The same top-SW
shear zone (Fig. 2a) can be followed from Location 1 towards the South,
outcropping at the base of the carbonate hilltops (Fig. 1a).

A similar relationship between the same units is found on the island
of Skopelos, at Location 2 (Figs. 1b and 3a). This contact was previously
mapped as a stratigraphic contact (Matarangas, 1992), but has recently
been identified as a thrust emplacing the carbonates on top of the flysch
(Porkoláb et al., 2019). However, the contact and the key structural
elements are difficult to analyze and measure, since it has been over-
printed by younger deformation phases as shown by the folded, irre-
gular, and brecciated nature of the outcrop (Fig. 3a) and the different
structural elements cutting through nearby (Fig. 1b). Both the carbo-
nates and the flysch have a well-developed Sb tectonic foliation, im-
plying that at least one stage of thrusting took place under ductile
conditions. To delineate the main structure, detailed mapping of the
area was performed, showing that the thrust is dipping in a northerly
direction, making a highly curved intersection with the topography
(Figs. 1b and 3a). The orientation of the thrust and the S0eSb composite
foliation in the surrounding outcrops point to a low-angle thrust geo-
metry (Figs. 1b and 3a). The carbonates are characterized by a well-
developed tectonic foliation and stretching lineation. However, the Lb
stretching lineations that belong to the thrusting have been overprinted
by Le stretching lineations, which locally trend E-W and are associated
with top-E sense of shear (Fig. 1b). The general orientation of the thrust

Fig. 3. Key outcrops displaying reverse-sense shear zones. For locations see Fig. 1; a) Folded nappe contact at Location 2 between the Upper Cretaceous carbonates
and the Upper Cretaceous-Paleogene Flysch; b) Aerial view (photo from tripinview.com) of a reverse-sense shear zone at Location 4 emplacing the Upper Triassic
carbonates on top of the Upper Cretaceous-Paleogene Flysch.
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and the foliation (N-dipping) in the surrounding rocks, and the fre-
quently observed top-S shearing in the Mesoautochtonous unit on
Skopelos (Fig. 1) suggests that the original Db transport direction at
Location 2 was similar to Location 1 on Skiathos, top-S or SW.

Location 3 and 4 on Skiathos exhibit a contact where Upper Triassic
carbonates of the Pelagonian unit are lying on top of the
Mesoautochtonous unit; in case of Location 3 on the Cenomanian-
Santonian carbonates, while in case of Location 4 on the Upper

(caption on next page)
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Cretaceous-Paleogene flysch (Fig. 1a). At Location 3, Upper Triassic
dolomite boulders are found on top of the hill. The dolomites overlie a
zone of 5–10m thick calcite marble with a very closely spaced mylo-
nitic foliation (Sb) that is dipping ~30° to the NE. The mylonitic fo-
liation carries a well-developed N-S trending stretching lineation asso-
ciated with top-S sense of shear based on asymmetric calcite aggregates
and C′ shear bands. The marble mylonites overlie the Upper Cretaceous
rudist-bearing carbonates with a less intense S0-b foliation that has the
same, NE-dipping orientation as the mylonites above. The marble my-
lonites clearly define a shear zone of highly localized strain during top-S
ductile thrusting (Db), similarly to Location 1.

The shear zone is difficult to follow towards the NE due to vegeta-
tion and steep topography; however, it crops out on the shoreline cliffs
at Location 4 (Figs. 1a and 3b). Here the footwall unit of the ductile
thrust is the Upper Cretaceous – Paleogene flysch, which directly
overlies the Upper Triassic carbonates with an erosional unconformity
(Fig. 3b). The shear zone is delineated by a very well-foliated part
below the massive Upper Triassic carbonates in the hangingwall. The
white colour of the well-foliated part implies that most of the ductile
strain localized in carbonate material similarly to Location 1 or Loca-
tion 3. The shear zone is subparallel with the main foliation of the
outcrop (Fig. 3b).

3.2. Extensional structures related to exhumation (De)

Structures that are related to Top-S to SW ductile thrusting and
distributed shearing accommodated tectonic burial (Db) and are often
pervasively overprinted by structures related to the extensional ex-
humation of the rocks from ductile to brittle conditions (De). Ductile De

shearing did in most cases not lead to the formation of a separate Se
foliation. Instead, shearing occurred parallel to the already existing Sb
foliation planes, resulting in the deformation of the Sb foliation (Figs. 4,
5, 6, and 7). Le stretching lineations trend on average NE-SW (Fig. 1)
and are defined by the same minerals as Lb such as chlorite, white
micas, calcite, and quartz. Therefore, Lb and Le only differ on the sense
of shear, which is generally top-NE in case of De and top SW for Db,

respectively (Fig. 1). Top-NE ductile shearing was observed in nu-
merous outcrops on Skopelos and Skiathos (Fig. 1a) and is not restricted
to shear zones, attesting to a distributed mode of deformation during De

phase. Zones of localized De strain (i.e. ~ top-NE shear zones) showing
a transition from ductile to brittle shearing have been mapped as well
and are presented in details in the following section. In zones of loca-
lized De shear, the meta-basalts of the Glossa unit and occasionally the
Upper Cretaceous – Paleogene flysch formation are heavily chloritized
(Figs. 7b and c). Strain localization was observed at several inherited
reverse-sense shear zones (Figs. 6b and 7a) and stratigraphic contacts
(Figs. 4, 5, 6c, and d). De shear zones are parallel/subparallel with the
S0-b composite foliation and therefore do not cut out major parts of the
stratigraphy. Differences in the metamorphic grade between the foot-
wall and hangingwall of De shear zones were also not observed. Ductile
top-NE shearing was followed by asymmetric, semi-brittle to brittle,
northerly dipping normal faulting observed in many outcrops, pro-
viding clear evidence for the extensional nature of top-NE shearing and
the gradual change in the deformation conditions from ductile to brittle
(Figs. 4, 5, 6, and 7c-e). These northerly dipping normal faults are often
tilted and link to pre-existing, ductile to brittle, normal-sense shear

zones with similar kinematics (Figs. 4 and 5). Asymmetric (northerly
dipping) normal faulting was followed by more symmetric normal
faulting (northerly and southerly dipping) as shown by our dataset of
mesoscale normal faults measured on both islands (Fig. 8). Two main
sets of normal faults can be delineated with no clear overprinting re-
lations between them; one trending NE-SW, and the other trending NW-
SE (Fig. 8). The major normal faults (with at least a few tens of meters
of displacement, e.g. on Fig. 5a) have been mapped and are presented
on Fig. 1, showing that the majority of map-scale normal faults are
trending ~ NW-SE (Figs. 1).

3.2.1. Key outcrops
Location 5 (Skiathos town shear zone) at Skiathos city, provides an

excellent section to study strain localization during De deformation
phase. The lower part of the outcrop consists of Upper Cretaceous
calcite marbles, which are overlain by the Upper Cretaceous –
Paleogene flysch formation (Fig. 4a). The contact is low-angle, on
average dipping ~10° to the North. Close to the contact, the marbles
exhibit a closely spaced, subhorizontal mylonitic foliation and an in-
tensely developed stretching lineation trending NNE-SSW (Figs. 4h and
i). The flysch above is also well-foliated, and consists of quartz-rich,
fine-grained metasandstone intercalated with some mica-rich layers.
Sericites define the foliation and also the NNE-SSW oriented stretching
lineation. Both in the carbonates and the flysch, only one main tectonic
foliation is found (SbeSe composite foliation) which is subparallel with
the original S0 bedding. The flysch shows an intensely sheared fabric
which is best developed close to the contact towards the carbonates. We
identified two sets of C-type shear bands; one which rotates the folia-
tion without cutting through the foliation planes, thus attesting to de-
formation by ductile creep (Fig. 4f), and one which not only drags, but
clearly cuts the foliation planes in a brittle manner associated with thin
fault gouges or fine-grained breccias along the shear planes (Fig. 4b).
Both types of shear bands document the same top-NNE kinematics,
providing evidence for perseverant kinematics of the shear zone under
decreasing temperature conditions.

The flysch also shows a large number of asymmetric, close to tight
folds, which have a consistent top-NNE vergence (Figs. 4a, d, e, and g)
and are not developed in the carbonates below. These folds do not have
an axial planar cleavage, implying that metamorphic conditions at the
stage of folding were probably not high enough to induce ductile creep
in the quartz-rich layers (Fig. 4e). Most of these small asymmetric folds
are parasitic to a large, recumbent, box-type fold structure which
probably formed by flexural slip along the foliation planes of the flysch
(Fig. 4g). The folds are cut by numerous small-scale normal faults that
have< 1m displacement (Fig. 1a) and consistently dip towards the
NNW (Figs. 4a, c, and d). This represents a continuous record of
northward displacement in the shear zone including stages of ductile
shearing, semi-brittle shearing and folding, and normal faulting related
to extensional exhumation of the rocks. The normal faults are moder-
ately inclined (30–40°) suggesting that the rotation of the shear zone
took place during or after its main activity. The shear zone clearly lo-
calized at the original stratigraphic contact between the carbonates and
the flysch. The carbonates seem to accommodate large amount of
ductile strain showing more intense stretching lineation and mylonitic
foliation; while semi-brittle and brittle strain is more localized in the
metaclastic flysch formation. Fig. 3a shows that the normal faults do

Fig. 4. a) Top-NNE extensional shear zone at Location 5 activating the stratigraphic contact between the Upper Cretaceous carbonates in the footwall and the Upper
Cretaceous-Paleogene Flysch in the hangingwall. Details of the shear zone are highlighted in the subfigures; b) Top-NNE semi-brittle shear bands at the contact of the
two formations, notebook for scale; c) NW-dipping, low-angle normal fault, hammer for scale; d) NW-dipping normal fault with semi-brittle asymmetric folds in the
hangingwall; e) Plain polarized microscope image of the sample from Location 5 showing a single tectonic foliation that is subparallel to the S0 bedding. Sedimentary
features such as the inverse grading of quartz grains are still visible. The asymmetric top-NNE fold also observed in the outcrop (Fig. 3) did not develop an axial
planar cleavage supporting the idea of semi-brittle to brittle flexural folding; f) Ductile top-NNE shear band in the mylonitic contact zone, hammer for scale; g)
Recumbent box-fold in the hangingwall of the shear zone, Dimitrios for scale; h) Strong stretching lineation in the footwall marble; i) Stereographic projections of
structural elements measured in the outcrop.
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Fig. 5. Top-NE to E extensional shear zone at Location 6 activating the stratigraphic contact between the Upper Cretaceous carbonates and the Upper Cretaceous-
Paleogene Flysch. a) Aerial view (photo from tripinview.com) of the shear zone and its surroundings; b) Well-developed stretching lineation; c) A network of flat, NE-
dipping normal faults that link to the shear zone below; d) Non-cylindrical (sheath) fold with fold axes subparallel with the stretching lineations; e) Top-NE CeS type
shear bands overprinting previously formed isoclinal folds in the shear zone; f) Stereographic projections of structural elements measured in the outcrop.
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not cut through the contact between the marbles and the flysch, instead
they join and reactivate the contact between the two formations which
was previously sheared in a ductile manner.

Location 6 on Skopelos (Fig. 5) provides a section that is very si-
milar to Location 5 on Skiathos; it also exhibits Upper Cretaceous car-
bonates overlain by the Upper Cretaceous – Paleogene flysch formation,
with an intensely deformed stratigraphic contact in between (Fig. 5).
The Upper Cretaceous marble and the carbonate-rich layers of the
flysch show a well-developed mylonitic foliation (SbeSe composite fo-
liation) and stretching lineations (Fig. 5b). The stretching lineations
trend ESE-WNW to NE-SW (Fig. 5f) and are associated with top-ESE to
NE sense of shear evidenced by C-type shear bands (Fig. 5e). Top-ESE to
NE shear bands consistently overprint previously formed isoclinal folds
(Fig. 5e), but are associated with the formation of non-cylindrical folds
(sheath folds) trending subparallel with the stretching lineations
(Fig. 5d). The mylonitic foliation and the sheath folds are restricted to
the shear zone which is 10–15m thick. The ductile shear structures
have been overprinted by a series of NE-dipping normal faults that
joined the main shear zone and reactivated it in a brittle manner
(Figs. 5a and c). Some of the normal faults are low-angle, probably
attesting to the rotation of the shear zone, while some of them are close
to the ideal 60° probably related to a later, post-tilt phase of normal
faulting (Fig. 5a). Similarly, to Location 5, this outcrop provides an
example for the progressive extensional exhumation of the rocks from
ductile shearing to asymmetric normal faulting.

The Glossa unit on Skopelos displays further examples of exten-
sional strain localization (Fig. 6). Fig. 6a shows that the entire Glossa
unit was affected by distributed top-NE shearing, while localized top-
NE shearing occurred along 1) the inherited Early Cretaceous nappe
contact between the Pelagonian and the Glossa units (Fig. 6b, Location
7, discussed in Porkoláb et al. (2019)); 2); the contact between the
marbles/metabasalts and the metaclastics (Fig. 6d, Location 8); and 3)
the contact between the metaclastic and marble formations (Fig. 6c,
Location 9). Location 7 is an outcrop of a 10–15m thick shear zone
separating the Pelagonian and Glossa units, displaying mylonitic fo-
liation, NE-SW trending stretching lineations, top-NE C-type shear
bands, and large amount of secondary quartz overgrowth near the main
movement zone. The ductile shear zone shows a brittle overprint that
does not precisely reactivate the ductile shear zone as a low-angle
normal fault, but largely cuts through it with steeper normal faults
(Fig. 6b). Location 8 shows a top-NE shear zone between the mixed
marbles-metabasalts and the metaclastics of the Glossa unit (Fig. 6d).
The calcite-rich footwall rocks have an extremely fine mylonitic folia-
tion and very well-developed NE-SW trending stretching lineations,
while the quartz-rich hangingwall shows strong folding and quartz
precipitation. Both C and C′-type shear bands were observed, the C′-
types showing a transition from ductile (curving the foliation planes) to
brittle (cutting the foliation planes) style of deformation. Location 9
displays a ductile to brittle shear zone separating the marbles and
metaclastics of the Glossa unit (Fig. 6c). Both rock types were strongly

Fig. 6. Extensional strain localization in the Glossa unit, on Skopelos; a) Schematic tectono-stratigraphic column of the Glossa unit, highlighting the position of
extensional shear zones and key outcrops; b) Extensional reactivation of the Early Cretaceous nappe contact between the Pelagonian and Glossa units by top-NE
shearing and normal faulting, modified after Porkoláb et al. (2019) (Location 7); c) Top-NNE ductile to brittle extensional shear zone between the metaclastic and
marble formations of the Glossa unit (Location 9); d) top-NE shear zone between the mixed metabasalt-marble and the metaclastic formations of the Glossa unit
(Location 8).
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Fig. 7. Examples of top-NE to E extensional shearing; a) Top-NE C′ shear bands at Location 10 showing the reactivation of a top-SW nappe contact that previously
emplaced the Upper Cretaceous carbonates on top of the Upper Cretaceous-Paleogene Flysch; b) Well-developed top-E C′ shear bands in the mafic metavolcanics in
contact with marbles of the Glossa unit at Location 14. The dark green colour of the metavolcanic rock is related to strong chloritization; c) Top-NE CeS shear bands
in the metavolcanics of the Glossa unit at Location 12. The green bands in the rock are heavily chloritized; d) top-NE normal faults in the same outcrop (Location 12)
showing to continuity of tectonic transport through the cooling (exhumation) of the rocks; e) Stereographic projections of structural elements measured at Location
12. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Azimuth and dip rose diagram of small-scale (up to several meters of displacement) normal faults measured a) on Skiathos; and b) on Skopelos.
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sheared and display intense NNE-SSW trending stretching lineations,
associated with top-NE C′-type shear bands. The shear zone was re-
activated as a brittle, low-angle normal fault as evidenced by cataclastic
bands and local brecciaction of the metaclastic rocks. The C′-type
ductile shear bands have the same orientation as the overprinting
brittle Riedel-planes (Fig. 6b). The foliation planes are cut by the main
slip surface at the steeper fault segments, showing that the shear zone
was not entirely layer-parallel in the brittle stage.

Locations 10 and 11 on Skiathos are located just above the top-SW
ductile thrust that emplaced the Upper Cretaceous carbonates on the of
the Upper Cretaceous – Paleogene flysch (Fig. 1a). The outcrops exhibit
a shear zone at the base of the marbles with a mylonitic foliation, NE-
SW trending stretching lineations, and SW-verging S0eSb relations,
confirming that we find here the southward continuation of the shear
zone at Location 1 (Fig. 2). However, both Locations 10 and 11 show
the dominance of opposite, top-NE shear sense indicators within the
marble mylonites (Fig. 7a). This implies, that top-NE shearing localized
at the pre-existing top-SW shear zone, which was consequently re-
activated in an opposite sense.

4. 40Ar/39Ar dating of key shear zones

We performed 40Ar/39Ar dating of white micas from two key shear
zones at Location 1 and Location 5 (Figs. 2 and 4, respectively) in order
to constrain the timing of shear zone activity. It has been demonstrated
on the island of Skopelos that resetting of the white mica Ar-system in
the greenschist facies rocks of the Northern Sporades was achieved by
deformation-induced crystallization of the foliation rather than ther-
mally activated diffusion, thus the produced ages can be treated as time
constraints for the deformation events (Porkoláb et al., 2019).

In case of Location 1, we sampled the marble mylonites which
constitute the shear zone between the Upper Cretaceous carbonates and
the Flysch formation below (Fig. 2). The marble consists of> 95%
calcite, but contains minor amount of fine-grained white micas (ser-
icite) (Fig. 9a) which were separated in the grain size range of
100–250 μm for the dating, using a Faul vibrating table.

In case of Location 5 (Fig. 4), we sampled the flysch formation
which contained sufficient amount of sericite along the foliation planes
(Fig. 9b). The individual sericite crystals were too small to be separated,
so we used ground mass separates (250–500 μm) following the meth-
odology of Pascual et al. (2013) and Porkoláb et al. (2019).

The samples were packed in aluminium foil packages and stacked in
an aluminium tube that was irradiated for 18 h in the CLICIT facility of
the Oregon State University TRIGA Reactor. For both irradiations the
neutron flux was monitored by standard bracketing with the DRA sa-
nidine standard with an age of 25.52 ± 0.08Ma, modified from
Wijbrans et al. (1995) to be consistent with Kuiper et al. (2008). The
step heating experiments were carried out in the Vrije University Am-
sterdam argon geochronology laboratory with 25W CO2 laser heating
samples loaded on Cu-trays. The sample holder was connected to a
three-stage extraction line and a quadrupole mass spectrometer
(Schneider et al., 2009). Data was reduced in ArArCalc 2.50 (Koppers,
2002). Procedure blanks were monitored and diluted air shots were
measured in the sequence to track mass discrimination.

4.1. Activity of the Kastro shear zone (Location 1): 40Ar/39Ar age spectra

The dated sample from the Kastro shear zone (Location 1) was taken
from the marble mylonites that contain ~5% white micas. The thin
section displays evidences for deformation by dislocation creep such as
sutured grain boundaries, shape preferred orientation, and undulatory
extinction (Fig. 9a). The dynamically recrystallized calcite crystals went
through grain size reduction during mylonitization as shown by the
dominance of ~100 μm grain size and minor amount of remaining
larger grains. Fig. 9c shows the age spectra of the white micas separated
from the sample. The majority of the heating steps define a dominant

~55Ma age, while the three early steps show a staircase shape going
down to 35–40Ma (Fig. 9c). Since the resetting of the Ar-system was
achieved by deformation-induced crystallization of the white micas
during the development of the foliation, we can interpret the ~55Ma
resetting as the main fabric forming event in the shear zone, which was
related to the top-SW ductile thrusting. The three-younger steps in the
staircase either suggest an overprinting event around 35–40Ma, or al-
ternatively gradual Ar-loss between ~55Ma and 35–40Ma. From a
structural geological point of view, continuous deformation and thus
foliation development for 20 Myrs is unlikely, therefore we suggest that
the 35–40Ma represents reactivation of the top SW shear zone, which
has partially reset the Ar-system of the white micas. This view is in line
with our field observations, which show top-NE normal sense re-
activation of the shear zone (Fig. 7a).

4.2. Activity of the Skiathos town shear zone: 40Ar/39Ar age spectra

Fig. 9d shows the age spectra of the ground mass separates from the
Upper-Cretaceous – Paleogene flysch at Location 5 (Skiathos town,
Fig. 4). The spectra reveal multiple elements of the history of white
micas in the sample. The last heating step yielded an age of ~110Ma,
the previous four steps are in between 55 and 65Ma, while the last 9
steps define a prominent staircase-shaped spectra ranging from 50 to
30Ma. The last heating step yielding the oldest age clearly shows that
detrital white micas are still present in the flysch, which has also been
reported from Skopelos (Porkoláb et al., 2019). The presence of this
detrital age confirms that the micas have not been reset by thermal
diffusion under greenschist facies conditions, and that not all white
micas are reset when the tectonic foliation developed in the rock. The
previous four heating steps show ages between 55 and 65Ma, probably
attesting to the same burial-related fabric-forming event that is more
dominant in the sample from the Kastro shear zone. This interpretation
is supported by microstructural analysis of the dated sample: Fig. 9b
shows that our sample preserves inherited structures that were pre-
sumably related to burial and associated top-SW shearing and foliation-
development, which was not observed in the outcrop (Fig. 4). The
55–65Ma steps are preceded by 9 steps defining a staircase-pattern,
which ranges from ~50Ma to 30–35Ma defining a similar young
overprinting event as in case of Location 1, yet it seems to be more
significant in this sample. The strong overprint is in very good agree-
ment with our observations regarding the top-NNE extensional shearing
at Location 5 which gradually shifted to normal faulting (Fig. 4). We
suggest that the rocks at Location 5 first developed a tectonic foliation
during the top-SW burial of the rocks around 55–60Ma, which was
strongly overprinted by top-NE shearing around 30–35Ma during the
extensional exhumation of the rocks.

5. Discussion

5.1. Implications for the nappe structure of the Northern Sporades

Our field observations led to a substantial revision regarding the
tectono-stratigraphy of Skiathos and Skopelos. In case of Skopelos, we
use the published map of Porkoláb et al. (2019), but we highlight dif-
ferent structural elements that have not been discussed before, and
present a new, smaller scale cross section (Fig. 10b).

In earlier studies, no structures related to post-Cretaceous short-
ening have been reported from Skiathos. Our field results, maps and
cross sections (Figs. 1 and 9), however, show that both Skiathos and
Skopelos exhibit several reverse-sense shear zones, which produce re-
petitions in the upper parts of the stratigraphy. These repetitions were
either not observed, or incorrectly interpreted as stratigraphic contacts
by previous works on Skiathos (Ferentinos, 1973; Heinitz and Richter-
Heinitz, 1983) or Skopelos. On Skiathos, these are 1) the top-SW shear
zones outcropping at Locations 1 and 8 that emplaces the Upper Cre-
taceous carbonates on top of the flysch; and 2) the top-SSW shear zone
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outcropping at Location 3 and 4 that emplaces the Upper Triassic car-
bonates on top of the Upper Cretaceous carbonates or the flysch for-
mation. On Skopelos, these are 1) the N-dipping thrust outcropping at
Location 2 that emplaces the Upper Cretaceous carbonates on top of the
flysch; and 2) a S-dipping backthrust at Location 10 that similarly
emplaces the Upper Cretaceous carbonates on top of the flysch (Figs. 1
and 9).

These structures are all low-angle (< 30°) and produced a tectonic
transport that was subparallel with the S0 bedding in the formations
(Fig. 10). Most of the ductile strain was localized in the relatively weak
parts of the carbonate formations (Upper Triassic and Upper Cretac-
eous) that show a well-developed mylonitic foliation and stretching
lineation as opposed to the surrounding massive carbonates (partly
dolomites, partly massive calcite marbles) and siliciclastic formations.
The flat-lying, top-SW shear zones produced small-scale nappes (several
100m thick) which seem to be rooted in a relatively shallow part of the
Pelagonian strata: no hangingwall unit older than Upper Triassic was
observed along these thrusts (Fig. 10). The estimated timing of top-SW
thrusting on Skiathos (~ 55Ma in this study) is consistent with the
findings of Porkoláb et al. (2019) reporting dominantly 55–65Ma
40Ar/39Ar white mica fabric ages from Skopelos. Our discovery of the
Db shear zones shows that post-Cretaceous shortening was much more
pronounced on Skiathos than previously thought (Ferentinos, 1973;
Heinitz and Richter-Heinitz, 1983).

5.2. Geometry of upper crustal shortening: The role of stratigraphy

The Aegean consists of exhumed upper crustal thrust sheets derived

from the Adria microcontinent, while most of the lower crust and li-
thospheric mantle subducted into the asthenosphere (Ricou et al., 1998;
van Hinsbergen et al., 2005). Decoupling of the upper crust from the
rest of the continental lithosphere in numerical models is explained by a
major weak zone at the base of the upper crust, defined by the com-
positional difference between the upper crust and the lower crust (e.g.
Vogt et al., 2017). Such models may explain the formation of an upper
crustal nappe stack, but lack resolution to account for strain localization
in multi-layer systems within the upper crust. In this section, we discuss
the intra-upper crustal strain localization during the collision of Pela-
gonia with Rhodopia based on our key observations.

Our observations suggest that weak calcite layers have played a key
role in localizing top-SW shearing following the onset of shortening
(Figs. 2 and 3). We have identified two main decoupling levels that
determine the geometry of thrusting; namely the relatively weak parts
of the Upper Cretaceous and the Upper Triassic shallow-water carbo-
nates (Figs. 2 and 3). In order to understand the stratigraphic control on
the thrusting geometries, we discuss the rheology of the initial, pre-
shortening (~ 70Ma) lithological succession of the Pelagonian upper
crust (Figs. 11a and b). Our simplified lithological succession consists of
(from top to bottom): 1) Upper Cretaceous – Paleogene flysch which is
predominantly quartz-rich sandstone; 2) Upper Cretaceous shallow
water carbonates containing both massive and layered (weaker) lime-
stones; 3) Ophiolites (mafics and ultramafics) that are partially or
completely eroded depending on the exact location, sub-ophiolitic
metasediments, siliciclastic sediments of the Albian transgressive se-
quence; 4) Jurassic and Upper Triassic shallow water carbonates con-
taining both massive, dolomitic, and weaker, layered calcite limestones;

Fig. 9. Results of 40Ar/39Ar step heating experiments and microstructural characterization of the dated samples. For locations see Fig. 1; a) Cross polarized image of
the sample from Location 1 showing sutured grain boundaries in calcite attesting to deformation by dislocation creep and the presence of white mica flakes that were
separated for dating; b) Cross polarized image of the sample from Location 5. The sample largely consists of dynamically recrystallized quartz (~ 90%) and fine-
grained white mica crystals. The top-SSW shear criteria presumably attesting to the tectonic burial of the rocks was not observed in the outcrop, which only exhibits
top-NNE shear criteria related to extension (Fig. 4); c) Age spectra of the sample from Location 1. d) Age spectra of the sample from Location 5. The horizontal axes
show the cumulative 39Ar released during the step heating, while vertical axes show the age of Ar-loss.
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5) Pre-Middle Triassic clastic metasediments and continental crystalline
basement rocks.

The observed strain gradients (strain localization in the weak car-
bonates) suggest that certain parts of the shallow-water carbonates are
significantly weaker under low-grade metamorphic conditions than the
quartz-rich formations like the Upper Cretaceous – Paleogene flysch.
Calcite flow laws based on the assumption that dislocation climb me-
chanism controls the ductile creep of calcite do not predict such
strength differences compared to quartzite flow laws (e.g. Koch et al.,
1989; Ranalli, 1995; Schmid et al., 1980). In contrary, a flow law based
on the dislocation cross slip mechanism of calcite marbles by De Bresser
(2002) predicts creep behavior for calcite layers already at the depth of
several kilometers (depending on the geotherm and stress state), re-
sulting in higher predicted strain rates (i.e. strain localization) for cal-
cite layers then for wet quartzites.

We show a simplified strength profile of the top 15 km of the crust
considering two calcite layers within the Upper Cretaceous and Upper
Triassic carbonate formations which behave according to the cross slip
flow law (De Bresser, 2002). All other layers are assumed to behave
according to a wet quartzite rheology (Koch et al., 1989) (Fig. 11b). Our
calculations show, that the two calcite layers are substantially weaker
than the surrounding rocks due to the difference in deformation me-
chanism (ductile creep for the calcite, brittle failure for the wet
quartzite). Consequently, the localization of deformation in the calcite
layers is predicted for the shallow upper crust, showing a good fit with
our observations (Figs. 2 and 3). Ductile creep in the wet quartzite
initiates at the depth of 9–10 km, and around the depth of 13–14 km,
the strength of the calcite layers and the wet quartzite become com-
parable, predicting a more distributed style of deformation. On the
scale of the crust, the base of the upper crust (between 15 and 20 km) is

still predicted to be the most important weak layer being responsible for
the decoupling of the upper crust from the rest of the lithosphere.
However, the two weak calcite layers define significant, shallow de-
coupling horizons, where intra-upper crustal shortening would localize
(Fig. 11a and b). The three main ductile shear zones are connected by
ductile (below ~10 km) or brittle (above ~10 km) thrust segments,
resulting in a ductile flat-brittle ramp type of thrusting geometry
(Fig. 11a).

Fig. 11b shows our schematic interpretation of intra-upper crustal
thrusting at ~55Ma. By that time, all the formations reached greens-
chist facies metamorphic conditions (Porkoláb et al., 2019, this study).
Imbrication of the upper crust took place by top-SW thrusting, sub-
parallel to the S0 bedding in the rocks, coeval to the development of the
pervasive Sb tectonic foliation. The presence of two shallow decoupling
levels resulted in the formation of thin nappes that are rooted in the
upper parts of the original stratigraphy (Fig. 11b).

Our timing constraints with respect to top-SW thrusting and related
fabric forming (~ 55Ma) are consistent with geochronological results
from the surrounding regions (Lips et al., 1998; Lips et al., 1999; Most,
2003; Porkoláb et al., 2019; Schermer et al., 1990) and confirm large-
scale models that the Pelagonian upper crust accreted to the Eurasian
upper plate during early Paleogene times by top-SW thrusting (Brun
and Faccenna, 2008; Jolivet and Brun, 2010). Following its accretion,
the Pelagonian thrust sheet was emplaced on top of the more external
Hellenic units (Fig. 11b and c), namely the Pindos, Gavrovo-Tripolitza,
and Ionian upper crustal thrust sheets, which also accreted to the upper
plate one-by one, between ~45 and~ 30Ma (Jolivet and Brun, 2010;
Schmid et al., 2019; van Hinsbergen et al., 2005). The accretion of
crustal units to the upper plate triggered the southward retreat of the
subduction trench, which has been driving extension in the Aegean

Fig. 10. Cross sections from a) Skiathos; and b) Skopelos. For map-view traces of the cross sections see Fig. 1.
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since ~40Ma (Bonev et al., 2013; Brun and Sokoutis, 2007; Brun and
Faccenna, 2008; Brun et al., 2016; Rohrmeier et al., 2013). The ex-
humation of the metamorphosed continental nappes is generally at-
tributed to extension, and the role of erosion in the unroofing of the
nappe stack is yet to be explored. The proper estimation of the time
distribution and the amount of eroded material from the Northern
Sporades is presently hindered by the poor quality of available seismic
lines and the lack of borehole data in the North Aegean Trough (Beniest
et al., 2016).

5.3. Strain localization during extensional exhumation

5.3.1. Geometry and evolution of extensional shear zones
The top-SW nappe stacking was overprinted by opposite sense, on

average top-NE, greenschist facies shearing, which we relate to the
extension of the Pelagonian nappe stack. The tectonic foliation devel-
oped during the burial of the rocks (~ 55Ma) was deformed and par-
tially recrystallized during extension (~ 30–35Ma according to the
overprinting of the white mica Ar-system). We note that no separate
extensional foliation cross-cutting Sb was observed. Most outcrops on
both islands display small increments of layer –parallel ~ top-NE
shearing (Fig. 7c) implying that the entire thickness of the strata was
affected by distributed ductile shearing. Additionally, several sections
show localized, ductile to brittle, top-NE shearing on the scale of the
islands (Figs. 4, 5, and 6). These extensional shear zones are parallel/
subparallel with the pre-existing S0eSb foliation, up to 15m thick, and
do not produce an observable difference in the metamorphic grade
between the footwall and hangingwall units, attesting to relatively
minor displacements (probably up to a few hundreds of meters). Our
observations suggest that both stratigraphic and tectonic (thrust) con-
tacts were oriented favorably (dipping to N-NE) to enhance extensional
reactivation of these structures (Fig. 11d). Top-SW imbrication devel-
oped a dense network of N-NE dipping weak zones (thrust or sheared
stratigraphic contacts) which resulted in a characteristic, distributed
extensional shearing pattern using multiple small shear zones rather
than localization along a single, major detachment (Fig. 11d). These
shear zones show evidences of progressive deformation starting under

ductile and continuing under brittle conditions (Figs. 4, 5, and 6). We
interpret these observations as the gradual extensional exhumation of
the rocks starting with top-NE ductile shearing, continuing with tran-
sitional shearing, semi-brittle folding, and finishing with normal
faulting. Alternatively, the embrittlement of the shear zones due to
increasing fluid pressure during mylonitization and mineralization
could be envisaged to explain the switch from ductile to brittle shearing
(Selverstone et al., 2012). Normal faults that developed in the same
rock volume following the localized ductile shearing in the rocks ty-
pically appear in asymmetric sets dipping the same way as the shear
zones (Figs. 4 and 5). The observation that most of the normal faults
join the shear zones rather than crosscutting them (Fig. 4 and 5) sug-
gests that the shear zones remained important decoupling horizons also
under brittle conditions and have been reactivated as low-angle normal
faults. The majority of the normal faults are rather low-angle (30–40°),
implying that rotation took place during the exhumation of the rocks
similar to large-scale detachment systems in nature (e.g. Lister and
Davis, 1989), or in analogue models (Brun et al., 1994). Alternatively,
the formation of low-angle normal faults could be explained by an in-
clined rather than vertical sigma 1 orientation (Axen, 2019). The key
characteristics (relatively small, no linkage with each other, showing
transition from ductile to brittle extensional shearing) of the exten-
sional shear zones of Skiathos and Skopelos are identical to the mini-
detachments described from the proximity of the Whipple detachment
in California (Axen, 2019; Axen and Selverstone, 1994). In the case of
the Whipple detachment, the linkage of minidetachments at the brittle-
ductile transition zone (BDTZ) lead to the formation of the main
structure which eventually accommodated most of the displacement
(Axen, 2019). Many other detachments over the globe show such strain
localization at the BTDZ (e.g. Arca et al., 2010; Martínez-Martínez and
Azañón, 1997; Reynolds and Lister, 1990; Selverstone, 1988), and its
mechanics has also been shown plausible by numerical and analogue
experiments (Brun et al., 1994; Tirel et al., 2008). A key condition for
detachment formation at the BDTZ thus is the existence of a favored
decoupling level where the normal faults that cut the brittle upper crust
are rooted (Fig. 12a). In contrast, Skiathos and Skopelos display mul-
tiple decoupling levels defined by the network of N-NE-dipping

Fig. 11. Schematic evolutionary model of the Pelagonian upper crust from ~70 to ~35Ma; a) Simplified lithological model of the Pelagonian upper crust prior to
nappe stacking. The thicknesses of the formations correspond to regional values taken from the literature. The stratigraphic thickness of the flysch formation is
difficult to estimate as it is eroded and structurally disrupted to thin slices (e.g. Clift and Robertson, 1989; Sharp and Robertson, 2006; present study), but when it is
preserved, it can reach a thickness of a few kilometers (Toljić et al., 2018); b) Strength profile calculated for the uppermost 15 km of the crust assuming an average
continental geotherm (corresponding to 65mW/m^2 surface heat flow) and a strain rate of 10^-14 1/s. Two calcite layers are taken into account that follow the calcite
cross slip flow law by de De Bresser (2002). The rest of the upper crust is approximated with a wet quartzite rheology (Koch et al., 1989); c) Top-SW nappe stacking at
~55Ma. The equivalents of our key observations regarding the emplacement of Upper Cretaceous and Upper Triassic carbonates on top of younger formations
(Locations 1, 2 and 3, 4) are highlighted by orange and white stars, respectively; d) Top-NE extensional inversion of the nappe stack at ~35Ma. The equivalents of
our key observations regarding the localized shearing at stratigraphic contacts (Figs. 4 and 5), the reactivation of top-SW marble mylonite shear zones (Fig. 7a), and
the reactivation of an Early Cretaceous nappe contact are highlighted by orange, white, and purple stars, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. End-members of extensional strain localization; a) Localization of a detachment at the Brittle-Ductile Transition Zone (BDTZ); b) Localization of a de-
tachment at a major inherited weakness zone (e.g. inherited nappe contact or suture zone); c) Distribution of extensional shearing over multiple weak zones
(inherited faults with dashed grey lines), with no major detachment localized due to the lack of linkage between the shear zones.
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heterogeneities (Fig. 11d) which resulted in multiple similarly sized (5-
15m thick) shear zones, but no linkages between them. A similar case
of distributed extension has been reported from the Apennines, where
the W-dipping thrusts of the nappe stack are partially reactivated in
extension as low-angle normal faults. These structures do not link up
with each other to form a major detachment, and individually accom-
modate minor amounts of extension (Keller et al., 1994). Fig. 12c shows
our simple model of such a distributed style of extension which is ac-
commodated largely by layer-parallel shearing along multiple horizons
(minidetachments), and does not result in the formation of a major
detachment due to the lack of linkages between the small shear zones.
We note however, that the amount of extension applied to the system is
certainly crucial. Substantially more extension applied to the nappe
stack of the Northern Sporades would most likely have resulted in the
linkage of the shear zones to form a major detachment, and a related
metamorphic core complex.

5.3.2. The role of structural inheritance in extensional strain localization:
The Aegean example

The formation of detachments may also occur by the extensional
reactivation of major weakness zones such as nappe contacts; examples
have been described from Corsica (Daniel et al., 1996), from the Hi-
malaya (Patel et al., 1993), and from the Aegean (Jolivet et al., 2010).
Identically to detachment localization at the BDTZ, the normal faults
that cut the upper brittle layer of the crust are rooted in a single de-
tachment which controls the exhumation of the footwall (Figs. 12a and
b). Such highly localized extensional patterns have been described from
the more external Hellenic thrust sheets outcropping on the northern
Cyclades (e.g. Jolivet et al., 2010; Lister et al., 1984) and from Rho-
dopia (e.g. Brun and Sokoutis, 2007; Sokoutis et al., 1993), standing in
contrast with the distributed extensional style of Skiathos and Skopelos.

The Cycladic metamorphic units were exhumed by a top-NE de-
tachment or detachment system, resulting in discrete jumps in the
metamorphic grade between footwall and hangingwall units, and the
exhumation of higher-grade metamorphic rocks compared to the
Northern Sporades. It has been suggested that the localization of the
North Cycladic Detachment was controlled by the major top-SW nappe
contact separating the formations of the Pelagonian (Internal Hellenic)
thrust sheet which did not witness Eocene HP-LT metamorphism from
the Pindos/Cycladic blueschist (External Hellenic) units which followed
an Eocene HP-LT and Oligocene-Miocene HT-LP metamorphic path
(Jolivet et al., 2010 and references therein) (Fig. 11). In contrast, the
internal shortening of the Pelagonian thrust sheet - as observed on
Skiathos and Skopelos - was characterized by a more distributed
thrusting pattern – due to the multiple weak zones in the upper crust -
accommodating the shortening on multiple smaller thrusts, hence not
producing one prominent rheological weakness zone in the crust. Thus,
the difference in the magnitude and localization of post-orogenic, top-
NE, extensional shearing between the northern Cyclades and the
Northern Sporades may originate in the different distribution of the
preceding shortening.

In case of Southern Rhodopia, a highly localized, opposite-sense,
top-SW extensional detachment (Kerdylion detachment) controlled the
exhumation of a metamorphic core complex consisting largely of am-
phibolite facies gneisses, marbles, micaschists, and migmatites (Brun
and Sokoutis, 2007; Brun and Sokoutis, 2018; Dinter and Royden, 1993;
Sokoutis et al., 1993). The reason for the opposite sense of the Kerdy-
lion detachment is yet to be thoroughly investigated, but a possible
explanation has been proposed by Jolivet et al. (2018). The authors
argue, that back-arc basins opened by slab rollback (such as the Ae-
gean) are subjected to large-scale simple shear induced by the faster
trenchward flow of the mantle below the weak crust of the upper plate.
The shearing is becoming more effective as the core complexes evolve
due to the increasing area affected by the basal drag, and might result in
a temporal switch between dominant detachment kinematics; from top-
SW (Rhodopia) to top-NE (Cyclades) in case of the Aegean (Jolivet

et al., 2018). In addition to this, we suggest, that the opposite sense of
the Kerdylion detachment might also be influenced by structural in-
heritance. In contrast with the Adria-derived tectonic units, Rhodopia
was subjected to a change in subduction polarity, from SW-dipping
during the Jurassic and Early Cretaceous to NE-dipping during the Late
Cretaceous – Paleogene (e.g. Jahn-Awe et al., 2010). The former SW-
dipping subduction resulted in the formation of major top-NE thrusts
which produced a penetrative SW-dipping fabric in the rocks (Bonev
and Stampfli, 2003; Okay et al., 2001; Schmid et al., 2019). These
structures might have controlled strain localization during the Eocene
extension and localized the main detachment along a SW-dipping pre-
existing weak zone.

5.4. Late-stage brittle extension

The initial geometry of the normal faulting linked to the flat-lying
decoupling horizons was characterized by asymmetric, predominantly
northerly-dipping fault sets which often have been rotated (Figs. 4, 5,
and 10d). However, following the further exhumation of the rocks,
more symmetric (both northerly and southerly dipping) normal faults
formed, most of which have not been substantially rotated based on
their dip angle (Fig. 8), and accommodated map-scale extensional de-
formation (Figs. 1 and 9). Widespread normal faulting and related de-
velopment of Neogene basins in the Aegean has been attributed to the
acceleration of slab-rollback from ~15Ma, possibly induced by the
tearing of the Hellenic slab (Brun and Sokoutis, 2010; Brun et al.,
2016). We suggest that the majority of non-tilted, symmetric normal
fault sets on Skiathos and Skopelos are related to this accelerated phase
of extension during the Neogene. This idea is supported by the thick
(possibly up to 6 km) Neogene sediments deposited in the North Aegean
trough north of Skopelos (Beniest et al., 2016; Jongsma, 1975; Mascle
and Martin, 1990) (Fig. 1). The small-scale faults (up to a several meters
of displacements) have a highly varying orientation with no clear evi-
dence for overprinting relations between the differently oriented sets,
thus making a paleostress analysis of the faults pointless (Fig. 8). The
two main sets (NW-SE trending and NE-SW trending) of small-scale
normal faults imply perpendicular extensional directions, corre-
sponding to trench-perpendicular (~NE-SW) and trench-parallel
(~NW-SW) directions in reference to the Hellenic subduction zone. It
has been suggested that trench-perpendicular extension driven by
trench retreat and trench-parallel extension driven by the opposite-
sense rotation of the eastern and western Aegean are of comparable
magnitude (Hinsbergen and Schmid, 2012). Trench-parallel extension
resulted in the enhanced thinning of the South Aegean nappe stack,
however, its effect must have been much less in the North Aegean
where oroclinal bending was not as pronounced (Hinsbergen and
Schmid, 2012). Our maps and cross sections show that the majority of
the map-scale faults (minimum a few tens of meters of displacement)
are oriented roughly NW-SE on Skiathos and Skopelos, supporting the
idea that trench-perpendicular extension has been predominant in the
area of the Northern Sporades (Figs. 1 and 9). However, the presence of
numerous NE-SW trending small-scale faults (Fig. 8) suggests that the
second and third principal stress axes (σ2 and σ3) had roughly the same
magnitude for a period of time, allowing the switch from NE-SW to NW-
SE oriented σ3.

6. Concluding remarks

We presented a case study on how strain is distributed within a
major upper crustal nappe (Pelagonian thrust sheet), from the initial
stages of tectonic burial to the extensional exhumation of the forma-
tions. Detailed structural analysis on two islands (Skiathos and
Skopelos) supplemented by 40Ar/39Ar dating of key shear zones led to
the following conclusions:

- The Northern Sporades display several thin thrust sheets consisting
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of shallow upper crustal formations. Our structural mapping re-
sulted in the definition of two thrust contacts on Skiathos that are
reported here for the first time.

- Thrusting predominantly took place by ductile top-SW shearing
under low-grade metamorphic conditions, localized in weak calcite
marble layers within the Upper Cretaceous and Upper Triassic car-
bonates at ~55Ma. We show that the rheological heterogeneity
defined by the pre-shortening stratigraphy is key in understanding
strain localization during the tectonic burial of the continental
upper crust. The multiple decoupling levels in the upper crust of the
Northern Sporades resulted in distributed top-SW thrusting, i.e. the
formation of thin, small-scale nappes.

- Our kinematic and timing constraints support model implications
suggesting that extension initiated following the Early Paleogene
accretion of the Pelagonian upper crust to Eurasia (e.g. Brun and
Faccenna, 2008).

- Extensional inversion of the nappe stack initiated by opposite-sense,
generally top-NE, ductile shearing, which localized at inherited
heterogeneities such as reverse-sense shear zones and stratigraphic
contacts at ~35Ma. The dense network of northerly-dipping, in-
herited weakness zones resulted in a highly distributed pattern of
ductile extensional deformation (layer-parallel shearing). The shear
zones did not link up with each other and consequently no major
extensional detachment formed. We argue that the contrasting dis-
tribution and kinematics of post-orogenic extension in the different
regions of the Aegean (Cyclades, Northern Sporades, and Southern
Rhodopia) was influenced by structural inheritance.

- Ductile top-NE shearing was gradually replaced by semi-brittle
shearing and normal faulting attesting to the extensional exhuma-
tion of the rocks. Dominantly northerly dipping normal faulting
linked to the northerly dipping decoupling levels was later replaced
by more symmetric normal faulting. The orientation of normal faults
suggests variable extensional directions (mainly trench-perpendi-
cular and trench-parallel), with the predominance of NE-SW, trench-
perpendicular extension.
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