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ABSTRACT

In the area of central Crete the occurrence of the pre-Oligocene Alpine
metamorphic rocks of the Ophiolitic, Asteroussia and Vatos nappe system
(Vatos n. s.), as well as of the underlying unmetamorphosed Pindos and
Gavrovo nappes, enables the study of the pre-Oligocene structural evolu-
tion of Crete and correlation with the previously studied post-Oligocene
deformation events. Structural and kinematic analyses of these nappes, in
central Crete, indicates that three Alpine events affected Crete, before
the Oligocene. The first, synmetamorphic to a HT/LP metamorphism, DA event
took place in the Late Cretaceous, under coaxial conditions, causing
intense N-S subhorizontal, stretching and crustal thinning. Probably in
the Palaeocene-Eocene, the synmetamorphic to a HP/LT metamorphism, DO
event caused westwards shearing of the Preveli group of the Vatos n. s.. In
the Late Eocene/Early Oligocene, the D0; event overprinted the earlier DA
and D0 events, causing westwards stacking and shearing in the Ophiolitic,
Asteroussia and Vatos n. s. nappes, and internal westwards stacking in the
Pindos nappe.

ZYNOYH

H epp&vion otnv nepioXh NG KeEVIpLKAG KpATng Twv Opo-OALYOKXLV LKAV
AANTLKQOV UETOUOPPOUEVOV MNETPWUATWV TWV KOAUUHMATOV Twv OpLoAiBwv, Twv AcCTEe-
pouc{wVv KoL TOU CUCTAUNTOC Twv KOAUPPU&TeV Tou B&Tou (o. k. B&tou), xrabdS
eniong Kol TV OoHETOROPPWIOV KoeAuppdtwv tn¢ Hivdou kal tou Tafpdfou,
ENLTIPENMOUV TNV HEAETN TNG Npo~-OALYOKaLV IKAC noapoudppwons Tng KepnRtng kot
Tov oUuoxXeTlopd 1Tn¢ pe TNV HeTo-OALYOKOLVLIKA TEKTOVLIKA 1tn¢ €féALEn. H T1exk-
TOV LKA KOL  KLVNUOTLKA TOV OVOTEQWV OQUTOV TEKTOVLIKOV KAAUPPATGOV OTINV Ke-
Viplky KpAtn, €de1fe 611 1plae KUpLa TeXTOVIKE yeyovdTa ennpéacay T KO-
Avppata autd péxpet 1o OALydkaivo. To npdto DA yeyovdg, OUV-UETAUOPO LKS
pilag HT/LP pestopdpowong, EAafe xbdpo oto Ave Kentildilkd, o€ OUVBAKEG OUvo-
ARG opoofov I KAC Nupaudpwong, NPOoKaAOVIag €éviovn £€Ktoon otnv dlLeldbuvorn
Bopp&-Notou Kol AénTuvon Tou ¢AoloU. Miboavdév oto MHoAotdkotvo-HOKALVO, TO
ouvlaeTopop@Lxd plag HP/LT pstapdpowong, DO yeyovde npok&Aede uila mpoc Ta
duttikd& ditdtuion tng evoétnrag tou Ipéfeit TOU O. K. ToU B&tou. Sto Ave
Hoxka(vo/K&tw OAwydkaivo, To DO vyeyovde ennpéace ti¢ noAildtepe¢ DA xot DO
douéc. To yeyovdg autd, NPOKGAEoE Pl NPOC T DUTLKE SL&TUNON K&l METHK{-
vnon Ttov KoeAUpp&tov tev OpLloAifwv, Twv Actepouciwv KXl ToU O. kK. Bdtou,
Toautdyxpova pe pla eocwteplkl) Asnlwon tou xoAUpupoato¢ tng Hivdou.
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INTRODUCTION

The complicated nappe pile of Crete (BONNEAU et al. 1977, HALL et al.
1984) can be separated into the upper and lower nappes (KILIAS et al. 1992,
FASSOYLAS et al. 1994; Fig. 1). Two Alpine metamorphic belts occur within
the nappe pile. Unmetamorphosed Alpine sediments are sandwiched between
the two metamorphic belts (Fig. 1).

The Plattenkalk series, the Tripali unit and the Phyllites-guartzite
nappe constitute the lower nappes and the lower syn-to post-Oligocene
metamorphic belt as well (SEIDEL et al. 1982, THEYE et al. 1992, KILIAS et
al. 1992, FASSOULAS et al. 1994; Fig. 1).

The upper nappes include all the nappes lying above the lower metamor-
phic belt (Fig. 1), i.e. the unmetamorphosed Gavrovo and Pindos nappes,
and the upper metamorphosed nappes of the Vatos nappe system, the Asteroussia
and the Ophiolites. These upper metamorphosed nappes constitute the upper,
pre-Oligocene, metamorphic belt (VICENTE 1970, SEIDEL & OKRUSCH 1976,
SEIDEL et al. 1981; Fig. 1).

The syn- to post-Oligocene Alpine deformation of Crete is well estab-
lished. During the Late Oligocene/Early Miocene, HP/LT metamorphism af-
fected the Plattenkalk and the Phyllites-quartzite nappes, associated with
southwards stacking of the nappe pile (CREUTZBURG & SEIDEL 1975, SEIDEL et
al. 1982, BONNEAU 1984, HALL et all. 1984, KILIAS et al. 1992, FASSOULAS et
al. 1994). Recent studies in the area of central Crete (KILIAS et al. 1992,
FASSOULAS et al. 1993, 1994) revealed that a Miocene N-$S trending exten-
sion affected Crete, causing extensional collapse of the nappe pile and
exhumation of the Late Oligocene/Early Miocene HP/LT metamorphic rocks.
Furthermore, a Late Miocene/Pliocene East-West orientated compression was
recognised deforming the Alpine rocks and the Neogene sediments (FASSOULAS
et al. 1993, 1994).

Data concerning the pre-Oligocene Alpine deformation of Crete are mainly
given by BONNEAU (1984) and HALL et al. (1984). Both argue for a west
directed emplacement of the upper metamorphosed nappes over the
unmetamorphosed intermediate nappes. BONNEAU was mainly based, in his
study, on the geometry and occurence of isoclinal folds, whereas HALL and
his parteners were mainly based on paleogeographic data.

In this paper we present new data about the pre-Oligocene structural
evolution of Crete, based on the modern techniques of structural and
strain analyses. We have studied the deformation and kinematics of the
unmetamorphosed Gavrovo and Pindos nappes and the upper pre-Oligocene
metamorphosed nappes (upper metamorphosed nappes), in the area of central
Crete.

GEOLOGICAL SETTING

The main geological and metamorphic features of the studied in this
paper upper nappes (Fig. 1, 2), are summarised bellow.

The Gavrovo nappe (Fig. 1, 2) is composed of a middle to upper Triassic,
mainly carbonate sequence at the base, referred as "Ravdoucha beds" (WURM
1950, SANNEMANN & SEIDEL 1976, FYTROLAKIS 1978), a Triassic to Eocene
carbonate segquence and an Upper Eocene-Oligocene flysch (CREUTZBURG &
SEIDEL 1975). The nappe has been sligtly metamorphosed at the base only
(SANNEMANN & SEIDEL 1976).

The Pindos nappe is exposed in the southern part of central and eastern
Crete (Fig. 1, 2). It represents a pelagic sedimentary sequence with

limestones, radiolarites and platty limestones of Triassic to Paleocene/
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Fig. 2: Geological and tectonic maps in the areas of (a). Spili-Kamares, (b). Asteroussia,
and (c). Anocgia. Pk, Plattenkalk series; Ph, Phyllites-quartzite nappe; G,
Gavrovo-Tripoli nappe; P, Pindos nappe. Each arrow represents 5-10 measure-
ments. Ellipses represent the XY sections of the finite strain ellipsoid.

Y. 2: Teohoytroi kot 1extovikol x&p1eg 1wy neploxdv {(a) . Znniiou-Kop&pwv, (b). Acte-
pouciwv, kal (c). Aveyelov. P, Zeipd mhoxwddv oaofeotoA{Bwv, Ph, kd&Auppoa QUAAL-
tov-xodod L tdv, G, k&Auppa TofpdRou- TpinoAng, P, xdAuppa Mivdou. K&Be PEAog
ovTLnpoowneve Ll £va oUvoro 5-10 petenoewv, ex16¢ and 11¢ DO Sopég. OL eXhgiyetg
QVTLIPOCWNEVOUV TLG XY TOREG TOU TEALKOU eAAf£ LYo 13oU¢ nopopndppwonc.

exposed in the area of Lentas (Fig. 2, 5), where the Asteroussia nappe is
resting directly above the Vatos group. Thus, we suggest that the Asteroussia
group f(of KRAHL et al. 1982) should possess the uppermost place in their
tectonic subdivision (Fig. 1).

The Asteroussia nappe is mainly exposed in the area of the Asteroussia
mts and also in the areas of Kamares, Melampes and Anogia (DAVI 1967,
BONNEAU 1973, CREUTZBURG & SEIDEL 1975; Fig. 1, 2). It consists of crystal-
line rocks such as, gneisses, amphibolites, micaschists, quartzites, mar-
bles and granitic intrusions of Late Cretaceous age (LIPPOLT & BARANYI
1976) . The nappe was metamorphosed in Late Cretaceous (75-66 ma) under HT/
LP (700°C and 4-5 Kb) metamorphic conditions (SEIDEL & OKRUSCH 1976,
SEIDEL et al. 1981l). The typical parageneses are hornblende + plagioclase
+ biotite + quartz, and cordierite + garnet + sillimanite + biotite +
plagioclase + K-feldspar + quartz (samples AD2, ADl2, AD27; Table 1). A
retrograde paragenesis with actinolite + white mica + chlorite + epidote +
calcite + quartz was also observed (Table 1).

The uppermost Ophiolitic nappe is exposed in the areas of Anogia, Spili
and Asteroussia mts (Fig. 1, 2). It is composed of serpentinites, gabbros,
basalts and peridotites obducted probably during the Late Jurassic (140
Ma) (THORBECKE 1973, SEIDEL et al. 1981).

The structural analysis of the pre-Oligocene metamorphosed rocks in the
area of Crete was difficult because these always occur, due to younger
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Fig. 3: Lower-hemisphere, equal area projections of main structures observed in
the study areas. (a). LA stretching lineation, (b). LO lineation, (c). LO;
lineation, and (d). D0; shear zones and the associated lineations.

Ix. 3: lIpofoAnl ot diaypappa Schmidt twv xUpLwv dopdv nou PHETPABNKAV OTLG MEPLOXEQ
pHeAétng. (a). LA ypdppwon éxtaong, (b). LO yp&upwon éxtaong, (c). LO;
yp&upwon, kot (d). ot DO; Idveg dL&THNONG KoL Ol YPAPHAOOELG oAigénong.

Table 1: Petrological analysis of samples from the upper metamorphic nappes.

Sample Nappe Location Paragenesis
MES8 Spili group West of Kerane Hb+Plg+K-fds+Pyr,
Act+Chl+Zoi+Ep+Qz
SE4 Spili group North of Frati Hb+Gr+Tit+Qz
SE15 Preveli group Moni Preveli Gl+Chl+Ep+Cc+Qz
Chl+Act+Ep
RE3 Preveli group NW of Spili Gl+Chl+Wh. Mc,
Act+Chl+Ab+Wh. Mc
AD2 Asteroussia n. North of Lentas Bi+Crd+Gr+Plg+K-fds+Qz,
Chl+Act+Wh. Mc
AD12 Asteroussia n. North of Lentas Hb+Plg+Bi+K-fds,
Act+Z0i+Qz
AD27 Asteroussia n. North of Lentas Bi+Crd+Plg+Qz,
Chl+Ep

Hb, hornblende; Plg, plagioclase; K-£fds, k-feldspars; Pyr, pyroxene; Act, actinolite,
Chl, chlorite; Zoi, zoisite; Ep, epidote; Qz, quartz; Gr, granat; Tit, titanite; G1,
glaucophane; Cc, calcite; Wh. Mc, white mica; Ab, albite; Bi, biotite; Crd, cordierite.

deformations as isolated, intensely deformed and boudinaged bodies.
The post-Oligocene structural evolution of Crete has been recently
studied in the area of central Crete, where almost all the nappes, except
Wneoiakn BiBAI0BrKkn "OedppacTtog” - TuAua Mewloyiag. A.MN.O.
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the Tripali unit, of the Cretan nappe pile are present (KILIAS et al. 1992,
FASSOULAS et al. 1993, 1994). Two major events were observed, an Oligocene/
Early Miocene NNW-SSE trending D1 compression and a Miocene/Early Pliocene
N-S trending D2 extension. A minor E-W trending D3 compression affected
both the BAlpine ‘and the early Pliocene sediments, causing open folds and
reverse” faults.

STRUCTURAL ANALYSIS

The pre-Oligocene deformation was observed only in the upper nappes
overprinted by the younger D1 and D2 events (KILIAS et al. 1992,
FASSOULAS et al. 1994). Overprinting criteria, tectonometamorphic data,
laboratory observations, as well as, the correlation of data between
the individual locations, enabled the distinquishment of three pre-
Oligocene events, the DA, DO and D0;. The main features of these events
are listed bellow.

The DA event

The DA event was first observed in the Asteroussia nappe. Later field
studies indicated that this event may has also affected the crystalline
rocks of the Vatos n. s.

The main structures developed during this DA event are a N-S trending LA
mineral stretching lineation (Fig. 2, 3a), and a gently northwards or
southwards dipping SA foliation.

In the area of Asteroussia mts, a penetrative SA foliation dominates in
the Asteroussia nappe, traced by the alignment of biotite, cordierite,
andalusite, sillimanite, hornblende, calcite and quartz. The parallel
development of hornblende, biotite and quartz on the SA planes define the
LA stretching lineation. In the crystalline rocks at the Spili and Plakias
areas, hornblende, symmetric pressure shadows arround pyrite and feldspar
crystalls lie parallel to the LA lineation. Bending and rotation of the SA
foliation around garnets in metapellitic rocks of the Asteroussia, show
pre- to syn-tectonic development of the garnet crystals.

Early formed conjugate DA shear zones, dip gently towards North or South
(Fig. 4). Kinematic indicators such as, S-C structures (LISTER & SNOKE
1984), assymetric mica fish (LISTER & SNOKE 1984) assymetric pressure
shadows arround competent bodies (PASCHIER & SIMPSON 1986), quartz c-axis
texture (LISTER & HOBBS 1980; Fig. 5), observed within the DA shear zones,
indicate normal towards North or South sense of shear (Fig. 2, 4).

During progressive deformation, conjugate sets of extensional crenulation
cleavages (PLATT & VISSERS 1980) dipping towards North or South, took
place, affecting the earlier SA foliation. Extensional vein systems, filled
with calcite, were also formed perpendicular to the SA foliation.

In the Asteroussia nappe, competent layers, deformed during DA, form
large and small scale symmetric boudinage structures (Photo 1la, Fig. 4).
Early isoclinal folds occur in places, trapped inside these boudinaged
bodies.

Aplitic dykes, possibly formed simultaneously with the HT/LP metamor-
phism (SEIDEL et al. 1982), occur in the Asteroussia nappe cutting the SA
foliation.

D0 event

The D0 event affected only the rocks of the Preveli group of the Vatos
n. s. It is characterised by an E-W trending LO mineral stretching linea-
tion, a sub-horizontal to eastwards dipping, S0 foliation and by eastwards
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dipping DO shear bands.

The parallel development of blue amphibole, chlorite, white mica and
gquartz (Photo 1b) trace the LO stretching lineation (Fig. 2, 3b). As it can
be seen in Fig. 3b, L0 trends from northeast-southwest to southeast-
northwest, probably due to younger deformations.

The horizontal or eastwards dipping SO0 foliation, formed by the parallel
alignment .of blue amphibole, K-feldspars, epidote, white mica and quartz
associate the DO shear bands.

The DO shear bands occur as eastwards and locally westwards dipping,
low-angle, ductile shear zZones. Blue-amphibole crystals observed along the
C-planes of the D0 shear zones are partly transposed and stretched (Photo
1b) . The sense of shear indicated by S-C structures and 6-clasts is mainly
towards the West (Fig.2).

Fig. 4: Quartz c-axis textures from
the Asteroussia nappe; lower
hemisphere, equal area pro-
jections. X, Z, finite strain
axes, n, number of measure-
ments.

Ex. 4: llpofoArl o diaypduua Schmidt
c-afdvev yaholia, ond 10
k&AUPHo Twv Aogtepoudiwv. X,
Z, &EOVEG TOU TEALKOU €£AAEL-
Yoe1doUg nopopdpewong, n, o-
PLONOG HETPHOTEWV.

e e el /
spe BIK T /
: ~

=144
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The D0;-event

The DA structures in the area of Asteroussia mts and the DO structures
in the Plakias area are deformed by younger, mainly eastwards dipping,
ductile to semiductile shear zones. Near the contact between the Asteroussia
nappe and the Vatos group (Lentas area; Fig. 4), the SA foliation is
totally transposed by a younger D0; event.

The D0; event was also observed at the base of the Ophiolitic nappe, in
the vVatos n. s. and in the Pindos nappe. In the Gavrovo nappe, DO struc-
tures were observed only in a few places in the lower carbonate rocks.

The most striking structure of this event are eastwards and in places
westwards dipping, ductile to semi-ductile, D0; shear zones. The D0; shear
zones dip with low- to middle-angles associated with an eastwards dipping
S0; foliation and an eastwards plunging L0; stretching 1lineation (Fig.
3c,d).

LO; occurs in the Asteroussia and Vatos n. s. as a mineral stretching
lineation, whereas, in the Pindos and Gavrovo nappes as a slickenside
lineation (Fig. 2, 3c). Parallel alignment of chlorite, actinolite, cal-
cite and quartz in the Vatos n. s., and of serpentinite, actinolite and
calcite in the Ophiolitic bodies, trace the L0 lineation. Deformed cal-
citic pebbles in calcitic meta-conglomerates of the Preveli group expose
their long axis parallel to the LO; stretching lineation.

S0, is defined in the Ophiolitic, Asteroussia and Vatos n. s. nappes by
the parallel alignment of chlorite, epidote, white mica, calcite and
quartz, while in the Pindos nappe by the shear planes.

In the Vatos n. s., isoclinal folds formed early on in the progressive
deformation have their axial plane parallel to the S0; foliation and their
b-axes parallel to the L0; lineation. In the area of Ag. Pavlos village
angular, asymmetric, inclined folds deform the Palaeocene-Eocene : platy
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Fig. 5: Schematic N-S cross section in Lentas area (Fig. 2), illustrating the
conjugate formation of the DA shear zones, the boudinaged bodies (B), and
the extensional vein systems (V). The D0; shear zones, dominating in the
nappe contact between Asteroussia and Vatos group, are also depicted in an

- E-W profile (Pl).

Bx. 5: Ixnuat itk B-N touA otnv meptoxn tov Aévia (8x. 2), mou deixvetr 1nv ouluyh
oavantuén twv DA Jwvdv Sidtunong, 1i¢ boudinage-8opég (B) Kai TLG £PEAKU-~
o1itxég Sitaxkddoeig (V), o1o x&Avppa Actepovoiwv. Enmiong ameixkoviloviai os
pra topn A-A (Pl), ot DO; Idveg Ji&tunong mov XuplapxoUv oInv enagn 1wv
ACTEPOUCIWV Kal ING evoInItag ToU Batovu.

limestones of the Pindos nappe (Photo 1lc). The b-axes trend north-south,
whereas the axial plane dips towards east, indicating a westwards vergence.

Kinematic indicators, such as S-C structures (Photo 1d), flat-ramp
structures, and rotated boudins, observed in the D0; shear zones indicate
a reverse, towards west and in places towards east, sense of shear. Thus,
the D0; shear zones occur in the Asteroussia and Vatos n. s. as reverse,
ductile to semiductile shear zones, while, in the Ophiolitic, Pindos and
Gavrovo nappes as reverse faults or thrust zones.

These zones dominate in the contacts between the groups of the Vatos n.
s. in the areas of Plakias and Spili, causing a tectonic mixture of the
unmetamorphosed and metamorphosed groups. D0j; shear zones occur also in
the nappe contact between the Asteroussia nappe and the Vatos group in the
area of Lentas (Fig. 4; Photo 1d), in contacts between the Pindos lithological
units, and in the Pindos flysch (Fig. 2).

Semi-ductile normal shear zones, dipping eastwards or westwards were
formed probably in a progressive stage of D0; event, as they cut in places
the S0; foliation.

The D0; shear zones are in places deformed by the younger Dl structures
that caused the southwards thrusting of the Vatos n. s. over the Pindos and
Gavrovo nappes in the areas of Moni Preveli and NE of Spili (Fig. 2).

Strain analysis

Strain analysis of the pre-Oligocene deformation was carried out in the
upper nappes by the study of the progressive deformation and the finite
strain.

Extensional vein systems observed in five places in the upper nappes on
the X-Y planes of the finite strain ellipsoid (X>Y>Z), were studied for the
determination of the incremental extensions (RAMSEY & HUBER 1983). The

results are depicted in Fig. 2 as straight lines with lengths analogous to
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the percentage of individual extensions. Two of them (22, A27) were ana-
lysed in a previous study (FASSOULAS et al. 1993).

Extension increments observed in the Vatos n. s. (samples K35 and K37
from the Spili group) indicate a first extension of about 3% in the N-S
direction, a second increment trending E-W of aproximately 4% extension
and two other, increments in the N-S direction (Fig. 2). One sample from the
Asteroussia nappe (sample ©26) indicated a first extension increment in
the E-W direction of about 4% and a later in the NNW-SSE direction of 1%
extension. The other samples (Z2, I'27), observed in the Pindos and in the
Gavrovo nappes, indicated also a first increment of aproximately 5% exten-
sion in the E-W direction and two later increments in the NNW-SSE and N-S
direction, of the same amount of extension.

FLINN DIAGRAMM

Fig. 6: Finite strain analysis results of the upper nappes
plotted onto Flinn diagramm (FLINN, 1978), K=(Rxy-
1)/ (Ryz-1) . Numbers refer to the ellipses of Fig.
L2,
Flattening Ex. 6: lIpofodfi TV QnOoTeAeop&IwV ING av&AUONG ITng Te-
ALXAG Mapapdppwong o1a avdTEPx KOATHPXTN, O &1&-
yooupax Flinn (FLINN 1978), K=(Rxy-1)/(Ryz-1). 01
apLBpoil avilototxoUv OTL¢ €AAelyeLg tTov ITX. 2.

Constriction

2 3 JY/

The results of thg progressive deformation measurements represent the
later extension increments of the tectonic events which took place under
semi-brittle to brittle conditions (RAMSEY & HUBER 1983).

The finite strain was measured in two principal perpendicular sections
of the finite strain ellipsoid (XZ, YZ, X>Y>Z). X direction was regarded to
be parallel to the stretching lineation (LA or LO0;) and XZ, YZ sections
perpendicular to the foliation. The Fry (FRY 1979; CRESPI 1986) and the Rf/
¢ (DUNNET 1969) methods were applied in pure quartzites and conglomerates,
deformed during DA, DO; events under ductile to semi-ductile conditions,
of the Asteroussia and the Vatos nappes.

The majority of the derived strain ellipsoids lie in the field of
apparent flattening (Fig. 6; FLINN 1978). The XY sections of these ellip-
soids are plotted in Fig. 2.

DISCUSSION

Kinematic and strain analyses in the area of central Crete of the upper
Alpine metamorphosed and the underlying unmetamorphosed nappes, indicated
that three tectonic events affected these upper nappes before the Oligocene.
All these events were overprinted by the syn- to post-Oligocene deforma-
tions (Table 2). ~

The earlier DA event affected only the Asteroussia nappe and probably
the crystalline rocks of the Vatos n. s. The syn-SA development of horn-
blende, garnet, biotite, andalusite, sillimanite and cordierite in the
Asteroussia nappe, indicate that DA was syn-metamorphic to the Late Creta-
ceous HT/LP metamorphism (SEIDEL & OKRUSCH 1976, SEIDEL et al. 1981), and
thus DA should be of the same, Late Cretaceous, age.

The conjugate development and the opposing sense of shear of the normal
DA shear zones, the symmetric and intense boudinage of competent layers,
the symmetric pressure shadows arround rigid bodies, and the perpendicular
to the SA development of extensional vein systems, prove that DA took place
under bulk coaxial deformation conditions. The intense stretching, esti-
mated in a subhorizontal direction and the vertical contraction of the

Wnoiakn BiBAI0BAKN "O©edppacTog” - TuRua Mewloyiag. A.MN.O.
76



Table 2: The tectonic and metamorphic events which affected till Miocene the nappes
of central Crete.

DEFORMATION DA DO DO; Dol D2

/

NAPPES N-S E-W ENE-WSW NNW-SSE N-s
OPHIOLITES e - + + +
ASTERQUSSIA + HT/LP - + + +
VATOS N.S. ? HT/LP + HP/LT + LP/LT + +
PINDOS = = + + +
GAVROVO - - ? + +
PHYLLITES - - - + HP/LT + LP/LT
PLATTENKALK - - - + HP/LT + LP/LT

isograds, during the syn-DA, HT/LP metamorphism indicate a crustal thin-
ning during the DA, as suggested by HALL (1987).

Kinematic analysis of the DO structures, observed only in the Preveli
group (Table 2) indicated a westwards rotational deformation. The microfabric
analysis of these DO structures evidence that D0 event is syn- to post-
metamorphic to the HP/LT metamorphism. Hence, DO event should be related
to a westwards subduction process, that caused the HP/LT metamorphism.

The DO; event affected all the upper nappes, i.e. the Ophiolitic, the
Asteroussia, the Vatos n. s., the Pindos and the lower stratigraphic units
of the Gavrovo nappe. The westwards reverse D0; shear zones affected both
the DA and DO structures in the Asteroussia and Preveli group, respec-
tively and caused the tectonic mixture of the unmetamorphosed and the
metamorphosed rocks constituting the Vatos n. s., and the westwards stack-
ing in the Pindos and Gavrovo nappes. Hence, D0; event took place, under
regional compressional conditions, after the Late Cretaceous DA event and
the peak of the HP/LT metamorphism.

In Oligocene/Early Miocene, DO0; structures were overprinted by the
younger D1 compression (Table 2), which caused southwards nappe stacking
(KILIAS et al. 1992, FASSOULAS et al. 1994). :

The finite strain ellipsoids resulted from the strain analyses of the DA
and D0; events, lie in the apparent flattening field indicating a possible
volume loss during the progressive‘deformation. Whereas, the study of
progressive deformation in the upper nappes revealed three groups of
extensional increments. The third, N-S trending group was atributed to the
Oligocene/ Miocene tectonics (FASSOULAS et al. 1993). The second, E-W
trending group should thus atributed to the DO; event and the former, N-S
trending group to the DA deformation.

All the structural, kinematic and strain analysis results indicate that
D0; should be younger than the Late Cretaceous DA deformation and older
than the Oligocene/Early Miocene D1 deformation. As D0; event deforms also
the Eocene flysch-like sediments of the Vatos group and the Eocene flysch
of the Pindos nappe, its age should be of Late Eocene/Early Oligocene.
Thus, the westwards stacking of the upper nappes (Pindos, Vatos n. s.,
Asteroussia and Ophiolites) and the tectonic mixture of the Vatos n. s.,
took place in Late Eocene/Early Oligocene, after the HT/LT metamorphism of
the Asteroussia nappe and the HP/LT metamorphism of the Preveli group.

The synmetamorphic to the HP/LT metamorphism, DO event thus should be
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older than the Late Eocene/Early Oligocene DO; event. SEIDEL et al. (1977)
and BONNEAU (1984) suggested that the HP metamorphism of the Vatos n. s.
should be of Upper Jurassic in age, similar to the metamorphism of the
"Kalypso unit" of Gavdos (VICENTE 1970). However, petrological and tec-
tonic studies revealed that only a few, MT/HP metamorphic rocks of the
Spili .group (these near the Gerakari village) can be similar with the
"Kalypso unit“. Thus, the age of the HP/LT metamorphism of the Preveli
group, and consequently of the DO event, could be younger than Upper
Jurassic. Probably the age of the HP/LT metamorphism of the Vatos n. s.
should be analogous to the Eocene HP/LT metamorphism of the Cycladic area
(ALTHERR et al. 1979, ANDRIESSEN et al. 1979), as both nappes possess
similar tectonostratigraphic possitions in the nappe pilles and have simi-
lar petrology.

Hence, the westwards DO shearing could have taken place in Paleocene-
Eocene, simultaneously with the subduction of the Preveli group. The
younger DO0; event could be the evoluticnary, collisional stage of this
subduction process.

The differences in the geometry and the conditions of the tectonic
events, affected the area of Crete from Late Cretaceous to Oligocene, can
be interpreted by the independend rotation of the Apulia microcontinent
(ZIJDERVELD et al. 1970, TAPPONNIER 1977, DERCOURT et al. 1986). From the
Late Jurassic to Late Cretaceous/Paleocene (DERCOURT et al. 1986), Apulia
was under an extensional regime, due to its relative, in respect to Africa,
counter clockwise rotation. The DA deformation could thus be related to
the regional extension of Apulia, indicating that the crystalline rocks of
the Asteroussia and Vatos n.s. nappes may represent parts of the aApulia
microcontinent, as also has been suggested by HALL (1987). From the Paleocene
to Oligocene, Apulia acted as an African intenter and was collided with
Europe along a sinistral strike slip zone (DERCOURT et al. 1986). This
sinistral strike slip collision may have caused the westwards DO shearing
and D0; compression. In Oligocene (DERCOURT et al. 1986), the relative
displacement between Apulia/Afrika and Europe changed into dextral causing
the Oligocene/Early Miocene Dl compression.

CONCLUSIONS

Kinematic and structural analyses, in the area of central Crete, of the
pre-0Oligocene metamorphosed rocks of the upper nappes enables the
distinguishment of three Alpine tectonic events, a Late Cretaceous DA, a
probably Palaeocene-Eocene D0, and an Late Eocene/Early Oligocene DO0O;
event. .

The pre-Oligocene structural evolution in the area of Crete can be
interpreted as follows:

During the Late Cretaceous, the pre-Alpine crystalline rocks of the
Asteroussia nappe and the Vatos nappe system were affected by a regional N-
S stretching event. This caused an intense crustal thinning and the devel-
opment of the HT/LP metamorphism.

Probably in Palaeocene-Eocene, the westwards DO shearing took place in
the Preveli group of the Vatos n. s., simultaneously with the development
of the HP/LT metamorphic conditions.

A younger E-W trending DO; compressional event caused, in Late Eocene/
Early Oligocene westwards shearing and stacking of the upper pre-Oligocene
metamorphosed nappes {(Ophiolites, Asteroussia and Vatos n. s.), tectonic
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mixure of the Vatos n. s., and internal stacking in the Pindos nappe.

In Oligocene/Early Miocene a NNW-SSE compression affected the nappe
pile causing southwards nappe stacking and development of HP/LT metamor-
phic conditions in the lower nappes.

The structural evolution of Crete may be related to the independend, in
respect to Europe and Afrika, rotation and behavior of the Apulia microcontinent.
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