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Abstract New geological and structural mapping com-
bined with kinematic and amphibole chemistry analyses is
used to investigate the deformation history of the Cycladic
Blueschist Unit (CBU) on Sifnos Island (Cyclades, Aegean
Sea). We concentrate on north Sifnos, an area characterized
by exceptionally well-preserved eclogites and blueschists.
Our data show that the early, main phase (D,) of ductile
deformation in the CBU occurred synchronous with the
transition from prograde to close-to-peak retrograde condi-
tions. This deformation phase took place at middle Eocene
and is related to ESE-directed thrusting that emplaced the
metavolcano-sedimentary subunit over the Marble subunit.
The subsequent exhumation-related (D;) deformation is
characterized by gently NE-plunging folds and NE-directed
contractional shear zones that formed parallel to the axial
planes of folds. NE-directed shearing occurred under blue-
schist and transitional blueschist-/greenschist-facies condi-
tions during late Eocene—Oligocene and caused the restack-
ing of the early nappe pile. We suggest that a mechanism
of ductile extrusion of the CBU in a tectonic setting of
net compression could explain better the recorded exhu-
mation-related deformation than a mechanism of syn- and
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post-orogenic extension. Our new kinematic results in com-
bination with previous works in the Cyclades area reveal a
regional scale change in tectonic transport direction from
(W)NW—(E)SE at Late Cretaceous—middle Eocene to (E)
NE—-(W)SW at late Eocene—Oligocene times. The observed
change in transport direction may be governed by the rela-
tive motion of Africa with respect to Europe during Alpine
orogeny.

Keywords Blueschist - Ductile thrust - Ductile
deformation - Hellenides - High-pressure metamorphism

Introduction

The area of north Sifnos is well known in geological litera-
ture for its extensive exposures of exceptionally well-pre-
served eclogites and blueschists of the Cycladic Blueschist
Unit (Fig. 1a, b) (Okrusch and Brocker 1990; Schliestedt
and Matthews 1987; Avigad 1993). The high-pressure (HP)
rocks were formed during early-middle Eocene in the
course of the Alpine orogenesis in eastern Mediterranean
region (e.g., Maruyama et al. 1996). Works on the struc-
tural evolution of the area are limited (Avigad 1993; Trotet
et al. 2001a), lagging significantly behind numerous petro-
logical and isotopic studies (e.g., Altherr et al. 1979; Mat-
thews and Schliestedt 1984; Evans 1986; Ganor et al. 1989;
Wijbrans et al. 1990; Lister and Raouzaios 1996; Mocek
2001; Trotet et al. 2001b; Schmidicke and Will 2003;
Groppo et al. 2009; Brocker et al. 2013; Dragovic et al.
2015). Undoubtedly, the structural analysis of eclogite- and
blueschist-facies rocks is critically important for unraveling
the deformation history of HP belts from the early, deep
burial stages to subsequent exhumation and thus to retrieve
valuable information for the tectonic processes occurring
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during subduction. Commonly, it is hard, if not impossible,
to detect structural data for the full subduction—exhuma-
tion cycle. The early deformation history is masked by the
polyphase structural overprint, which typically character-
izes metamorphic belts, and the textural and mineralogical
transformations during rock exhumation. In the CBU, the
kinematics associated with the prograde deformation stage
is poorly known. With few exceptions (north Sifnos, Syros,
and south Evia; Fig. 1b), the exhumation-related deforma-
tion and the associated greenschist-facies retrogression
have almost obliterated the early deformation structures/
fabrics (Jolivet et al. 2003). Commonly, the entire tectono-
metamorphic evolution of the CBU is attributed to a single
NNE-dipping subduction zone, which controlled the tec-
tonic evolution of the Hellenides from the Mesozoic until
present (Bonneau 1984; Jolivet and Brun 2010; Ring et al.
2010; Papanikolaou 2013). However, structural data from
well-preserved blueschists in Syros (Ridley 1982, 1986)
and south Evia (Xypolias et al. 2012) indicate (E)SE-
directed thrusting during Eocene HP metamorphism, put-
ting in doubt the previous scenario. Therefore, north Sifnos
provides a unique opportunity to bring new data for the
kinematics of the CBU at the deeper parts of the subduction
zone.

Due to the poor preservation of early structures, most
structural studies in Cyclades have focused on the deforma-
tion associated with the exhumation of the CBU. However,
despite numerous studies over the last decades, there is still
no consensus concerning the exhumation mechanism of the
Cycladic HP rocks, and the time of initiation of back-arc
extension in the south Aegean Sea. The proposed mecha-
nisms can be grouped into two main contrasting modes:
exhumation due to crustal-scale extension and exhuma-
tion under an overall crustal shortening. In the first mode,
the CBU was exhumed in the footwall of a series of shal-
low, NE-dipping extensional detachments. The extensional
detachments formed deep in the accretionary complex dur-
ing Eocene (syn-orogenic stage) and then accommodated
back-arc-related extension in Oligocene—late Miocene
times (post-orogenic stage) (Avigad et al. 1997; Forster
and Lister 2009; Jolivet and Brun 2010). According to this
model, well-preserved eclogites and blueschists, such as
those in north Sifnos, occur in close proximity to the syn-
orogenic detachments (Trotet et al. 2001a). In the second
mode, late Eocene—early Miocene exhumation (ductile
stage) of the CBU occurred within an extrusion wedge
(Xypolias et al. 2003, 2012; Ring et al. 2007). This wedge
is bounded by a subduction-related thrust fault at the base
and an upper crustal-scale normal-sense fault operating
under an overall shortening regime similar to that occurring
in Himalayas (e.g., Hodges et al. 1992; Godin et al. 2006;
Montomoli et al. 2013). The subsequent exhumation (brit-
tle stage) was controlled by Miocene back-arc extension.
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Therefore, these contrasting interpretations clearly indi-
cate the need for more detailed studies of the exhumation-
related structures, to discriminate among the different
modes of exhumation.

In this work, we present a new detailed geological and
structural map of north Sifnos, an area previously mapped
in reconnaissance by Davis (1966) and Matthews and
Schliestedt (1984) (Fig. 1c). The mapping results, in com-
bination with new mesoscale structural, microstructural
and amphibole chemistry analyses, are used to provide
further insights into the tectonometamorphic evolution of
the CBU. We focus on the kinematics at the deep parts of
subduction channel, as well as on the deformation pattern
associated with the ductile-stage exhumation.

Geological framework

The orogenic belt of the Hellenides is developed during
the Alpine orogenesis, following the closure of a series
of Neo-Tethyan oceanic strands and the consequent mul-
tiphase continent—continent collision between Eurasia and
Gondwana-derived fragments (Robertson and Dixon 1984;
Doutsos et al. 1993; Xypolias and Doutsos 2000; Zulauf
et al. 2008; Papanikolaou 2009; Kilias et al. 2010; van
Hinsbergen and Schmid 2012). The Cycladic Massif and its
structurally overlying Pelagonian Zone belong to the Inter-
nal Hellenides. They form a NW-striking belt bordered by
the Pindos and Vardar ophiolitic sutures (Fig. 1a) (Jacob-
shagen 1986; Robertson 2002; Dilek et al. 2007). The Pel-
agonian Zone consists of pre-Alpine basement rocks and
Mesozoic marbles (Mountrakis 1986).

The Cycladic Massif comprises a pile of nappes/units
that were mainly stacked at Eocene and Oligocene times
(Avigad et al. 1997; Xypolias et al. 2003, 2010; Ring et al.
2007). The CBU occupies an intermediate structural posi-
tion within the Cycladic nappe pile and possible represents
a metamorphosed late Paleozoic—Mesozoic succession
which was developed in a passive rift or a back-arc set-
ting (Diirr 1986; Mocek 2001; Keiter et al. 2011; Chat-
zaras et al. 2013). The CBU mainly consists of marbles,
metapelites and metavolcanic rocks. Locally (e.g., Evia,
Andros, Syros), it passes upwards to a metaophiolite bear-
ing and often chaotic metavolcano-sedimentary (MVS)
complex (Keiter et al. 2011; Xypolias et al. 2012). The
metamorphic history of the CBU includes an Eocene (ca.
5040 Ma) eclogite- to blueschist-facies metamorphic
event, overprinted by an early Miocene (ca. 23-21 Ma)
greenschist-facies metamorphism (Brocker et al. 2004;
Katzir et al. 2000; Maluski et al. 1981; Tomaschek et al.
2003). The early Miocene metamorphism increases locally
from greenschist facies up to partial melting, producing
migmatite domes (Kruckenberg et al. 2011 and references



Int J Earth Sci (Geol Rundsch) (2016) 105:2075-2096

2077

' —A o+ 4 o+
a %‘Ilnternal Hellenides + + b
“\\ - _%++++ SMRM+ Alookm_
= + N ——
L. > ‘ B
LZoon N\ -l %
TN A Eo
- \\ - \[ Pelagonian
\ External Zoneo® QsAESGEiAN
Helle.m_d\gsl < .
fey, Vo] =
38N A Eﬁ\\i Cycladic. - -+
% iE \ ) %Q: Massif
. yt % eoe

SifnosV 6@ " 20N

(,j’ Q
7

Eclogite and blueschist (
with marble interlayers

E Main marble with
schist intercalations
I:I Greenschist

R ]

/"

Exhumation-related
sense of shear

Extensional detachment (Brittle)

Extensional detachment

—_ El Plio-Quaternary
extensional deposits
detachment faults Miocene deposits
\ —A Miocene granitoids
\ thrust faults

PELAGONIAN ZONE

==

CYCLADIC MASSIF

Uppermost unit

- Cycladic Blueschist
unit (CBU)

[_]Basal unit
Chora unit

kbar
20

15

10

1 1 1 1
A 200 450 500 550  <C

Fig. 1 a Simplified geological map of the Aegean region showing the
major tectonic units and the position of the Cycladic Massif in the
Internal Hellenides (BFZ Bornova Flysch Zone, LN Lycian Nappes,
MM Menderes Massif, SZ Sakarya Zone, SMRM Serbomacedonian
and Rhodope Massifs). b Simplified geological map of the central—
western part of the Cycladic Massif (WCDS West Cycladic Detach-
ment System). ¢ Geological map of Sifnos Island (after Davis 1966;
Matthews and Schliestedt 1984; Avigad 1993) showing the major lith-
ological subunits and the position of low-angle extensional detach-

ments; exhumation-related sense of shear after Trotet et al. (2001a).
Box indicates the location of the map in Fig. 2. The geological sec-
tion A—A’ shows the structure of the CBU in Sifnos Island; after Avi-
gad (1993) and Trotet et al. (2001a). Inset shows different proposed
P-T paths for CBU in Sifnos [/ Matthews and Schliestedt (1984) and
Schliestedt and Matthews (1987); 2 Groppo et al. (2009); 3 Schliest-
edt (1990); 4 Trotet et al. (2001b); 5 Avigad (1993); 6 Schmédicke
and Will (2003); 7 Avigad et al. (1992)]
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therein). Commonly, the greenschist retrogression becomes
increasingly dominant toward the lower structural levels of
the CBU (Brocker et al. 2004). Greenschist retrogression
is also broadly synchronous with the localization of duc-
tile deformation at the base of the unit (e.g., Xypolias et al.
2003, 2010). The CBU is tectonically emplaced over either
a pre-Alpine crystalline basement (known as Chora unit;
Bonneau 1984) or the Basal unit (Xypolias et al. 2010).
The Basal unit consists of Mesozoic marbles capped by
an early Cenozoic metaflysch (Avigad et al. 1997). Both
Chora and Basal units have been affected by Alpine HP
metamorphism (Franz et al. 1993; Shaked et al. 2000). The
CBU, in turn, is overlain by the Uppermost unit consisting
of Late Cretaceous granitoids, Paleocene amphibolites and
greenschists, and marbles showing no evidence of Alpine
HP metamorphism (e.g., Reinecke et al. 1982).

Geology of Sifnos

The rocks on Sifnos Island belong to the CBU and form
a ca. 2500-m-thick metamorphic pile, which is commonly
subdivided, from structurally highest to lowest, into the
following four subunits (Fig. 1c) (Davis 1966; Matthews
and Schliestedt 1984; Okrusch and Brocker 1990; Avigad
1993). (a) The Upper Marble subunit is composed of cal-
cite and locally dolomite marbles with minor intercalations
of quartzite. Glaucophanites, blueschists and mica schists
are exposed on the top of the subunit. (b) The Eclogite—
Blueschist subunit represents a MVS subunit consisting
of alternations of basic metavolcanic (glaucophanites and
eclogites) and felsic metavolcanic (jadeite—quartz gneisses)
rocks, and interlayers of metasediments (mica schists, cal-
cite schist, quartzites and marbles). (c) The Main Marble
subunit is chiefly made up of calcite marbles. Dolomite
marble interlayers occur mainly at the lower parts of the
subunit, while calcite schists and greenschists with relics of
eclogites and glaucophanites are preserved as intercalations
up to 50 m thick. (d) The Greenschist subunit consists of a
MYVS rock assemblage equivalent to those of the Eclogite—
Blueschist subunit including metasediments, metabasites
and metaacidites of middle Triassic protolith age (Brocker
and Pidgeon 2007). This rock assemblage has been widely
transformed into greenschist-facies rocks. Evidence of an
earlier HP metamorphism is provided by relic eclogite and
glaucophanite lenses.

Several pressure (P)-temperature (T) paths have been
proposed for the metamorphic evolution of the CBU in
Sifnos, which are schematically summarized in Fig. lc.
Generally, peak P-T conditions have been estimated at
450-550 °C and 15-20 kbar (Groppo et al. 2009 and refer-
ences therein), while the thermal peak mineral assemblage
recorded in Eclogite—Blueschist subunit includes garnet,
omphacite, sodic amphibole and paragonite (Schmaidicke
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and Will 2003). The greenschist-facies assemblages equili-
brated at 350450 °C and 6-9 kbar revealing cooling dur-
ing decompression (e.g., Avigad et al. 1992; Schmaidicke
and Will 2003). Schmidicke and Will (2003) emphasized
that Eclogite—Blueschist and Greenschist subunits show no
differences in their retrograde P-T trends revealing a pro-
gressive equilibration from blueschist- to greenschist-facies
conditions rather than retrograde overprint due to a distinct
medium-pressure Barrovian-type thermal event as sug-
gested by others (Wijbrans et al. 1990; Forster and Lister
2005). K-Ar, “*Ar/*’Ar and Rb-Sr phengitic mica ages for
transitional blueschist—greenschist and greenschist-facies
rocks vary from 41 to 19 Ma (Altherr et al. 1979; Wij-
brans et al. 1990; Forster and Lister 2005; Ring et al. 2011;
Brocker et al. 2013). This large age variation is interpreted
to indicate a continuous resetting of the isotopic system,
or mica recrystallization during exhumation and progres-
sive equilibration to greenschist-facies conditions (Brocker
et al. 2013). Isotopic dating of fresh blueschist samples
yielded K-Ar and *°Ar/*°Ar phengite ages of ca. 42-47 Ma
(Altherr et al. 1979; Wijbrans et al. 1990). Sm/Nd ages of
ca. 46 Ma for garnet, grown at 490-550 °C and 22 kbar,
possibly date the peak of HP metamorphism (Dragovic
et al. 2012, 2015).

In terms of deformation history, previous works have
highlighted at least four deformation phases, which affected
heterogeneously the Eclogite—Blueschist and the Green-
schist subunits. Evidence for the first deformation phase is
sparse and expressed in the form of an internal foliation in
pre-tectonic garnet porphyroblasts with respect to subse-
quent deformation (Lister and Raouzaios 1996). The inter-
nal foliation is defined by omphacite, glaucophane, epidote
and mica and possible developed at an early stage of the
eclogite-facies metamorphism (Lister and Raouzaios 1996;
Groppo et al. 2009). The second deformation phase is asso-
ciated with the formation of an Eclogite—Blueschist S,
foliation, which is formed at peak metamorphic conditions
(Lister and Raouzaios 1996; Groppo et al. 2009) or during
the first retrogression stage (Trotet et al. 2001a). Accord-
ing to Trotet et al. (2001a), S, is accompanied by a promi-
nent NE-SW-trending mineral lineation and top-to-the-NE
sense of shear. Lister and Raouzaios (1996) suggest that
the S, foliation was pervasively developed over the island,
but it was strongly disrupted by subsequent deformation
events. Generally, there is consensus that the subsequent
phases of ductile deformation (at least two phases) were
associated with top-to-(N)NE shear sense and caused the
exhumation of rocks from Eclogite—Blueschist to green-
schist-facies conditions (Avigad 1993; Lister and Raou-
zaios 1996; Trotet et al. 2001a). The deformation during
these phases was mainly localized in the Greenschist subu-
nit and was produced NE-SW-trending lineation(s) accom-
panied by penetrative foliation(s) (Trotet et al. 2001a) or an
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axial planar foliation of overturned, NW-trending meso- to
map-scale folds (Avigad 1993). On the basis of this defor-
mation history, it is suggested that syn- and post-orogenic
crustal-scale extension was accommodated by shallow, NE-
dipping detachment faults. These extensional detachments
were active from Eocene (eclogite facies) to Miocene
(greenschist and subgreenschist facies), under a continuum
of top-to-the-NE ductile shear, which led to the progres-
sive exhumation of HP rocks (Fig. 1c; A-A’) (Trotet et al.
2001a; Jolivet et al. 2013). Avigad (1993) proposed that the
contact between the Main Marble subunit and the underly-
ing Greenschist subunit is a brittle, NE-dipping extensional
detachment fault resulting in the juxtaposition of the Eclog-
ite—Blueschist and Greenschist subunits after the green-
schist-facies metamorphism. Recently, Ring et al. (2011)
showed that this extensional detachment is associated
with top-to-the-SSW shearing and limited displacement of
the order of few kilometers since represents the south ter-
mination of West Cycladic Detachment System (Fig. 1b;
Grasemann et al. 2012), which operated at early—middle
Miocene. In turn, Lister and Raouzaios (1996) suggested,
based on metamorphic criteria, that exhumation-related
deformation is associated with the north-directed thrusting
of the Eclogite—Blueschist subunit over the underlying sub-
units. All these interpretations are critically examined on
the basis of new data presented here. Our work adds upon
the previously described deformation history and provides
a detailed analysis of the deformation style of each of the
superimposed phases. Emphasis is given on the nature of
tectonic contacts, as well as on the composition of amphi-
boles that define the major deformation fabrics.

Mapping results and structural evolution

In order to understand the structural architecture of the
CBU in north Sifnos, we carried out detailed geological—
structural mapping. The new map is illustrated in Fig. 2.
In terms of lithology, we have distinguished two main
subunits: the Marble subunit, which includes the above-
defined Upper Marble and Main Marble subunits, and the
MYVS subunit (Figs. lc, 2). It is noted that the Upper Mar-
ble and the Main Marble subunits are unified into a sin-
gle subunit, mainly based on two criteria: (a) there are no
lithological differences between these marble exposures,
and (b) a package of volcanic rocks (the main protolith
of MVS) sandwiched between two pure carbonate lay-
ers, which show no evidence for intrusions, could not be a
primary association but possibly the result of tectonic rep-
etition. Note that the volcanic protoliths of the MVS were
formed in an island-arc setting that evolved to a back-arc
environment (Mocek 2001). Also, the latter criterion is

further supported by structural data presented below (i.e.,
all contacts between the marbles and the MVS subunit are
mylonitic).

The Marble subunit is composed of gray- to white-
colored calcite marbles with dolomite and quartzite interca-
lations. It also includes mappable layers of dolomite mar-
bles with minor intercalations of calcite marbles (Fig. 2).
The dolomitic component increases toward the lower (tec-
tono-) stratigraphic levels of the Marble subunit. Two rock
complexes, which are dominated by glaucophanites and
felsic orthogneisses, respectively, were mapped into the
MVS subunit. The glaucophanite complex consists of gar-
netiferous glaucophanites, garnet—glaucophane schist and
sporadic eclogite bands (continuous or lensoid in shape)
with local interlayers of mica schist and felsic orthogneiss.
The complex of felsic orthogneiss is generally lithologi-
cally homogeneous and is dominated by garnetiferous fine-
grained quartz—albite gneiss with minor concordant inter-
layers of glaucophanite, mainly close to the contact with
the glaucophanite complex. Typically, the contacts between
the two complexes of the MVS subunit are gradational and
blurred. This feature probably reflects original interfinger-
ing between the basic and felsic volcanic protoliths.

Our field-based work on north Sifnos enabled us to
unravel a polyphase deformation history characterized by
three main phases of ductile deformation (D,—D5). All duc-
tile structures/fabrics have been overprinted by (N)NE- and
NW-striking brittle normal faults (Fig. 2). Different genera-
tions of ductile structures/fabrics were distinguished on the
basis of overprinting criteria observed at map to outcrop
scale, differences in structural style and orientation, as well
as relationships between mineral growth and deformation
fabrics. The recognized deformation phases are described
below in a chronological order from older to younger.
The structural data, upon which is based the distinction
of phases, are synthesized in the geological—structural
map (Fig. 2) and the corresponding detailed cross sections
(Fig. 3) depicting the internal structural architecture of the
CBU. Orientation data are summarized in equal-area plots
(Fig. 4).

D,-D, deformation phases: early nappe stacking

Early ductile structures are mainly preserved in compe-
tent lithologies (i.e., eclogite, glaucophanite) and rep-
resented by the S| and S, foliations. The S, foliation can
be locally recognized where it wraps around the hinges of
isoclinal, intrafolial F, folds having been transposed into
a composite S,,, foliation, which is parallel to the F, axial
planes (Fig. 5a, b). S, foliation is mainly defined by the
alignment of glaucophane, omphacite and white mica. At
the microscopic scale, evidence for the early S, fabric is

@ Springer
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Fig. 2 New geological/structural map of the northern part of Sifnos
Island showing the major rock subunits and the structural elements
of the recognized deformation phases in the map area. Lettered sec-

preserved in garnet porphyroblasts, in the form of an inter-
nal foliation defined by the orientation of inclusion trails
(see also Lister and Raouzaios 1996). Our microstructural
observations show that the inclusion trails in garnets are
defined by glaucophane, epidote and mica and quartz and
are commonly straight and oblique to the matrix S, folia-
tion (Fig. 6a, b), revealing intertectonic (in the sense of
Passchier and Trouw 2005) garnet growth with respect to
D, and D, deformation. Few garnets display an internal
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tion A-D refers to the composite cross section in Fig. 3. Locations of
samples (SF6, 7, 9, 11, 13, 16, 21, 25) used for chemical analysis are
also shown

foliation slightly curved at the rims (Fig. 6¢), which implies
that these crystals were possibly syntectonic with respect to
D,, at least during the last stages of their growth.

The D, deformation is mainly expressed by a homogene-
ously developed mylonitic foliation which is defined by the
shape preferred orientation of diagnostic minerals of eclog-
ite-/blueschist-facies metamorphism (garnet, omphacite,
sodic amphibole, paragonite). S, is commonly parallel to the
metamorphic/compositional layering, marked, for example,
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Fig. 4 Stereoplots (lower hemi-
sphere—equal-area projections)
of structural data collected
from both the metavolcano-
sedimentary (MVS) and Marble
subunits showing a S, foliation,
b L, lineation, ¢ F, fold axis, d
S foliation, e L; lineation and f
F; fold axis. MUD multiples of
uniform distribution

to S, foliation

1,2,4,8,14MUD

by alternating eclogite and glaucophanite bands as well
as by intercalated garnet-rich and garnet-poor layers. The
S, typically dips moderately toward northwest (Fig. 4a).
Within the foliation plane, a pronounced mineral-stretching
lineation (L,) plunges gently toward the northwest to west-
northwest with a mean trending 304° (Fig. 4b). The latter
could represent the direction of maximum finite elongation
caused by D,. It is emphasized that the L, orientation was
selectively measured in domains where D, fabrics are unaf-
fected or only slightly affected by the subsequent folding
phase. The L, is easily recognized in the field by the parallel
alignment of columnar and acicular sodic amphibole grains,
which typically have a high aspect ratio. However, there
are also examples where the sodic amphiboles exhibit a

n=91
0.5,1,2,4,6MUD

n=19

o F,fold axis 1,3,5MUD

0,
n=119
1,3,5,7MUD

n=107

oL, lineation *F,fold axis 1,3,5,7MUD

moderate-to-weak shape preferred orientation on S, planes.
In such cases, some sodic amphibole grains lie oblique to
L,, while the majority of the grains are broken and extended
parallel to the L, orientation. This microstructural feature
implies that several of the sodic amphibole grains pre-date
D, (could be related to D,) and/or grew during early D,
stages, and the progressive D, deformation caused mechani-
cal rotation of grains into parallelism with the L, stretch-
ing direction. This NW-SE-oriented ductile stretching also
causes boudinaging of S, foliation forming decimeter-scale
pinch-and-swell structures. The F, fold hinges lie subparal-
lel or at small angles to the L, (Fig. 4c). These isoclinal F,
folds, which occur sporadically in the map area, display a
purely similar geometry with acute shape (Fig. 5a, b).
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Evidence for D, deformation was mainly found at the
lower structural levels of the MVS subunit close to the con-
tact with the underlying marble in Cherronisos and Artimoni
areas (Fig. 2). In these areas, the D, deformation fabrics
are very intensely developed, suggesting that the contact
between the MVS and the Marble subunit marks a syn-
metamorphic D, ductile shear zone (Figs. 3, 5¢). This shear
zone is interpreted as a thrust sense shear zone inasmuch
as it juxtaposes metaigneous rocks over pure marbles, an
association that is not likely to be primary (see Keiter et al.
2004 for a similar interpretation in Syros). Evidence for the
sense of shear during D, deformation is generally scarce at
the outcrop scale due to absence of kinematic indicators. In
turn, several microscopic shear sense indicators such as o-
and d-structures around garnet porphyroclasts (Fig. 6a—c),
shear bands and sigmoid lenses (Fig. 6d) were recognized
in thin sections oriented parallel to L, and perpendicular to
S,. These shear sense indicators indicate a consistent top-to-
the-SE sense of shear during D, nappe emplacement.

D; deformation phase: nappe restacking and refolding

The ductile D; deformation forms the dominant structures
throughout much of the study area. A main D; deforma-
tion feature observed at outcrop scale is a gentle to moder-
ate NW-dipping planar fabric, S;, which disrupts and often
transposes all earlier D,—D, fabrics (Figs. 2, 4d, 5d, e). The
S, is heterogeneously developed and varies in intensity
from a spaced cleavage to a mylonitic foliation. It is com-
monly defined by flattened mineral aggregates (e.g., quartz
and calcite) as well as by pervasive alignment of sodic
amphibole, epidote, white mica and occasionally chlorite
flakes. Developed within the plane of S; is a NE-trending
mineral-stretching lineation, L; (Figs. 2, 4e). L; is typically
defined by the shape preferred orientation of sodic amphi-
bole and epidote columnar crystals in rocks of the MVS
subunit and streaks of mica in impure calcite marble.

The S; foliation is commonly axial planar to outcrop-
and map-scale cylindrical F; folds, which vary in style from
gently inclined to recumbent, and in tightness from open to
isoclinal, although the majority is characterized by close
or tight geometry (Figs. 2, 3, 5a, b, d—f). F; fold axes are
concentrated on the NE and SW quadrants on the equal-
area nets, subparallel or at small angles to the L; lineation
(Fig. 4f). Field observations showed that several meso-
scopic open F; folds are oriented subparallel to L; as well
as several isoclinal F; folds are oriented oblique to L;. This
reveals that the angle of obliquity between the F; hinge lines
and L, lineation seems not to depend on the interlimb angle.

Map-scale F; folds have distinct patterns of long limb—
short limb asymmetry and consistently display a Z-shaped
geometry when they viewed toward the northeast showing SE
vergence (Fig. 3). Mesoscopic F; folds commonly occur as
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Fig. 5 Field photographs showing the structural features of all defor-P
mation phases. a Refolding of an early F, isoclinal fold by gently
inclined F; fold in MVS subunit (Artimoni area). On limbs of F,
appears a composite S;, foliation, which is parallel to the F, axial
planes. b Refolding of an early F, isoclinal fold by gently inclined
F; fold in Marble subunit (Cherronisos area). ¢ Oblique air photo-
graph showing the D, thrust contact, which carries the MVS over the
Marble subunit, and subsequent D5 ductile thrust, which restacks the
early nappe pile bringing the structurally lower Marble subunit over
the MVS subunit (north side of Vroulidia bay); field of view is 300 m
wide. d Typical mesoscopic F; fold with Z-asymmetry that deforms
the MVS subunit rocks, i.e., glaucophanites (blue) and eclogites
(green). The composite S,,; foliation on long limbs of F; fold is sub-
parallel to axial planar foliation (S;) (Road cut section 1 km east
from Vroulidia bay). e Typical mesoscopic F; fold with S-asymmetry
observed in felsic orthogneisses (light brown) and glaucophanites
(blue) of MVS subunit (Road cut section 1.2 km east from Vroulidia
bay). f Map-scale F; fold deforming glaucophanites and felsic orthog-
neisses of the MVS subunit. A composite foliation S,,; appears to be
subparallel to the long limb of F; fold. (Vroulidia area); field of view
is 215 m wide. g Glaucophanite (dark) and felsic orthogneiss (white)
D; mylonites (Road cut section 500 m west from Cape Zilomitis);
notebook for scale. h View of the Psarobitima ductile shear zone (D5)
located at the deeper structural levels of the study area; field of view
is 200 m wide

second-order parasitic folds to map-scale folds, and their ver-
gence is related to their position on the associated first-order
fold structures. Parasitic F; folds exhibit Z-asymmetry (SE
vergence) on long limbs and S-asymmetry (NW-vergence) on
the short limbs of the map-scale folds (Fig. 5d, e). In many
instances, the long limb of mesoscopic F; folds tends to be
thinner compared to broader short limb. The axial planar
foliation (S;) does not bisect the interlimb angle but is sub-
parallel to the long limb (Fig. 5d, f). However, the intersec-
tion between the S, and S; planes is parallel to fold hinges.
The S; clearly transposes the S, foliation within F; hinge
zones and on short limbs, but the degree of transposition var-
ies spatially and depends on the intensity of D, deformation.
On long limbs of many F; folds, both S, and S; are indistin-
guishable from one another due to their coplanarity and there-
fore are considered to form a composite S,/; foliation. Within
such composite S,; foliation planes, the L lineation is com-
monly recognized, revealing that the early S, foliation has
been reused by D; deformation. Note that the term “re-use”
as defined by Davis (1995) “refers to the accommodation of
progressive strain by pre-existing foliations during a subse-
quent deformation.” Moreover, there are also several exam-
ples where S,; planes bear both the L, (NW-trending) and L,
(NE-trending) lineation (Fig. 2). The degree of preservation
of L, and development of L, lineation vary spatially and pri-
marily depend on the intensity of D; deformation.

Strain during D5 phase is heterogeneous and commonly
localized into ductile shear zones of varying scales. Struc-
tural mapping showed that D; shear zones cut across the
axial plane or cut out the inverted short limb of F; folds
(Fig. 3). We have mapped a series of discrete, major Ds
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shear zones, presented in Figs. 2 and 3. The D5 shear zones
carry the Marble subunit over the MVS subunit, transpos-
ing the nappe contact developed during D, phase (Fig. 5b).
These major D5 shear zones are marked by mylonitic pan-
els few tens of meters thick. Mylonitic zones are charac-
terized by a single foliation (S;) and lineation (L;), and

, Psarobitima
hear zo

Marble &
subunit

in individual outcrops commonly display shape fabrics
indicative of S = L or S > L tectonites (Fig. 5g). Locally,
some relict and dismembered isoclinal folds with attenu-
ated limbs are observed within D3 mylonitic zones which
pass diffusely to broad domains of lower strain where tight
F; folds are typical.
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Fig. 6 Photomicrographs of microstructures and kinematic indica-
tors of D, deformation. All sections are oriented parallel to L, line-
ation and normal to S, foliation. a 3-Type garnet porphyroclast with
straight inclusion trails (S,) oblique to the matrix S, foliation in a
glaucophanite; crossed-polarized light. b o-Type garnet porphyroclast
with straight inclusion trails (S;) oblique to the matrix S, foliation
in a glaucophanite; crossed-polarized light. ¢ o-Type garnet porphy-

In all D5 shear zones, both S; and L; fabrics are defined
by the shape preferred orientation of macroscopically visi-
ble, lenticular blue amphibole grains. This reveals that mylo-
nitization occurred or at least commenced under HP condi-
tions. With the exception of a major shear zone located at
the southern part of the map area (Psarobitima area; Figs. 2,
3, 5h), D; mylonites show no or little signs of retrogression
to greenschist-facies conditions. This is manifested by the
presence of well-preserved blue amphibole grains and the
absence of indicative retrograde minerals such as chlorite
and calcic amphiboles parallel to S; fabrics. In Psarobitima
shear zone, which is defined by ca. 50 m thick mylonites of
both Marble and MVS subunits, the earlier D, nappe con-
tact is completely transposed due to intense D5 deformation.
Here, there are many foliation (S;) parallel bands of exten-
sive growth of retrograde mineral assemblages expressed
mainly by the partial replacement of blue amphibole by
albite, chlorite and epidote (see also next section). A static
overgrowth of chlorite locally occurs but is of minor extent.

Analysis of D5 kinematics was focused on major mylo-
nitic shear zones. In these zones, a variety of mesoscopic
and microscopic shear sense indicators such as o- and
d-type porphyroclasts, S/C structures, asymmetric boudins,
domino-type fragmented clasts and mica fish are recog-
nized in mylonitized rocks of the Marble and MVS subunits
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roclast, with internal foliation slightly curved at the rims, indicating
syn-tectonic growth at the late stages of D, (glaucophane schist);
crossed-polarized light. d Sigmoid quartz lense embedded in a blue
amphibole-rich matrix (felsic orthogneiss); plane-polarized light.
Asymmetry of kinematic indicators, in all photomicrographs, indi-
cates top-to-the-SE sense of shear. Abbreviations of minerals: Gln,
Glaucophane; Grt, Garnet; Mc, Mica; Qz, Quartz

(Figs. 2, 7a—f). The majority of these asymmetric indicators
indicate a top-to-the-NE sense of movement. Domains of
lower Dj strain, which display a well-developed D; folia-
tion, are often characterized by coaxial structures and kin-
ematic indicators that record conflicting shear sense within
a single outcrop or lack of clear sense of shear (Fig. 2).

Amphibole composition and deformation fabrics

Eight representative samples from MVS subunit were
selected in order to investigate the composition and the
potential chemical zoning of amphiboles that define the
D, and Dj; fabrics (i.e., foliation and lineation). The pur-
pose of this analysis is to understand whether the syn-kin-
ematic growth of amphiboles in different stretching direc-
tions is linked with prograde or retrograde metamorphism.
The suite of samples includes one glaucophanitic eclogite
(SF25), three glaucophanites (SF6, SF9, SF13), two glau-
cophane schists (SF11, SF21) and two amphibole-bearing
felsic orthogneisses (SF7, SF16). In terms of deformation
fabrics, all samples display a single, penetrative, in part
mylonitic foliation (S, or S;) and bear a well-developed L,
(samples SF6, 11, 13, 25) or L; (samples SF7, 9, 16, 21)
stretching lineation defined by the strong shape preferred
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Fig. 7 Photographs of meso- and microscopic kinematic indicators
for D; deformation phase observed in the Marble and MVS subunits.
a Mesoscopic o-type garnet porphyroclast with asymmetric strain
shadows indicating top-to-the-NE sense of shear; coin for scale (fel-
sic orthogneiss). b Mesoscopic domino-type fragmented dolomitic
clast embedded in mylonitic calcite marble indicating top-to-the-NE
sense of shear; coin for scale. ¢ 3-Type dolomitic clast embedded in

orientation of amphibole needles (Fig. 8). The position of
each sample is shown in the geological map of Fig. 2, while
the geographic coordinates of each sample locality are
given in supplementary material.

Analytical techniques

Analyses of samples were made on polished thin sections
cut parallel to lineation and normal to foliation. The chemi-
cal compositions of amphiboles were determined using a
JEOL-6300 Scanning Electron Microscope at the University
of Patras, under operating conditions of 20 kV accelerating
voltage, 10 nA beam current and 3-5 um beam diameter.
Natural and synthetic standards were used for calibration,
while the measured values were corrected employing the

mylonitic calcite marble indicating top-to-the-NE sense of shear; coin
for scale. d Photomicrograph (plane-polarized light) of o-type garnet
porphyroclast indicating top-to-the-NE sense of shear. The asymmet-
ric strain shadows is consist of albite (Ab), which partially replaces
glaucophane (glaucophane schist). e, f Photomicrographs (crossed-
polarized light) of S/C fabrics in quartz-mica schist indicating top-to-
the-NE sense of shear

ZAF method. Amphibole formulae were calculated consid-
ering the general formula A, ;X,Y5Z50,,(OH), (A and X:
Ca, Na, K; Y: Fe*?, Fe™, Al, Mg, Mn and Ti, all octahe-
drally coordinated; Z: Al and Si, tetrahedrally coordinated)
for 13 cations in the Y and X sites following the proce-
dure recommended by Schumacher in Leake et al. (1997).
Amphibole classification is based on the nomenclatures of
Leake et al. (1997). Representative scanning electron micro-
scope—wavelength dispersive spectroscopy (SEM-WDS)
analyses are given in Table 1.

Amphiboles defining D, fabrics

Blue amphiboles that define D, fabrics occur as idioblastic
or subidioblastic grains and are characterized, in lineation

@ Springer
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Fig. 8 a Photomicrograph (plane-polarized light) of sample SF11
showing glaucophane (Gln) and epidote (Ep) crystals which growth
parallel to S, foliation. Line A shows the path of plot in Fig. 9f. b
Photomicrograph (plane-polarized light) of sample SF11 showing a
large acicular blue amphibole grain which is oblique to S, foliation.
Line B shows the path of plot in Fig. 9f. ¢ Photomicrograph (plane-
polarized light) of sample SF25 showing glaucophane (GIn) crystals
which growth parallel or subparallel to S, foliation. Lines C, DI, D2
show the paths of plots in Fig. 9g. d Photomicrograph (plane-polar-
ized light) of sample SF7 showing zoned boudinaged sodic amphi-
bole defining S; foliation. e Photomicrograph (plane-polarized light)

parallel and foliation normal sections, by mean aspect

ratio (a/b) of 6.8 and mean grain size [(ab)”] of 700 pm,
where a and b are the lengths of the long and short axis

@ Springer

of sample SF16 showing zoned sodic amphiboles which growth
parallel to S; foliation. f Photomicrograph (plane-polarized light) of
sample SF21 showing glaucophane (Gln) grain which growth parallel
to S; foliation and is rimed by magnesioriebeckite (Mrbk). g Photo-
micrograph (plane-polarized light) of sample SF9 showing fractured
sodic amphiboles grains define S; foliation. Winchite (Wnc) and bar-
roisite (Brs) growth at the necks of glaucophane grains. h Backscat-
tered electron microscope image of sample SF9 showing glaucophane
crystal rimed by barroisite (Brs). Geographic coordinates of samples
are given in Table Al. Abbreviations of minerals: Fgl, ferro-glau-
cophane; Omp, omphacite; Rbk, riebeckite

of a grain, respectively (Fig. 8a—c). Some amphibole
grains are fractured perpendicular to their long axis, form-
ing microboudin structures. Although the vast majority of
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Table 1 Representative chemical analyses of amphibole crystals
Mineral® SF6 SF11 SF13 SF25 SF7 SF9 SF16 SF21
Occurrence

Gln Gln Gln Gln Gln Gln Gln Gln Gln Mrbk GIn Brs Fgl Rbk  GIn Mrbk

core  rim core  rim core  rim core  rim core neck core neck core rim core  rim
Oxides (Wt%)
SiO, 5730 57.70 56.43 57.83 56.83 57.89 5691 5723 5735 55.05 57.06 5095 56.71 54.08 5694 5534
TiO, 0.00 0.00 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
Al20, 1098 10.10 10.56 10.55 11.55 1145 1043 1143 1140 288 1051 474 1025 451 1148 6.18
FeO 9.36 10.62 10.55 1194 13.03 10.94 12.82 10.87 13.61 2326 1243 21.05 16.24 2564 1320 19.59
MnO 0.00 0.00 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
MgO 11.54 1090 12.18 955 8.18 939 1021 939 814 834 883 9.62 680 534 869 843
CaO .15 115 1.60 020 000 040 153 068 018 297 000 937 022 205 0.67 1.62
Na,O 698 691 674 754 734 725 674 721 743 565 742 182 737 596 739 642
K,0 0.00 000 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
Total 9731 97.38 98.05 97.61 9693 9732 98.64 96.81 98.11 98.15 96.25 97.54 9759 97.58 9838 97.58
Cations (assuming 23 O; recalculation based on 13eCNK)
Si 782 792 765 796 790 796 7778 793 791 792 798 749 797 792 784 7.86
AlY 0.18 0.08 035 0.04 0.10 0.04 022 007 009 008 002 051 003 008 0.16 0.14
AV 1.58 155 134 167 179 182 146 180 176 041 1.71  0.31 1.67 070 1.70 0.89
Ti 0.00 0.00 0.00 000 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
Fe™3 041 035 077 030 033 017 054 0.13 030 1.18 031 074 029 105 030 099
Fe*? 0.65 087 043 107 118 1.09 093 1.13 127 163 115 185 162 209 122 133
Mn 0.00 000 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
Mg 235 223 246 196 169 193 208 194 167 179 184 211 143 117 178 1.78
Ca 0.17 0.17 023 0.03 000 0.06 022 0.10 003 046 000 148 0.03 032 0.10 0.25
Nag 1.83 183 1.77 197 198 193 177 190 197 154 200 052 197 168 190 175
Na, 0.02 001 000 0.04 000 0.00 001 0.04 001 003 001 000 0.04 002 007 0.01
K 0.00 0.00 0.00 0.00 0.000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00
Total 15.02 15.01 15.00 15.04 1498 1499 15.01 1504 15.01 1503 1501 1499 1504 15.02 1507 15.01

Brs, barroisite; Fgl, ferroglaucophane; Gln, glaucophane; Mrbk, magnesioriebeckite; Rbk, riebeckite

 The classification of amphiboles is based on Leake et al. (1997)

amphiboles are aligned parallel to S, foliation, there are
few grains, often with large grain size, that lie at small
angle to the trace of S, (Fig. 8b). This microstructural fea-
ture implies that grains were grown oblique to S, and pro-
gressively rotated toward parallelism with foliation during
D, deformation. In the analyzed samples, the D, fabrics
are also defined by the shape preferred orientation of white
mica, omphacite and occasionally epidote (Fig. 8a—c).
These mineral phases also occur as inclusions in amphi-
bole grains (Fig. 8a—c).

All analyzed blue amphiboles have the chemical com-
position of glaucophane sensu stricto and Nag content
higher than 1.7 pfu (Fig. 9a; Table 1). The Xy, [=Mg/
(Mg + Fe™?)] generally varies from 0.5 to 0.85 and Xpe+3
[=Fe™3/(Fe™® + AIYD] from 0 to 0.4 (Fig. 9a). Glau-
cophane grains in sample SF6 show fairly narrow ranges
of both Xy;, and Xg.+3 values compared to the other three
samples, while the observed variation of Xy, and Xg.+3

values in sample SF13 seems to be irregular (Fig. 9b, c).
In turn, a weak internal chemical zonation is detectable
in glaucophane grains of two samples (SF11, SF25). This
zonation is mainly expressed by a general decrease in X +3
values from cores to rims across the long axes of individ-
ual grains (Fig. 9d, e; Table 1). It is worth noting that this
trend toward lower Xp_+3 values has been recorded both in
grains oriented parallel to S, foliation and grains slightly
oblique to S,. Analyses also showed variation in Nag con-
tent across the glaucophane grains in samples SF11 and
SF25 (Fig. 9f, g). Specifically, in sample SF11, Nag sys-
tematically increases from ca. 1.75 pfu in the core to ca.
2.0 pfu in the rim of two large glaucophane grains ori-
ented parallel (Figs. 8a, 9f; Line A) and slightly oblique
(Figs. 8b, 9f; Line B) to S, foliation, respectively. A similar
but less pronounced trend toward higher Nay contents in
rims is recorded in two glaucophane grains in sample SF25
(Figs. 8c, 9g).
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Fig. 9 Plots of sodic amphiboles composition defining D, fabrics.
a Summarizing Xy, versus Xp.+s plot that shows the composition of
cores and rims of all analyzed amphibole grains. b Xy, versus Xg.+3
plot showing the composition of sodic amphibole grain in sample
SF13. ¢ Xy, versus Xg.+s plot showing the composition of sodic
amphibole grain in sample SF6. d Xy, versus Xg.+3 plot showing the
composition of sodic amphibole grain in sample SF11. e X, versus

Summarizing, acicular blue amphibole grains that define
D, fabrics have a pure glaucophane composition. The
recorded decrease in Xp.+3 values coupled with increase
in Nag content toward the rims of some grains implies
increase in metamorphic pressure (e.g., Brown 1977,
Laird and Albee 1981) during the syn-kinematic growth of
glaucophane.

Amphiboles defining D; fabrics

Blue amphibole grains that define D5 fabrics are charac-
terized by mean aspect ratio of 7.3 and mean grain size
180 wm. Commonly, the amphibole needles are stretched
and necked forming microboudins parallel to L; and
the trace of S;. The majority of blue amphiboles in fel-
sic orthogneiss (SF7, 16) and glaucophane schist (SF21)
samples display an optical zoning expressed by light blue
cores and thin, often discontinuous deep blue rims and/
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Xpe+3 plot showing the composition of sodic amphibole grain in sam-
ple SF25. f, g Variation in Nag content across representative sodic
amphibole grains in samples SF11 and SF25, respectively; the loca-
tion of analyzed lines A, B, C, D1 and D2 is shown in Fig. 8a—c. The
structural position of samples is shown in Fig. 2, while geographic
coordinates of each sample are given in Table A1l

or edges (Fig. 8d—f). A similar but less pronounced opti-
cal zoning is observed in a glaucophanite sample (SF9;
Fig. 8g). The amphibole cores consist of glaucophane
(Xnmg < 0.7; samples SF7, 9, 21) or ferroglaucophane
(XMg > 0.35; sample SF16) with X +3 less than 0.3 and
Nay content typically higher than 1.85 pfu (Fig. 10;
Table 1). It is worth noting that glaucophane cores are
chemically identical with glaucophane grains defining
D, fabrics (Figs. 9, 10). Rims and edges are commonly
composed of (ferro-) glaucophane with Xg 43 higher
than 0.3 or (magnesio-) riebeckite with Xp.+3 between
0.5 and 0.85, while Nag content varies from 1.8 to 1.5
pfu (Fig. 10; Table 1). In felsic orthogneiss (magnesio-)
riebeckite also occurs as discrete, isolated needles with
small grain size. In the glaucophanite sample, the rims,
edges and necks of Na amphibole are also syn-kinemati-
cally overgrown by Ca—Na amphibole with composition at
the border line between winchite and barroisite (Fig. 8g,
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h). Nay content of Ca—Na amphiboles is low and ranges
between 0.5 and 0.6 pfu (Table 1).

Summarizing, the analyzed Na amphiboles defining
D; fabrics are characterized by a systematic increase in
Xpe+3 values and decrease in Nag content from the cores
to rims and locally are overgrown by Ca—Na amphi-
bole. This zoning pattern reflects decompression dur-
ing amphibole growth (Brown 1977; Laird and Albee
1981). During progressive D; deformation, rocks passed
from the stability field of glaucophane (e.g., Carman
and Gilbert 1983; Evans 1990) to the stability field of
winchite/barroisite (Otsuki and Banno 1990). Moreo-
ver, we can assume that D; amphiboles resulted from
dynamic recrystallization of D, amphiboles and subse-
quently developed the above-described chemical zoning,
based on that: (a) The amphiboles defining D; fabrics
are much smaller than those defining D, fabrics, and (b)
the cores of D; amphiboles are chemically identical to
D, amphiboles.

Comparison with previous analyses

Previous petrological works (Okrusch and Brocker 1990;
Groppo et al. 2009) in north Sifnos have shown that sodic
amphibole grains occurring in eclogites, glaucophanites
and glaucophane schists typically have the chemical com-
position of glaucophane sensu stricto with Xy, between
0.5 and 0.8, and X +3 lower than 0.3. In same lithologies,
we have recorded similar glaucophane composition for
sodic amphiboles, which are oriented parallel to L, line-
ation or occupy the cores of grains that oriented parallel
to L, lineation (Figs. 9a, 10). Also, microprobe analyses
by Okrusch and Brocker (1990) and Groppo et al. (2009)
have revealed that sodic amphiboles in quartzites com-
monly have a riebeckite composition with Xy, between
0.3 and 0.5. Our analyses shown that (magnesio-)
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Fig. 10 Plots of sodic amphibole composition defining D; fabrics.
The structural position of samples is shown in Fig. 2, while geo-
graphic coordinates of each sample are given in Table A1

riebeckite also occurs as discrete and isolated needles
in quartz-rich felsic orthogneisses. It should be noted
that (magnesio-) riebeckite can also occur at the rims
of sodic amphibole grains defining L; in all rock types.
Sodic amphibole grains rimmed by winchite/barroisite in
quartzites have been described by Groppo et al. (2009).
A similar chemical zoning recognized in one of our glau-
cophanite samples (Fig. 10).

Discussion
Synthesis

Restoration of the nappe stack recorded in north Sifnos
(Fig. 3) reveals a pre-D, tectonostratigraphic succession
in which either the MVS subunit is overlain by the Mar-
ble subunit or the MVS and Marble subunits have a lateral
relationship. Although it is difficult to draw a safe conclu-
sion, it seems that the first possibility (Fig. 11a) is more
plausible since a similar tectonostratigraphic succession is
observed in south Sifnos, where the Greenschist subunit,
which in terms of protolith is equivalent to the MVS subu-
nit in north Sifnos, is overlain by the Marble subunit. Note
that the brittle extensional detachment, which defines the
contact between the Main Marble subunit and the under-
lying Greenschist subunit in south Sifnos, is characterized
by limited displacement (Ring et al. 2011) revealing minor
disruption of the primary tectonostratigraphic association.
Therefore, it seems possible that D, ductile deformation
was accomplished by shearing parallel to the layering of
the original tectonostratigraphic succession.

Another critical question is whether the present WNW-—
ESE orientation of transport lineation (L,) is original or
it is the result of reorientation due to overprinting of D,
fabrics by the subsequent D; deformation. On the basis of
the following critical observations, we consider that the
recorded top-to-the-ESE sense of shear reflects the original
transport direction during D,. (a) Kinematic analysis and
measurement of L, orientation were selectively carried out
in domains of low D; deformation. (b) The passive rotation
of L, lineation on long limbs of F; folds is minor inasmuch
as the D; deformation reuses the S, foliation. In such cases,
the L, should retain its original orientation, provided that
D; strain is low. (¢) D, and D; stretching directions are
perpendicular to each other, and hence, D, linear minerals
(e.g., glaucophane) defining L, should be subjected to roll-
ing rather than rotation in orientation during D; deforma-
tion. Undoubtedly, the shape preferred orientation (L,) of
linear minerals is disrupted by syn-D; dynamic recrystal-
lization, but in this case the L, is not recognizable. (d) The
projection of L, on equal-area nets displays limited scatter-
ing of data points and is dominated by a strong maximum
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Fig. 11 Block diagrams showing the tectonometamorphic evolution
of the CBU in north Sifnos. a At the pre-middle Eocene times, the
MYVS subunit was overlaid by the Marble subunit. b Top-to-the-ESE
ductile thrusting (D,) during subduction caused the duplication of the
early tectonostratigraphic succession bringing the MVS subunit over
the Marble subunit at the middle Eocene times. ¢ Development of F;
folds and restacking of the early nappe pile by NE-directed ductile

(Fig. 4b), which is not expected for a strongly reoriented
linear fabric. (e) As discussed below, a similar ESE-trend-
ing lineation has also been recorded in fresh blueschists
cropping out in other Cycladic islands (e.g., Ridley 1982;
Xypolias et al. 2012).

Microstructural observations coupled with amphibole
chemistry analyses show that the syn-kinematic growth
of some large and acicular glaucophane grains that define
D, fabrics is accompanied by a chemical zoning which is
indicative of increasing metamorphic pressures. Thus, it
seems that ESE-directed thrusting (D,) was active during
burial and prograde metamorphism. This cannot exclude
the possibility that D, shearing proceeded to peak meta-
morphic conditions as well as to the very early stages of
the rock exhumation. The latter is reinforced by the fact
that epidote is also strongly aligned parallel to S, folia-
tion in few samples. However, the absence of glaucophane
grains with compositional zoning indicative of decreas-
ing pressures implies that D, deformation was followed
by the subsequent D; deformation phase soon after rocks
reached the maximum subduction depth. Therefore, it is
reasonable to assume that ESE-directed D, thrusting was
broadly synchronous with the transition from prograde to
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shear zones during exhumation at Late Eocene—Oligocene times. d
Generalized pressure (P)-temperature (T) path (dashed line) which
summarizes the proposed P-T paths for the CBU in Sifnos (see inset
in Fig. 1c for details). The potential P-T conditions where the D, and
D5 deformation phases occurred are also shown. The shaded areas
indicate the approximate stability fields of winchite (Wnc) and bar-
roisite (Brs) (after Otsuki and Banno 1990 and references therein)

retrograde path at middle Eocene (Fig. 11b, d) (ca. 46 Ma;
Altherr et al. 1979; Dragovic et al. 2015). This assump-
tion is in accordance with the findings of Lister and Raou-
zaios (1996), who suggested that the S, foliation formed
at the high pressures of the eclogite facies in north Sifnos.
Also, Neubauer and Genser (2004), in a preliminary work,
reported an ESE-trending linear fabric in a massive eclogite
exposure in Cape Zilomitis.

The thrust pile developed during D, was folded by map-
scale recumbent to gently inclined folds, oriented parallel
to NE-SW-trending transport lineation (L), and restacked
by NE-directed large-scale ductile shear zones (Fig. 11c).
Data for the compositional zoning of amphiboles defin-
ing D; fabrics in combination with other deformation/
metamorphism relationships described above provide
clear evidence that D; shearing mainly occurred under
blueschist- and transitional blueschist/greenschists condi-
tions after the growth of peak metamorphic assemblage.
In a major D; shear zone (Fig. 3; Psarobitima shear zone)
located at the lower structural levels, it seems that myloni-
tization locally proceeded to greenschist-facies conditions.
These results reveal that decompression and exhumation
of rocks from blueschist- to greenschist-facies conditions
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Fig. 12 a Simplified geological map of south Aegean region showing
the transport direction from Late Cretaceous to Miocene times. Kin-
ematic data after Ridley (1982, 1986), Vandenberg and Lister (1996),
Collins and Robertson (1998), Forster and Lister (1999), Rosenbaum
et al. (2002a), Rimmel€ et al. (2003), Mehl et al. (2007), Xypolias
et al. (2010), Grasemann et al. (2012), Xypolias et al. (2012), Weisen-

occurred progressively during a single deformation phase
(D;) (Fig. 11c, d). Isotopic dating of phengites from tran-
sitional blueschist—greenschist-facies rocks in north Sifnos
yielded ages ranging between 41 and 30 Ma (e.g., Wij-
brans et al. 1990). Therefore, it is reasonable to assume
that this age spectrum possibly corresponds to the period
of the main activity of D; shear zones in north Sifnos. We
speculate that the Psarobitima shear zone, which is domi-
nated by more strongly retrogressed mylonites, should have
remained active longer, since equilibration to greenschist-
facies conditions occurred at early Miocene. Top-to-the-NE
shearing during ductile-stage exhumation of rocks in north
and south Sifnos has also been proposed by previous works
(Trotet et al. 2001a; Ring et al. 2011). However, we clearly
show that the D; deformation pattern associated with the
top-to-the-NE shearing (Fig. 3) is much more complex than
shearing along the lithological boundaries (Fig. 1b; Trotet
et al. 2001a) including large-scale folding and restacking of
early tectonostratigraphy.

Change in transport direction

An Eocene (W)NW—(E)SE transport direction similar to
that described here for the early tectonic evolution of the
CBU in Sifnos has been recorded elsewhere in Cyclades
area (Fig. 12a). For example, a deformation phase equiva-
lent to D, in Sifnos has led to the formation of a SE-trend-
ing transport lineation in eclogites/blueschists of Syros
(Ridley 1982, 1986; Rosenbaum et al. 2002a). This phase

bach et al. (2014), Xypolias and Alsop (2014) and this study. WCDS,
West Cycladic Detachment System after Grasemann et al. (2012);
MCL, Middle Cycladic Lineament after Walcott and White (1998). b
Simplified map of the eastern Mediterranean region showing the rela-
tive motions of Africa and Europe, from late Cretaceous (67 Ma) to
early Miocene (19 Ma)

is associated with SE-directed ductile thrusting that mainly
occurred during prograde metamorphism and proceeded
just after the peak of Eocene (ca. 52 Ma; e.g., Tomaschek
et al. 2003) HP metamorphism into close-to-peak retro-
grade conditions (Ridley 1982, 1986; Keiter et al. 2011;
Schumacher et al. 2008). An ESE-directed ductile thrusting
that initiated just before and continued at peak metamor-
phic conditions at Eocene (ca. 45-50 Ma; Maluski et al.
1981), resulting in the stacking of major HP nappes, has
been recorded in Evia (Fig. 12a) (Xypolias et al. 2012). A
well-developed SE-trending glaucophane lineation devel-
oped during Eocene subduction and collision has been
recognized in eclogites—blueschists of Ios (Vandenberg
and Lister 1996; Forster and Lister 1999). A recent study
in Anafi (Weisenbach et al. 2014) reports top-to-the-SE
ductile shearing in Late Cretaceous—Paleocene amphibo-
lites of the Uppermost unit. These kinematics reveal that
southeastward thrust movements were also dominant at
the upper crustal levels of the Cycladic massif during late
Cretaceous—Paleogene times. Late Cretaceous to Eocene
regional phases of thrusting emplacing the Lycian Nappes
over the Menderes Massif (SW Turkey) is also associated
with a general top-to-the-ESE transport (Collins and Rob-
ertson 1998; Rimmelé et al. 2003). In turn, a consistent (E)
NE—-(W)SW transport orientation characterizes the Late
Eocene—-Oligocene tectonic evolution of the Cycladic mas-
sif, dominated by the ductile-stage exhumation of the CBU.
In the majority of the Cycladic islands, the exhumation-
related deformation is accompanied by top-to-the-(E)NE

@ Springer



2092

Int J Earth Sci (Geol Rundsch) (2016) 105:2075-2096

sense of shear (e.g., Gautier and Brun 1994; Xypolias et al.
2003, 2010; Jolivet et al. 2013), similar to that described
for D; deformation in Sifnos. (W)SW-directed ductile
shearing occurs in west Cyclades (e.g., Grasemann et al.
2012) (Fig. 12a).

From the above, it is conceivable that there is a regional
scale change in the tectonic transport direction in Cyclades
area from (W)NW—(E)SE at Late Cretaceous—Eocene to
(E)NE—~(W)SW at Late Eocene—Oligocene times. A change
from E-W to N-S compression at the end of Eocene has
been proposed by Hall et al. (1984) for the southern Aegean
based on kinematic analysis of the Pindos nappe (Exter-
nal Hellenides) in Crete. Such tectonic translation paths
that include nearly 90° changes in the direction of nappe
movement through time have been described from several
orogenic belts and are commonly related to changes in the
relative motion between the convergent (micro-) plates and/
or indentation tectonics (e.g., Northrup and Burchfiel 1996;
Conti et al. 2001; Carosi and Palmeri 2002; Iacopini et al.
2008; Molli and Malavieille 2010). A similar explanation
can be given for the observed temporal change in transport
direction in Cyclades area based on kinematic models for
the relative motion of Africa with respect to Europe dur-
ing Alpine orogeny. Specifically, kinematic reconstruc-
tions have shown that the period between late Cretaceous
and middle Eocene (67-46 Ma; Fig. 12b) was character-
ized by a (W)NW—(E)SE direction of plate motion as well
as by a slowdown in the convergence rate, possibly as a
result of continental collision in Alps (Dewey et al. 1989;
Rosenbaum et al. 2002b; Jolivet et al. 2003). After middle
Eocene, the displacement vector changed abruptly follow-
ing a general NE-SW orientation until at least early Mio-
cene (Fig. 12b).

Exhumation mode

The deformation pattern in north Sifnos for the Late
Eocene—Oligocene exhumation of the CBU includes SE-
verging map-scale folds oriented at small angle to the NE-
trending lineation, as well as (E)NE-directed ductile shear
zones that developed parallel to the axial planar foliation
(Fig. 11c). Similar deformation pattern with kilometer-
scale transport (sub) parallel folds and genetically related
shear zones that generated during exhumation of the CBU
have been recorded throughout Cycladic massif (Avigad
et al. 2001; Ziv et al. 2010; Chatzaras et al. 2011; Xypolias
et al. 2012; Xypolias and Alsop 2014). Recently, Xypolias
and Alsop (2014) showed that such kilometer-scale folds
typically form extensive trains of SE- or NW-directed folds
defining large-scale structural domains, which are charac-
terized by consistent fold vergence. Folds of differing ver-
gence (SE- or NW) are generated on the opposite flanks of
major antiformal culminations or synformal depressions
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developed during NE-directed shearing (Xypolias and
Alsop 2014; their Fig. 3). By analogy, we assume that NE-
verging folds of north Sifnos developed on the flank of
such major culmination or depression.

Whether the exhumation-related deformation results
from crustal extension or crustal shortening remains, how-
ever, to be addressed. Thrusting during exhumation has
been proposed by previous work (Lister and Raouzaios
1996) in Sifnos based on the assumption that rocks in north
Sifnos subducted at deeper levels than the Greenschist unit
in south Sifnos, which occupies lower structural levels of
the tectonic pile. It seems, however, that this assumption
does not hold since all rocks on Sifnos have been affected
by eclogite-facies metamorphism. Therefore, other crite-
ria should be used in order to discriminate the exhumation
mode. Our structural mapping in north Sifnos reveals that
NE-directed D5 shear zones cut up-section in their trans-
port direction and repeat the early thrust sequence caus-
ing thickening of the tectonic pile. Such a situation is to be
expected in contractional belts (e.g., Butler and Freeman
1996), and hence, it seems that D; shear zones accommo-
date net orogenic contraction having operated as ductile
thrust zones. Moreover, as pointed by Schmidicke and
Will (2003), the recorded P-T paths showing cooling dur-
ing decompression cannot be explained by an exhumation
mechanism of crustal extension but, in turn, require crustal
underthrusting beneath the rising HP rocks. Additionally,
(a) the absence of downward increase in metamorphic pres-
sure in the CBU (Brocker et al. 2004), and (b) the absence
of Eocene—Oligocene extensional sedimentary basins (e.g.,
Kokkalas et al. 2006), which are the most reliable criteria
of extension-driven exhumation (Platt 1993), point against
extensional detachment faulting. Therefore, we suggest that
Late Eocene-Oligocene exhumation of the CBU in Sifnos
from Eclogite—Blueschist to greenschist-facies conditions
was governed by crustal shortening rather than extension
as proposed by others (e.g., Trotet et al. 2001a; Jolivet and
Brun 2010). Extension seems that contributed to the final
exhumation of the CBU in Miocene times, synchronous to
the development of the West Cycladic Detachment System
(Fig. 12a). Consequently, the most plausible exhumation
mechanism is the ductile extrusion of HP rocks between a
lower subduction-related thrust fault and an upper crustal-
scale normal-sense fault operating in a tectonic setting of
net compression, as has been suggested from previous stud-
ies in Cyclades (Xypolias et al. 2003, 2010, 2012; Ring
et al. 2007).

Conclusions

The integration of geological/structural mapping, micro-
structural observations and amphibole chemistry analyses
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within the CBU in north Sifnos area leads to the following
conclusions:

1. Early deformation structures/fabrics, which are recog-
nized in well-preserved eclogites and blueschists, are
associated with ESE-directed ductile thrusting that
caused duplication of the early tectonostratigraphic
succession bringing the MVS over the Marble subu-
nit. Top-to-the-ESE sense of shear occurred under HP
conditions and was broadly synchronous with the tran-
sition from the prograde to retrograde path at middle
Eocene. This middle Eocene transport direction is con-
sistent with kinematics previously recorded in eclog-
ites/blueschists of other Cycladic islands (e.g., Syros,
Evia).

2. The subsequent phase of ductile deformation is mainly
expressed by NE-trending gently inclined folds as well
as by major NE-directed ductile shear zones that cut
across the axial planes of folds and restack the early
thrust pile. The formation of ductile shear zones seems
to have taken place under blueschist- and transitional
blueschist-/greenschist-facies conditions during the
early exhumation of CBU at late Eocene—early Oli-
gocene times. At deeper structural levels of the study
area, mylonites show evidence that deformation pro-
ceeded at greenschist—facies conditions, implying that
NE-directed shearing remained active since late Oligo-
cene—early Miocene, at least to these levels.

3. New and published kinematic data document a regional
scale change in tectonic transport direction of the
Alpine nappes in south Aegean region from (W)NW-
(S)SE at Late Cretaceous—Eocene to (E)NE-(W)SW
at Late Eocene—Oligocene times. This change in direc-
tion of nappe movements is possibly governed by an
analogous change in the relative motion of Africa with
respect to Europe during Alpine orogeny.

4. The exhumation of the CBU seems that occurred under
a mechanism of ductile extrusion in a tectonic setting
of net compression rather than an exhumation mecha-
nism controlled by syn- and post-orogenic crustal-scale
extension, as previously proposed for CBU in Sifnos.
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