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Abstract
The geometry of large-scale extensional deformation in the southwestern Cyclades archipelago is a controversially discussed 
issue. Recent studies suggest a bivergent (i.e., coeval top-to-the-S and top-to-the-N shear) geometry of early Miocene 
extensional deformation. On Sikinos Island, top-to-the-S shear structures in the Cycladic basement are overprinted by a 
prominent ductile-to-brittle top-to-the-N extensional shear zone in the Cycladic basement at its contact with the tectoni-
cally overlying passive-margin sequence of the Cycladic Blueschist Unit. Hitherto, the top-to-the-S shear structures have 
been related to thrusting of the passive-margin sequence onto the Cycladic basement. Rb–Sr multimineral dating constrains 
the age of retrograde, lower greenschist-facies top-to-the-S shearing at 23.20 ± 0.25 Ma. This age is identical to published 
40Ar/39Ar ages of ~ 23 Ma for a lower greenschist-facies top-to-the-S extensional shear zone on nearby Folegandros Island. 
Therefore, an interpretation of the top-to-the-S shear zone in the Cycladic basement of Sikinos as resulting from extensional 
deformation is consistent with the regional scale context of crustal extension invoked for the Cyclades in the early Miocene. 
On Folegandros Island, top-to-the-S extension occurs at the top of the passive-margin sequence of the Cycladic Blueschist 
Unit, whereas on Sikinos  coeval top-to-the-S extension occurs near the top of the underlying Cycladic basement. Our new 
Rb–Sr age of ~ 23 Ma indicates that top-to-the-S fabrics reflect the earliest Miocene extensional structures. They are inti-
mately related to the top-to-the-N extensional structures forming an early Miocene bivergent extensional hinge zone at the 
southern end of the Cyclades archipelago.

Keywords  Structural mapping · Rb–Sr geochronology · Extensional deformation · Cycladic Blueschist Unit · Sikinos 
Island · Cyclades · Greece

Introduction

The Cyclades archipelago in the central Aegean Sea (Fig. 1) 
is a remarkable example of large-scale lithospheric extension 
above the retreating Hellenic subduction zone (Jolivet and 
Brun 2010; Ring et al. 2010; Grasemann et al. 2012) since 
the early Miocene (~ 23 Ma) (Büttner and Kowalczyk 1978; 
Kuhlemann et al. 2004; Glodny and Ring 2022; Bakowsky 
et al. 2023). At the northern periphery and in the central 

Cyclades, the geometry of extension is distinctly asymmet-
ric with a top-to-the-N shear sense resolved on ductile and 
ductile-to-brittle extensional shear zones (Avigad and Gar-
funkel 1991; Lee and Lister 1992; Gautier and Brun 1994; 
Ring et al. 2003; Kumerics et al. 2005; Brichau et al. 2006, 
2007, 2010; Jolivet et al. 2010) (Fig. 1, 2).

In the southwestern Cyclades, the geometry of exten-
sional deformation is more complicated. Ring et al. (2011) 
studied top-to-the-S extensional shear zones within the 
lower parts of the Cycladic Blueschist Unit (CBU), mainly 
between its passive-margin sequence and the contact to the 
underlying basement, and summarized the structures as the 
South Cycladic Detachment. Subsequently, Grasemann et al. 
(2012) lumped top-to-the-S extensional structures near the 
top of the CBU and its contact with overlying tectonic units 
(Fig. 2) as the West Cyclades Detachment. All these detach-
ments are typical core-complex-style structures (cf. Lister 
and Davis 1989) characterized by mylonitic deformation in 
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Fig. 1   Aegean tectonic map with major tectonic zones and cross sec-
tion with major extensional detachment systems. The simplified cross 
section shows the basin and horst structure of Aegean, which at the 
Aegean-wide scale appears rather symmetric, with the asymmetric 
Cyclades horst being dominated by top-N extensional detachments. 
Also shown are outcrops of the Cycladic basement (red) in the central 
and southern Cyclades (note that the basement on Naxos is disputed, 
see text). NCDS North Cyclades Detachment System, ISDS Ikaria-

Samos Detachment System, NPDS Naxos-Paros Detachment System, 
VD Vari Detachment, NID North Ios Detachment, S/WCDS South/
West Cyclades Detachment System, SADS Santorini-Anafi Detach-
ment System, CD Cretan Detachment, SDF Simav Detachment, 
CMCC Central Menderes metamorphic core complex, SMM South 
Menderes Monocline. Base map from GeoMapApp (http://​www.​
geoma​papp.​org) (Ryan et al. 2009)

http://www.geomapapp.org
http://www.geomapapp.org
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a broad, ductile shear zone grading structurally upward into 
subgreenschist-facies to cataclastic deformation directly 
below the extensional detachment.

Despite the dominance of top-to-the-S extensional 
shearing in the southern and western Cyclades, there 
is debate on the tectonic significance of top-to-the-N 

vs top-to-the-S kinematic indicators. The island of Ios 
(Fig. 2) serves as an example to highlight the different 
views. Vandenberg and Lister (1996) suggested initial 
top-to-the-N extension followed by dominant top-to-the-
S extensional shear, the latter mainly being accommodated 
by the South Cyclades Shear Zone/Ios Detachment at the 

Fig. 2   Tectonic map and cross section of the Cyclades. a The tec-
tonic map displays the subdivision of the Cycladic Blueschist Unit 
into the Top-, Middle- and Bottom-CBU nappes. The main exten-
sional detachments (i.e., extensional ductile shear zones overlain 
by subgreenschist-facies to brittle low-angle normal faults) are also 
shown. The open arrows in the map indicate the movement direc-
tions of the upper plate of the extensional detachments according to 
Augier et al. (2015), Avigad and Garfunkel (1989, 1991), Bakowsky 
et al. (2023), Beaudoin et al. (2015), Coleman et al. (2020), Ducha-
rme et  al. (2022), Grasemann et  al. (2012), Jolivet et  al. (2010), 
Kumerics et  al. (2005), Laskari et  al. (2022, 2024), Lee and Lister 

(1992), Ring and Layer (2003), Ring et al. (2011, 2003), Rosenbaum 
et  al. (2007), Scheffer et  al. (2016), Schneider et  al. (2018), Soukis 
and Papanikolaou (2004), Thomson et  al. (2009) and Vandenberg 
and Lister (1996). b The cross section illustrates the asymmetry of 
the Cyclades horst as expressed by the prominent top-N extensional 
detachments, and that the extensional structures are subparallel to 
the earlier thrusts. The bold vertical arrows show that the extensional 
structures are associated with a distinct component of vertical short-
ening. Abbreviations as in Fig. 1, except VIA in the legend = Vardar–
Izmir–Ankara
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south end of Ios (Vandenberg and Lister 1996; Thomson 
et al. 2009; Mizera and Behrmann 2016). Huet et al. (2009) 
claimed that top-to-the-S shear is related to thrusting, not 
extension, and that the latter was exclusively top-to-the-N 
directed. Thomson et al. (2009) took this discussion a step 
further by directly dating deformation structures. Their 
data indicate that top-to-the-S and top-to-the-N ductile 
extension were largely coeval at 18 ± 1 Ma. A finite-strain 
study by Mizera and Behrmann (2016) in the joint footwall 
of both extensional systems also concluded that extension 
has a bivergent (i.e., coeval top-to-the-S and top-to-the-N 
shear) deformation geometry and was characterized by a 
distinct component of vertical shortening.

Radiometric dating of top-to-the-N and top-to-the-
S deformation fabrics might help to shed more light on 
the tectonic significance of the shear-sense indicators. 
In line with this, Bakowsky et al. (2023) studied lower 
greenschist-facies (< 415–395  °C) top-to-the-S exten-
sional structures between the CBU in the footwall and 
the Pelagonian Zone in the hanging wall, the Folegan-
dros Detachment (Fig.  2). 40Ar/39Ar white-mica ages 
were interpreted to date the onset of top-to-the-S exten-
sion at ~ 23  Ma. Bakowsky et  al. (2023) also mapped 
top-to-the-N extensional structures and inferred that they 
overprinted the top-to-the-S structures (their Fig. 9). On 
Sikinos Island between Folegandros and Ios, Ring and 
Glodny (2021) similarly reported top-to-the-N and top-
to-the-S extensional structures in the Cycladic Blueschist 
Unit and suggested that they formed largely coevally dur-
ing pronounced extension-related flattening deformation. 
Ring and Glodny (2021) proposed that bivergent extension 
defines an extensional hinge zone, i.e., a joint footwall of a 
bivergent low-angle extensional fault system, that resulted 
in up to ~ 40% of vertical shortening, an amount that is 
similar to that reported by Mizera and Behrmann (2016) 
from Ios Island.

In this article, we revisited top-to-the-S and top-to-the-N 
shear-sense indicators at the contact between the basement 
and the tectonically overlying passive-margin sequence of 
the CBU on Sikinos Island. The top-to-the-S structures 
were hitherto understood to be due to thrusting (Gupta and 
Bickle 2004; Augier et al. 2015; Ring and Glodny 2021). 
However, the top-to-the-S structures did not all form at the 
same metamorphic grade. This is evidenced in the field by 
garnets, which are either pristine in asymmetric deforma-
tion structures or show different degrees of chloritization. In 
the Cyclades, asymmetric strain shadows around chloritized 
(i.e., destabilizing) garnet forming at lower greenschist-
facies conditions (< ~ 390–350 °C) (e.g., Kleine et al. 2014; 
see also Peillod et al. 2017, 2021a, b; Laurent et al. 2018) are 
typically related to extensional shearing. We dated one of the 
retrogressive top-to-the-S structures by the Rb–Sr method 

and discuss implications of the age data for the geometry of 
extensional deformation in the southern Cyclades.

Setting

Hellenide orogen

The Hellenides are an arcuate orogen stretching from 
mainland Greece across the Aegean Sea into western Tur-
key (Fig. 1). They formed, and still form, to the north of 
the Hellenic trench, along which NNE-ward subduction 
of the African plate beneath Eurasia is accommodated. 
The Aegean Sea transect of the Hellenide orogen has been 
shaped by the retreat of the Hellenic subduction zone (e.g., 
Jolivet et al. 2015).

The general architecture of the Hellenides in Greece 
reveals that the tectonic units are north dipping, i.e., the 
orogen youngs southward and can be subdivided from 
top (north) to bottom (south) into: (1) The Rhodope–Bal-
kan–Sakarya Zone, (2) the Vardar–Izmir–Ankara Zone, (3) 
the Pelagonian–Lycian Zone, (4) the Cycladic Zone, and 
(5) the External Hellenides (incl. the Pindos, Tripolitza and 
Ionian zones) (Dürr et al. 1978; Jacobshagen et al. 1986) 
(Fig. 1). The Cycladic Zone is important for this article.

The dominant rock unit of the Cycladic Zone is the 
CBU (Fig. 2), which represents stretched continental frag-
ments of the Adriatic Plate. The major lithotectonic mem-
bers of the CBU are in structurally descending order: (i) 
A mélange-like assemblage of ophiolitic rocks and gar-
net-mica schist embedded in a serpentinitic chlorite-talc 
schist matrix (Okrusch and Bröcker 1990; Ring et al. 1999; 
Bröcker et al. 2014). (ii) A Permo-Carboniferous to latest 
Cretaceous passive-margin sequence composed of marble, 
metapelite, quartzite and metabasite. The bottom parts of 
this section have been intruded by Triassic granitoids (Reis-
chmann 1998; Ring et al. 1999; Poulaki et al. 2019). (iii) 
An early Paleozoic to Carboniferous (Cycladic) basement 
(Reischmann 1998; Flansburg et al. 2019), consisting mainly 
of orthogneiss and garnet-mica schist (Ring et al. 1999) 
(Fig. 2). A review of geochronologic data by Glodny and 
Ring (2022) showed that these three lithotectonic units are 
imbricated with each other and define the Top- Middle- and 
Bottom-CBU nappes. The Top-CBU Nappe (which includes 
the ophiolites) was accreted first at ~ 55–45 Ma. The Top-
CBU Nappe was exhumed in an extrusion wedge while the 
underlying Middle-CBU-Nappe was underthrust and high-
pressure (P) metamorphosed at ~ 45–34 Ma. Subsequently, 
the Bottom-CBU Nappe (which includes the Cycladic base-
ment) was underthrust and underwent high-P metamorphism 
at ~ 34–28 Ma, while the Middle-CBU nappe was exhumed 
(Peillod et al. 2024). The close proximity of underthrusting 
of one CBU nappe and the exhumation of the overlying one 
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in extrusion wedges shows that the contacts between the 
nappes were early thrusts that were reactivated as a low-
angle normal shear zones (cf. Glodny and Ring 2022).

The Cycladic basement as part of the Bottom-CBU 
Nappe experienced lower-grade high-P metamorphism than 
the CBU passive-margin sequence above (Franz et al. 1993; 
Gupta and Bickle 2004; van der Maar and Jansen 1983; 
Grütter 1993). Because the high-P rocks of the passive-
margin sequence are tectonically above the lower-grade 
high-P rocks of the Cycladic basement, the contact must 
have been an early thrust (Huet et al. 2009; Peillod et al. 
2017) that was reactivated in many places by top-to-the-N 
and top-to-the-S extensional shearing (Vandenberg and Lis-
ter 1996; Thomson et al. 2009; Augier et al. 2015) resulting 
from subduction-zone retreat (Jolivet et al. 2010; Ring et al. 
2010). An alternative view by Vanderhaeghe (2004), Van-
derhaeghe et al. (2007), Martin et al. (2006) and Scheffer 
et al. (2016) envisages that thermal relaxation of orogenic 
crust following high-P metamorphism transposed (and not 
reworked) the CBU during exhumation, the latter of which 
was related to gravitational collapse.

The CBU in the footwalls of the Cycladic exten-
sional detachments was intruded by S- and I-type plutons 
between ~ 17 and ~ 11 Ma (Altherr et al. 1982; Bolhar et al. 
2010, 2012; Lamont et al. 2023) during a regionally wide-
spread greenschist-/amphibolite-facies metamorphic event 
at ~ 23–11 Ma (Wijbrans and McDougall 1988; Bröcker et al. 
1993, 2013; Kumerics et al. 2005; Cao et al. 2017; Beaudoin 

et al. 2015; Bolhar et al. 2017; Ring et al. 2018). Supra-
detachment sediment deposition above the CBU commenced 
in the early Miocene (Angelier et al. 1978; Büttner and Kow-
alczyk 1978; Rösler 1978; Dermitzakis et al. 1980; Böger 
1983; Sánchez-Gómez et al. 2002; Kuhlemann et al. 2004).

Geology of Sikinos Island

Sikinos Island is entirely made up of rocks of the CBU, 
encompassing the Cycladic basement tectonically overlain 
by the passive-margin sequence (van der Maar 1981; van 
der Maar and Jansen 1983; Franz et al. 1993; Avdis and 
Photiades 1999; Gupta and Bickle 2004; Augier et al. 2015) 
(Fig. 3). The boundary between the two units may coincide 
with the Middle-/Bottom-CBU nappe contact, but there are 
no geochronologic data that would support this proposition.

The pre-Permian basement consists of granodioritic 
gneiss and metaaplitic dikes, metavolcanics (mainly meta-
morphosed quartz porphyry), garnet-mica schist and rare 
amphibolite (van der Maar and Jansen 1983; Andries-
sen et al. 1987; Franz et al. 1993). The basement rocks 
are polymetamorphic with Carboniferous metamorphism, 
and an early Tertiary mild high-P stage at 10–12 kbar and 
480 ± 20 °C followed by near-isothermal decompression and 
a greenschist-facies overprint at ≥ 5 kbar and 440–480 °C 
(van der Maar and Jansen 1983; Andriessen et al. 1987; 
Franz et al. 1993; Gupta and Bickle 2004) (Fig. 4). The 
6–7 km thick passive-margin sequence comprises calcitic 

Fig. 3   Geologic-tectonic map of 
Sikinos Island with general-
ized NE–SW cross section. The 
white triangles above the base-
ment outcrops indicate the basal 
thrust of the passive-margin 
sequence onto the basement. 
The map shows the localities 
used in the text, the approximate 
trace of the Voudhia shear zone 
(orange line) and the position 
of Fig. 4 (adapted from Augier 
et al. 2015)
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and dolomitic marble, and quartz-albite-mica schist with 
intercalated metabasite lenses (eclogite, blueschist and 
greenschist) with peak P–T conditions of 16–20 kbar and 
480–540 °C) (Augier et al. 2015).

The contact between the Cycladic basement and the over-
lying passive-margin sequence is a matter of debate. At both 
exposures of the basement (Fig. 3), up to ~ 300 m of variably 
deformed granitic gneiss, metavolcanics,  paragneiss and 
garnet‐mica schist are overlain by marble (Franz et al. 1993; 
Avdis and Photiades 1999; Gupta and Bickle 2004; Augier 
et al. 2015). Detrital zircon U–Pb data of samples collected 
from the basement and the passive-margin sequence were 
interpreted to suggest a continuous chronostratigraphic suc-
cession across the contact from the basement to the overly-
ing Permo-Triassic clastic passive-margin sequence strata 

with no evidence for  apparent tectonic breaks across the 
contact (Poulaki et al. 2019).

In contrast, the currently available P–T data suggest a 
distinct break in the metamorphic grade across the contact. 
Despite the fact that different methods have been used for 
obtaining P–T estimates, Franz et al. (1993) and Gupta and 
Bickle (2004) arrived at very similar P–T estimates for 
Alpine high-P metamorphism of the basement. Especially, 
the P estimates show vastly different values for the base-
ment and the overlying passive-margin sequence. A dis-
tinct metamorphic break and a broad zone of mylonitically 
deformed rocks at the contact between the basement and 
the passive-margin sequence led Gupta and Bickle (2004) 
and Augier et al. (2015) to argue for significant displace-
ment between the basement and passive-margin sequence, a 

Fig. 4   Geologic/tectonic map with N–S cross section of the base-
ment/passive-margin sequence contact at Panteleimona Bay. a The 
map shows the main greenschist-facies top-N shear zone in granitic 
gneiss and garnet-mica schist of the basement and subgreenschist-
facies to cataclastic deformation at top of the basement (black line), 
and another prominent top-N shear zone in quartz-chlorite-albite-
mica schist of the passive-margin sequence in the NW. Also shown 
is an older top-S shear zone at the basement/passive-margin sequence 
contact in the W (blue line). The locality of the dated sample SIK20-
16 (36°39′39″N, 27°07′18″E) is shown by a bold, black star (modified 

from Ring and Glodny 2021). Note that SIK20-16 is a garnet-mica 
schist lens in orthogneiss. b The N-S cross section illustrates top-S 
and top-N shear zones in the basement. Near the basement/passive-
margin sequence contact, the top-N shear zone overprints a top-S 
one. c P–T diagram for the Cycladic basement based on data of Franz 
et al. (1993) and Gupta and Bickle (2004) showing approximate met-
amorphic conditions of the upper and lower greenschist-facies defor-
mation structures. d–g Lower-hemisphere stereographic projections 
of the main foliation and stretching lineations in upper, lower, and 
subgreenschist-facies to cataclastic rocks
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view we support (see discussion in Ring and Glodny 2021). 
Accordingly, the contact putting the higher-grade rocks of 
the passive-margin sequence onto the lower-grade basement 
would be a thrust. Assuming a 30° dip angle for this thrust 
and an average rock density of 2700 kg m−3, the P data sug-
gest a displacement of ~ 35–75 km. This large-magnitude 
displacement would support a Middle-/Bottom-CBU nappe 
contact.

Methods

For better understanding structural relationships between 
top-to-the-S and top-to-the-N sense-of-shear indicators in 
the Cycladic basement and its contact with the overlying 
passive-margin sequence, outcrops at Panteleimona Bay 
were revisited. We also collected sample SIK20-16 from a 
top-to-the-S shear zone in the Cycladic basement for radio-
metric dating. We employ the Rb–Sr internal-mineral-isoch-
ron approach for isotopic dating of metamorphic mineral 
growth during ductile deformation/recrystallization. Details 
of the method are outlined in the accompanying Online 
Resource and follow Glodny et al. (2008a) and Glodny and 
Ring (2022). The Rb–Sr system of white mica is thermally 
stable to temperatures > 600 °C for timescales > 10 Ma at 
static, fluid-deficient conditions (Glodny et al. 2008a, b). 
Peak metamorphic temperatures in the CBU are generally 
below 600 °C (Laurent et al. 2018 and references therein), 
indicating that white mica in the lithologies crystallized 
at temperatures insufficient to activate thermal diffusional 
resetting of Rb–Sr ages (see also Cliff et al. 2017). Hence, 
white-mica-based Rb–Sr mineral ages either represent crys-
tallization ages or were controlled by deformation or fluid-
induced metamorphic recrystallization.

Results

Structural mapping across the basement/
passive‑margin sequence contact

At Panteleimona Bay the structural sequence is north dip-
ping (Figs. 4 a-b, 5a). Garnet-mica schist constitutes the 
bottom of the basement outcrop and is imbricated with, and 
overlain by, granitic gneiss. The top of the basement is a 
ductile shear zone that becomes structurally upwards dis-
tinctly brittle in character and forms a prominent subgreen-
schist-facies to cataclastic shear zone (Franz et al. 1993; 
Gupta and Bickle 2004; Augier et al. 2015).

Where the basement/passive-margin sequence con-
tact is about N-S striking, a first set of structures is pre-
served (Fig.  4a) (Gupta and Bickle 2004; Augier et  al. 
2015; Ring and Glodny 2021). Garnet in these structures 

does not show any chloritization and asymmetric strain 
shadows contain white mica and quartz. Potassium feld-
spar in the foliation planes in granitic gneiss is recrystal-
lized implying T ≥ 450 °C (Pryer 1993). These structures 
affect all rock types, including metaaplitic dikes and the 
metavolcanics. The latter do not show any evidence of the 
Variscan metamorphic overprint reported by van der Maar 
(1981) and Franz et al. (1993) suggesting that these struc-
tures are Tertiary in age and probably formed close to or 
slightly after the reported P–T maximum of 10–12 kbar and 
480 ± 20 °C (Fig. 4c). As we do not have control over meta-
morphic pressure in the field, we refer to these structures as 
structures in upper greenschist-facies rocks in Fig. 4. On a 
variably oriented foliation (Fig. 4d), a N-S-trending stretch-
ing lineation developed (Fig. 4e). Asymmetric lozenges of 
less-deformed rock, S-C structures and asymmetric strain 
shadows around plagioclase and garnet provide a top-to-
the-S sense of shear (Figs. 5b, 6a–c) (see also Gupta and 
Bickle 2004).

There is a second set of shear-sense indicators associ-
ated with partially to strongly chloritized garnet, referred 
to as structures in lower greenschist-facies rocks in Fig. 4. 
The shear sense is also top-to-the-S, but the strain shadows 
include chlorite in addition to white mica, albite and quartz. 
Potassium feldspar and plagioclase do not recrystallize in 
the retrograde top-to-the-S structures. Despite the variable 
retrograde overprint, the orientation of the foliation and the 
associated stretching lineation remains the same. Because 
the shear-sense indicators formed during retrograde meta-
morphism, they must have formed after the first set of upper 
greenschist-facies structures; however, no overprinting 
relationships have been observed. Gupta and Bickle (2004) 
reported late chlorite-filled shear bands at low angles to 
the main foliation and inferred that they developed during 
exhumation. Some outcrops show coeval top-to-the-S and 
top-to-the-N shear-sense indicators (e.g., Fig. 9d in Ring 
and Glodny 2021).

North and especially east of the N-S striking basement/
passive-margin sequence contact, the basement rocks form 
a 70–80 m thick mylonitic shear zone (Gupta and Bickle 
2004). The foliation in the shear zone is shallowly north 
dipping and the stretching lineation has the same trend as 
the stretching lineations around pristine and partially chlo-
ritized garnet (Fig. 4a, e, f). In garnet-mica schist, garnet 
is commonly thoroughly chloritized. Shear-band structures 
and asymmetric folds with axes subparallel to the stretch-
ing lineation are common. The shear sense is top-to-the-
N (Fig. 6d). Granitic gneiss grades into quartz-feldspar 
mylonite (Fig. 6e) and metaaplite dikes are rotated into con-
cordance with the mylonitic foliation. In orthogneiss, seric-
ite growth controlled by deformation-assisted breakdown of 
potassium feldspar defines the mylonitic foliation. Mylo-
nitic deformation results in the development of deformation 
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lamellae in quartz, albite flame growth in potassium feld-
spar, and pronounced sericitization of plagioclase (Gupta 
and Bickle 2004). Clinozoisite becomes unstable in asym-
metric top-to-the-N structures (Fig. 6f). In metavolcanics, 
white mica wraps around deformed quartz and microcline 
porphyroclasts, also indicating a top-to-the-N shear sense.

The actual contact of the Cycladic basement with mar-
ble of the passive-margin sequence is characterized by 
pronounced subgreenschist-facies to cataclastic deforma-
tion (Gupta and Bickle 2004; Augier et al. 2015; Ring and 
Glodny 2021) associated with an N-S-trending stretching 
lineation (Fig. 4g). In granitic gneiss, low- and high-angle 
shear bands provide a top-to-the-N shear sense (Fig. 6g, h), 

although some conflicting kinematic indicators occur as 
well.

Above the marble at the bottom of the CBU, a 30–40 m 
thick shear zone developed within lower greenschist-facies 
quartz-chlorite-albite-mica schist (Fig. 4a, b). Kinematic 
indicators associated with a subhorizontal, mylonitic folia-
tion provide a consistent top-to-the-N shear sense (Fig. 5c, 
d).

Rb–Sr data

Based on microtextural criteria, sample SIK20-16 was 
selected for Rb–Sr multimineral dating. The sample is a 

Fig. 5   Field photographs from the Cycladic basement. a Annotated 
photo of the basement/passive-margin sequence contact at Pantalei-
mona Bay showing granitic gneiss and garnet-mica schist of the base-
ment tectonically overlain by marble. Two N-dipping normal faults 
and a top-N shear zone (green) in quartz-chlorite-albite-mica schist 
are also shown. Note that geographic directions are distorted because 

of the panoramic image. b S-C fabric in felsic metavolcanic rock indi-
cating top-S sense of shear (36°39′36″N, 25°07′17″E). c Top-N shear 
bands in chlorite-mica-albite schist near the base of the passive-mar-
gin sequence. d Asymmetric quartz boudin in the same rock type as 
in c (photos c, d near 36°39′52″N, 25°07′16″E)
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garnet-mica schist composed of garnet, white mica, quartz, 
potassium feldspar, plagioclase, albite, chlorite and acces-
sory minerals (Fig. 7a). Some garnet is chloritized along the 
rims and in strain shadows (Fig. 7b), while in other parts 
of the thin section garnet is more strongly chloritized. The 
white-mica fabric contains fine, black interlayers composed 
of chlorite and quartz-albite aggregates that were myloniti-
cally deformed during top-to-the-S shear (Fig. 6b, c). The 
Rb–Sr mineral data of the mylonitically deformed miner-
als date recrystallization and thus fabric formation in this 
sample (cf. Inger and Cliff 1994; Freeman et al. 1997; Egli 
et al. 2016).

Regression of Rb–Sr data of three white mica grains-size 
fractions, apatite and a titanite + zircon concentrate provides 
a well-defined five-point isochron age of 23.20 ± 0.25 Ma 
(MSWD = 2.3; 2σ errors; Fig. 8). The three white-mica 
grain-size fractions show a tight cluster. Small white mica 
grains (200–160 μm grain-size fraction in Fig. 8) grow-
ing from feldspar into the strain shadows provide the same 
apparent ages as larger white mica that wrap around feld-
spar grains. Therefore, the age of 23.20 ± 0.25 Ma is best 
interpreted as constraining full recrystallization (isotopic 
homogenization) of the fabric during ductile mylonitization 
at lower greenschist-facies metamorphic conditions during 
top-to-the-S shearing in the Cycladic basement.

Discussion

Regional correlations

The footwall of the contact between the basement and 
passive-margin sequence of the CBU on Sikinos Island is 
characterized by a ductile-to-brittle top-to-the-N shear zone 
that structurally upwards shows a distinct subgreenschist-
facies to cataclastic overprint. Such a pronounced upward 
increase in brittle deformation of the footwall is typical for 
extensional shear zones in the Cyclades (e.g., Lee and Lis-
ter 1992; Gautier and Brun 1994; Lister and Forster 1996; 
Brichau et al. 2006; Bakowsky et al. 2023).

Top-to-the-S shear on Sikinos Island is generally related 
to thrusting of the passive-margin sequence onto the base-
ment (Gupta and Bickle 2004; Augier et al. 2015). There-
fore, Ring and Glodny (2021) speculated that top-to-the-S 
shearing could be 35–30 Ma in age. Surprisingly, our Rb–Sr 
age indicates that retrograde, lower greenschist-facies top-to-
the-S shear structures formed at 23.20 ± 0.25 Ma. This age 
coincides with the onset of large-scale horizontal extension 
in the Cyclades (see reviews in Ring et al. 2010; Grase-
mann et al. 2012; Glodny and Ring 2022), and also with the 

inception of top-to-the-S extensional deformation on Fole-
gandros Island (Bakowsky et al. 2023). Furthermore, the 
age agrees with the onset of sediment deposition in the early 
extensional basins in the Cyclades (Angelier et al. 1978; 
Büttner and Kowalczyk 1978; Rösler 1978; Dermitzakis 
et al. 1980; Böger 1983; Sánchez-Gómez et al. 2002; Kuh-
lemann et al. 2004). Therefore, we relate the lower green-
schist-facies top-to-the-S structures to reflect extensional 
shearing in the southern Cyclades.

Our well-defined age of 23.20 ± 0.25 Ma from the upper 
Cycladic basement on Sikinos is indistinguishable from 
the recently reported 40Ar/39Ar ages of ~ 23 Ma for a lower 
greenschist-facies top-to-the-S extensional shear zone at the 
contact between the CBU passive-margin sequence and the 
overlying Pelagonian Unit on Folegandros Island (Bakowsky 
et al. 2023). These authors showed that the top-to-the-S 
Folegandros detachment is cutting structurally downward 
from the Pelagonian/CBU contact to the passive-margin 
sequence/basement contact (their Fig. 9). This geometry 
makes it likely that the Folegandros Detachment laterally 
links up with the top-to-the-S structures at the top of the 
Cycladic basement on Sikinos, and also with the more local-
ized top-to-the-S South Cyclades Shear Zone/Ios Detach-
ment at the passive-margin sequence/basement contact in 
South Ios (Fig. 9). Nonetheless, Bakowsky et al. (2023) 
linked the Folegandros Detachment with the top-to-the-S 
Thira (Santorini) Detachment and proposed that these two 
detachments are linked by a large-scale relay structure. Such 
a scenario demands that the Folegandros Detachment would 
first cut down structural section (Bakowsky et al. 2023, their 
Fig. 9) and then cuts up the structural section again in the 
transport direction to the Pelagonian/CBU passive-margin 
sequence contact on Thira. We suggest that a correlation 
of the top-to-the-S extensional detachments on Folegandros 
and South Ios via the top-to-the-S structures in the Sikinos 
basement appears to be a geometrically more straightfor-
ward solution as in this scenario the extensional detachment 
would simply cut structurally downwards in the transport 
direction.

The actual passive-margin sequence/basement contact 
on Sikinos is a top-to-the-N extensional shear zone. The 
simplest option for regionally correlating this top-to-the-N 
shear zone would be to link it with the North Ios Detachment 
(Fig. 9), which also straddles the passive-margin sequence/
basement contact some 30 km further to the east.

Despite our proposition that retrograde, lower green-
schist-facies top-to-the-S shearing in the upper Cycladic 
basement on Sikinos Island resulted from extensional defor-
mation at ~ 23 Ma, the passive-margin sequence/basement 
contact must have been an earlier thrust that placed the 
16–20 kbar passive-margin sequence on top of the 10–12 



834	 International Journal of Earth Sciences (2025) 114:825–840



835International Journal of Earth Sciences (2025) 114:825–840	

kbar basement. Either the thrust-related structures are 
entirely erased, or, probably more likely, there are two sets 
of top-to-the-S structures with different ages in the Sikinos 
basement. Our work suggests that upper greenschist-facies 
top-to-the-S structures are associated with non-chloritized 
garnet, started to form close to Tertiary peak P–T condi-
tions of 10–12 kbar and 480 ± 20 °C (Franz et al. 1993; 
Gupta and Bickle 2004) and persisted during isothermal 
decompression at temperatures >  ~ 450 °C (Fig. 4c). The 
lower greenschist-facies, extensional top-to-the-S structures 
dated at 23 Ma formed across the Cyclades at temperatures 
of  < ~ 390–350 °C (Kleine et al. 2014) (Fig. 4c). A scenario 
with two sets of top-to-the-S structures would match the 
situation in South Ios, where top-to-the-S thrusting (Huet 
et al. 2009) occurred at 34–32 Ma (Thomson et al. 2009; 
Forster et al. 2020) followed by retrograde lower green-
schist-facies top-to-the-S extensional shearing persisting at 
least until ~ 18 Ma (Thomson et al. 2009).

Extensional hinge zone

The top-to-the-S and top-to-the-N extensional structures on 
the islands of Folegandros, Sikinos and Ios show a biver-
gent geometry, which Ring and Glodny (2021) considered 
an extensional hinge zone (Fig. 9). Thomson et al. (2009) 
and Bakowsky et al. (2023) came to a similar conclusion by 
arguing that the extensional structures on these three islands 
are characterized by opposing kinematics and a high degree 
of coaxial vertical ductile thinning (Mizera and Behrmann 
2016). Bakowsky et al. (2023) also argued that coaxial duc-
tile thinning played a significant role in accommodating 

Miocene extension in the southern Cyclades, corroborating 
earlier quantitative work by Kumerics et al. (2005), Ring and 
Kumerics (2008) and Ring and Glodny (2021).

On Sikinos Island, the actual passive-margin sequence/
basement contact is a distinct top-to-the-N extensional shear 
zone. Both the hanging and footwall of the contact are char-
acterized by a component of coaxial deformation as shown by 
small kinematic vorticity numbers and opposing shear senses 
(Ring and Glodny 2021). On Folegandros Island, the CBU/
Pelagonian Unit contact is a localized top-to-the-S extensional 
shear zone (Bakowsky et al. 2023). It might be that the con-
tacts between the major units (e.g., the contacts between the 
passive-margin sequence and the basement as well as the CBU 
and the Pelagonian Unit) are characterized by more strongly 
non-coaxial deformation, whereas the less mylonitized rocks 
in between the major extensional shear zones deform in a more 
coaxial fashion during large-scale extensional deformation that 
opened up the Aegean Sea basin.

Whatever the partitioning of extensional deformation is, 
top-to-the-N and top-to-the-S shearing occurs in close proxim-
ity with each other (Fig. 9). In the southern Cyclades, the top-
to-the-S shear zones may have been the first to have formed 
and were overprinted by top-to-the-N extensional structures 
(Bakowsky et al. 2023; this study). On Ios Island, top-to-the-S 
and top-to-the-N extension operated in concert at 18 ± 1 Ma 
(Thomson et al. 2009). At the southern end of the Cyclades 
(Thira and Anafi islands), the extensional detachments have 
a monovergent top-to-the-S shear sense (Soukis and Papan-
ikolaou 2004; Schneider et al. 2018; Fig. 9).

At the regional scale, bivergent extension has also been 
reported from the nearby Menderes Massif in westernmost 
Anatolia. Gessner et al. (2001, 2013) showed that the late Mio-
cene Kuzey and Güney detachments of the Central Menderes 
metamorphic core complex (Fig. 1) moved at the same time 
and formed a large-scale syncline in the extensional hinge zone 
due to drag in the footwalls of both detachments.

Conclusions

We showed that top-to-the-S deformation in the Cycladic base-
ment on Sikinos Island occurred at 23.20 ± 0.25 Ma. Our inter-
pretation is that top-to-the-S shearing constraints the onset of 
extensional deformation in the Cyclades and was overprinted 
by top-to-the-N extensional structures. This sequence of 
extensional deformation structures is similar to the geometry 
of extensional deformation on nearby Folegandros Island. At 
the regional scale, the geometry of extensional deformation 
in the southern Cyclades defines an extensional hinge zone.

Fig. 6   Microphotographs illustrating top-S and top-N structures 
in the Cycladic basement. a White mica top-S S-C fabric; sample 
SIK20-17 (36°39′52″N, 25°07′16″E). b, c Sample SIK20-16 showing 
sheared white-mica fabric with asymmetric plagioclase and quartz 
porphyroclasts. White mica recrystallization along S-C planes and 
also in fine, overprinting shear bands (SB), all structures provide 
a top-S shear sense. Note that the fine, dark planes along the shear 
bands and S-C planes are composed of chlorite and very fine-grained, 
intergrown albite-quartz aggregates (locality of sample see Fig. 4). d 
S-C fabric made up by white mica cut by shear bands (dotted, yel-
low line) interpreted to reflect continuous top-N shearing during 
exhumation; sample SIK20-17 (locality see above). e Ultramylo-
nitic quartz-feldspar band with top-N shear bands; sample SIK20-4. 
A few small, new grains around feldspar are interpreted to be due 
to quartz subgrain rotation recrystallization surrounding the feld-
spars (36°39′36″N, 27°07′18″E). f Top-N shear bands associated 
with the breakdown of clinozoisite; sample SIK20-5 (36°39′54″N, 
27°07′34″E). g Same thin section as in e showing late, low and high-
angle top-N shear bands. h Series of top-N shear bands in the direct 
footwall of subgreenschist-facies to cataclastic rocks at the basement/
passive-margin sequence contact; sample SIK24-2 (36°39′41″N, 
25°07′45″E)

◂
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Fig. 7   Microphotographs of dated sample SIK20-16. Plane-polarized images are on the left and cross-polarized ones on the right. a Recrystal-
lized white mica around asymmetric feldspar; top-S sense of shear. b Garnet replaced by chlorite, white mica and quartz

Fig. 8   Five-point Rb–Sr 
isochron of sample SIK20-16. 
The three white-mica grain-size 
fractions show a tight cluster, 
which together with apatite and 
titanite + zircon define an age of 
23.20 ± 0.25 Ma
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Fig. 9   a Summary of extensional deformation at the south end of 
the Cyclades. a The simplified tectonic map shows top-N and top-S 
lower- to subgreenschist-facies extensional shear zones on the islands 
of Folegandros (Bakowsky et  al. 2023), Sikinos (Gupta and Bickle 
2004; Augier et  al. 2015; Ring and Glodny 2021, this study), Ios 
(Vandenberg and Lister 1996; Huet et al. 2009; Thomson et al. 2009) 
and Amorgos (Rosenbaum et al. 2007; Ring et al. 2009; Laskari et al. 
2024), top-N extension on Iraklia Island (Laskari et  al. 2022), and 

top-S extension on Anafi (Soukis and Papanikolaou 2004) and Thira 
Island (Schneider et  al. 2018). The normal faults are according to 
Papadimitriou et  al. (2015). The dark grey line depicts the zone of 
a bivergent extensional system characterized by pronounced vertical 
ductile shortening. b Composite cross section (A–A′–A″) (modified 
from Sowa 1985; Bakowsky et  al. 2023) schematically interpreting 
top-S and top-N extensional structures on the islands of Sikinos and 
Folegandros
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