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ABSTRACT 

In the Tertiary the Phyllite-Quartzite (PQ) Unit 
on Crete experienced high pressure/low tenperature 
metamorphism. During uplift and cooling of rocks, progres~ivo 

deformation caused formatlon of various structural elements. 
The 0lde5t episode of the progressive deformation is 
characterized by plaGtic dafonnation mechanisms of IlP
minerals such as carpholite and chloritoid. This deformation 
produced a flat dipping foliation, striking £-\1, N-S trending 
intrafolilll fold axes and N-S and £-W stretching lineations. 
Continuing deformation caused N-S and E-w trending fold axes, 
often with an axial plane cleavage. Related to the continuing 
uplift, at higher crustal levels the deformation generated a 
flat dipping fracture Cleavage, striking roughly N-S, 
kinkbands. deformation lamcll~c ond transgranular fluid 
trails, decorated by fluid inclusions in quartz aggregates. 
The transgranular fluid t['ails and the deformation lamellae 
Gtrike in N-S direction. The investigated fluid inclusions 
along the deformation lamellae and along the transgranular 
trails contain a brine, whose composition cor responde 
approximately to the systems H20-NaCl-caC12 and H2o-NaCl
Mgc12/FeC12 (density: 0.8 g*cm-), based on microtherllometric 
analysis). The t~mporature ot trapping ot these inclusions is 
between DOGC and 250 GC. During the development of these 
deformational processes, the dominant deformation mechanism 
was pressure solution of quartz . 

All features were mainly caused by E-W 
extensional tectonics. Deformation took place in the 
flattening field with an elongation between 40\ to 60\. The 
latest, Quarternary deformation took place. at a shallow 
crustal levlI;tl and cau5cd norm/lll (aults and joints, striking 
N-S and £-W. 
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INTRODUCTION 

Structural evolution and the PT-history of 
metamorphic terrains, exposed at the earth surface, help to 
understand, how rocks are buried to great depth and how they 
are brought back to the surface (e.g., Snoke & Frost, 1990). 
Preserved macro- and microstructures provide also information 
about the processes that operated at depth (e.g., zwart et 
al., 1987; Knipe, 1989). The present paper is concerned with 
structural and microstructural studies that were confined to 
the Phyllite-Quartzite Unit in south Central Crete (area of 
Kerames village and Drimiskianos) (fig.l). The PQ Unit in 
this area is composed of metapsammite, metapelites, 
metabreccill, marbles and cross cutting quartz-calcite and 
quartzitic veins. The main object of this paper is to unravel 
the deformational history of the PO Unit. 

Principal units 01 Crele 

II::IJ-'- c::::l"-" -0::.,,,::"._ !::<:I-- c::J .._-

Fig.l: ~c atudy w•• confined to the Phyl1ite-Qulct~ite Unit 
1n louth Central Crete, Ire' of Keramel v1lllqe 
.nd Drimiakianol. Th, map ia taken fcom Creutzburq 
" Seidel (1977) 

GEOLOGICAL SETTING 

The island of Crete is located in the external 
part of the Hellenides, which represent the greek part of the 
Alpine mountain chain in the Eastern Mediterranean. The 
framework of Crete is dominated by thrust tectonics, which Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.
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initiated stacking and emplacement of a nappe pile consisting 
of pre-Neogene rocks. In Crete, the lowermost tectonic 
position is represented by the Plattenkalk Series consisting 
mainly of calcareous metasediments, whose age range from the 
Late CarboniferouS/Early Permian (KBnig , Kuss, 1980) to the 
Eocene (Fytrolakis, 1972; Bonneau, 1973) or Early/Late 
Oligocene (Sizon , Thi6bault, 1974). The Plattenkalk Series 
experienced a high-P/low-T metamorphism of post-Oligocene age 
(Epting et a1., 19724) with peak conditions near 350·C, 10 
kbar (Theye, 1988). 

The Plattenkalk Series is structurally overlain 
by the Phyllite Quartzite Unit which comprises mainly 
clastic rocks, carbonatic/dolomitic rocks and gypsum with 
intercalated volcanites and pyroclastics (Wachendorf et al., 
1974). The lithotacies of the sedimentary protoliths 
indicates a shallow marine environment (Theye et a1. 1992). 
In Crete, sedimentation took place between Upper 
Carboniferous and Upper Trias (Krahl et al. 1983). In Eastern 
Crete, slices of Variscan age high-grade metamorphic rocks 
are tectonically included in the PO Unit. During Late 
oligocene/Early Miocene (Seidel et a1., 1982), the rocks of 
the PQ Unit were affected by a high- P/low-T type of 
metamorphism. Estimations of the P-T conditions of 
metamorphism for Crete by Theye , Seidel (1991) show an 
increase of P and T from E-Crete to W-Crete. The given values 
are 300·C ± 50·C, 8 t 3 kbar for E-Crete, 350·C ± SO·C, 9 ± 3 
kbar for Central Crete and 400·C t 50·C, 10 ± J kbar for 
Western Crete (Theye , seidel, 1991). 

These HP/LT metamorphic units are overlaln by the 
Tripoli tza and the Pindos Series presll!rving carbonatic and 
flysch sediments and show no signs of metamorphic imprint. 
The uppermost units consist of the Asteroussia Nappe, which 
underwent Cretaceous HT-metamorphism (70 Mill. y., Seidel et 
aL. 1976), the Arvl-Nappe consisting of Jurassic 
metamorphic rocks (Seidel et al., 1977a) - and ophiolites. 

STRUCTURAL EVOLUTION OF THE PQ UNIT 

The PQ underwent progressive deformation. The 
oldest episode of deformation affected the peak pressure 
minerals carpholite and chloritoid and indicates deformation 
after P-T peak conditions ot 8(t3) kbar and 350 (1:50)·C 
(Theye & seidel, 1991). Carpholite and chlori to id are often 
elongated parallel to the trace of a flat dipping foliation, 
which strike E-W, and which is orientated at low angle to the 
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Fig.2: Carpholite orientated parallel to the stretching 

lineation in E-W direction 

Fig.3: "Chocolate table" structures of quartz veins indicate 

deformation in the flattening field 
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trending stretching lineation, defined by preferred 
orientation of carpholite (fig.2) and ch1oritoid, was 
observed. Ouartz-calcite segregations crystallized parallel 
to the foliation surfaces. They are considered as "channel
ways of fluids" (Theye, 1988) and often contain ferro
carpholite. The crystallhation of carpholite should follow 
the reaction 4pyrophyllite + chlorite + 21120 - Scarpholite + 
9quartz after Theye (1988). These veins and the more 
competent metapsammite layers hllve been stretched to form 
"boudinages" and "chocolate table" structures and suggest 
deformation in the flattening f iaId (f ig. J). "Micaf ishes" , 
which indicate top to E-shearing, and asymmetric pressure 
shadows show the non-coaxial character of this deformation. 
Quartz fibres, that cry3tallized in the pressure shadows 
around pyrite (Ramsay & Huber, 1983) show also deformation in 
the flattening regimo with extension of about 60\ in E-W 
direction and about 40\ in N-S direction. Continuing 
deformation in the flattening field produced folds, with fold 
axes trending approximately N-S and E-W. The enveloping 
surfaces show varying dip directions. Frequently an axial 
plane cleavage striking NE-SW, was formed. In more competent 
layers, folds of class 18 and lC are dominant. The less 
competent layers show folds of class 3 (RlImsay & Huber, 
1987). Fiq.4 show the penetrative foliation, striking to the 
E-W, in metapelites of the PQ unit near Kcrames. The 
generated fold axes trend as well in N-S as in E-W direction. 

Fiq.4: M~tape11tee of 
the PQ Unit near 

Keramea. The aedimen
tary leyerinq io cha

recteri~ed by the di

fferent cotored lay

ere. The foliation 
lurrac. to orientatld 
lubparallel to thl 

eedim.ntary layerinq 

an<:l etrikl P:-W. The 

fol<:l .~e. trend •• 
WIll to the N-S •• to 

the E-h'. 
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The c-axes patterns of quartz and recrystallized 
grains show girdles around the N-S orientated fold axes and 
the stretching lineation, which trends parallel to these axes 
(after Price, 1985). Subsequent deformation resulted in a new 
generation of open folds, whose axes strike to the NE-SW and 
in refolding of former (old axes. 

During continuing retrograde metamorphism and 
cooling, the deformation generated fracture cleavages in 
metapelites and macroscopic kirikbands in all ,';Ietasediments. 
Microscopic kinkbands appeared in quartz, white mica, 
chlorite and calcite. Quartz aggregates show transgranular 
fluid inclusion trails and deformation lamell~~ decorated 
with fluid inclusions. Quartz grains with c-axe'" or~entated 

at high angle to the foliation, show predominant basal 
deformation lamellae, initiated by <a>-gliding (after Ave 
Lallement & Carter, 1971). In naturally deformed rocks, basal 
deformation lamellae are produced at temperatures of about 
:2;75°C and strain rates of 10-12 to 10-14 sec. (Voll, 1976). 
The orientation of the transgranular fluid trails in quartz 
aggregates allows to determine the orientation of the stress 
direction 03 during tl.Lb deformational o.:pisode: The 
transgranular fractures are subvertical and trend N-S, and 03 
dips gently to the E. 

The main d~[ormatior. lI'l"chanisM d.lring the 
progressive deformatlon was pressure ~1..1Ut ...... 11 al tjuart.: 
(after Nicolas, 1984). This was accompanied and followed b\ 

dislocation glide and recrystalliz~tion Ol quartz. 
At a l~ter stage of the deformation histo~y, 

mainly N-S and F·" trending normal faults am' joints with 
extcnsional geOl Jtry developed as result rof bri ttle 
deformation. The are supposed to be ini ted by t~ 

subduction of oc. nic crust under the HelIer, c arc ;,nd a 
associated with eoqene block tilting to :.he N 
(Pirazzoli et al., 1982). 

FLUID INCLUSIONS TRAILS 

The investigated fluid : n('lusit-ns in quartz 
aggregates were formed along transgranular fractures and 
deformation lamellaL. Microthermometric analysis give 
eutectic temperatures between -52. 7°C and -Jl.)OC. Theae 
temperatures correspond to the freezing point depression of 
water for NaCl, KCI, caC12 and MgC12 soluti~ns (after Linke, 
1958, 1965). The eutectic composition give salt 
concentrations between 0\ and 23\. The homogenization 
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temperaturel!!l of the fluid inclusions vary between lJO°C and 
250°C and are characteristic for a fluid density between 1.0 
q.cm- J to 0.8 q_cm- J (after Crawford, 1981). The 
homogenization temperature corresponds to the temperature of 
trapping of the fluid inclusions by the quartz crystals 
(after Roedder, 1984). corresponding to this, the fluid 
trails are interpreted as to have been formed at temperatures 
between 130°C and 250°C. The fluid inclus~on5 of these trails 
contain a brine, whose composition corresponds nearly to the 
systems H20-NaCl-caC12 and "20-NaCI-MgC12/FeC12 (after 
Roedder et al., 1972). 

The transqranular fluid trails in quartz 
aggregates strike N-S. This indicates, related to the proofed 
deformation in tho flattening field and top to E-shearing, a 
regional stress distribution probably governed by E-W 
extension. 

CONCLUSION 

In summary, during uplift and cooling, the rocks 
of the PQ unit in south Central Crete experienced a 
progressive deformation in a stress field mainly governed by 
E-W extension. The first episodes of deformation affected the 
peak pressure indicating minerals, carpholite and chloritoid, 
and suggest consequently retrograde P-T conditions. 
Continuing stress under retrograde metamorphism caused 
deformation of the metasediment~ in the plastic/brittle 
transition zone of quartz at temperatures of about 200°C, as 
was revealed from the homogenization temperature of the fluid 
inclusions. All these produced mainly N-S and E-W orientated 
structures. The geometry of the deformation during this 
uplift part is probably linked to E-W extension under 
flattening conditione: 01 is subnormal to the foliation 
surface and 03 dips gently to the E. Uplifted to the surface, 
the rocks became brittle and the deformation generated N-S 
and E-W striking normal faults and joints, probably related 
to the Ncogene block rotation of the Cretan island. 
Geothermal gradients calculated from the fluid isochores, the 
homogenization temperatures and the petrological data of 
Theye and Seidel (1991) are between 10·C/km at P-T peak 
conditions and about 35°C/km near the surface. 

A(.OO\\LlillC1>UN1·5 

The aUlllor wishs to thank B.Stodhcrt and A.Krohc ror thcjr faithft,Il1 

discussion and partiwlary (or provjding the tcctvlical cquif'llcnl. 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



-470

REFERENCES 

Aye Lallement, H.G. & Carter, N.L. (1971): Pressure 
dependence of quartz deformation lamellae orientation.- Am. 
J. of Seie., Vol. 270, 218-235, Texas 

Bonneau, M. (1973): Sur les attinites ioniennes des 
"calcaires en plaquettes" epimetamorphique de la Cr~te, le 
charriage de la serie de Gavrovo-Trlpolitsa et la structure 
de l'arc egeen. C. R. Acad. Se. Paris, (D), 277, 245)-2456 

8izon, G. & Thi6bault, F. (1974): Donnees nouvelles sur l'!ge 
des marbres et quartzite du TaygAte (Peloponn~se 

meridional, GrAce). C. R. Acad. Se!. Paris (D). 278, 9-12 
Crawford, M.L. (1981): Phase equilibria in aqueous 

fluid inclusions, in: Short course in fluid 
inclusions: Application to Petrology, calgary Hay 1981, 
Min. ASsoc. or Canada 

Creutzburg, N.• Seidel, E. (1977): General geological map ot 
Crete 

Ept!ng, H.; Kudrass, H.R.; Lepping, U. , SchSfer, A. (1972a): 
Geologie des Talea Ori/Kreta-N.Jb.Geol.Palaont.Abh., 
HI, 259-285 

Fytrolakis, N. (1972): Die Einwirkung gewisspr orogener 
Einwirkungen und die Gipsbildung in Ostkreta (Prov. 
sitia). Bull. Geol. Soc. Greece, 9, 81-100 

Knipe, R. J. (1989): Deformation mechanisms - recognition 
from natural tectonites. J. Struct. Geol., III 127-146 

Konig, H. , Russ, S. E. (1980): Neue Oaten zur 
Biostratigraphie des permotriadischen Autochthons der Insel 
Kreta (Griechenland). N. Jb. Geol. Palaont. Hh., 1980, 525
540 

Krahl, J.; Kaufmann, G.; Kozur, H.; Richter, D.; Forster, O. 
, Heinritzi, F. (1983): Neue Oaten zur Biostratigraphie und 
zur tektonischen Lagerung der Phyllit-Quarz!t-Gruppe und 
der Trypali-Gruppe auf der Insel Kreta (Griechenland). 
Geol. Rdsch., 72; 1147-1166, Stuttgart 

Linke, W.F. (1958): Solubilities inorganic and metal
organic compounds, Vol.I, 4th [d., D. van Nostrand Co., 
Princeton, N.J., 1487p (249) 

Linke, W.F. (1965): Solubilities, inorganic and metal 
organic compounds, Vol. 11, 4th Ed.; Am. Chem. Soc., 
Washington D. C.; 1914 P (232) 

Nicolas, A. (1984): Principles of rock deformation, Paris 
Pirazzoli,	 P.A.; Thommeret, Y.; ThoTnDeret, J.; Laborel, J. , 

Montagionni, L.F. (1982): Crusta I block movements from 
Holocene shorelines: Crete and Antikythira (Greece). 
Tectonophys!cs, 86, 27-43, Amsterdam Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



Price, G.P. (1985): Preferred orientations in quartzites. In: 
Wenk, H.R. (1985): Preferred orientation in deformed 
metals and rocks: An introduction to modern texture 
analysis. Acad. Press., Inc. 

Ramsay, J. G. , Huber, M. 1. (19B3): Modern 
structural Geology, Vol.l: strain analysis, Acad. 
Press., Inc., Florida 

Ramsay, J. G. , Huber, M. t. (1987): Modern 
structural Geology, Vol. 2: Folds and Fractures, Acad. 
Press, Florida 

Rocdder, E. (1972): Composition of fluid inclusions. U. S. 
Geol. Survey Prof. Paper, washington, 440-JJ 

Roedder, E. (1984): Fluid inclusions. In: Review in 
Mineralogy, Vol. 12, 645, 33 

seldel, E.; Okrusch, M.; Kreuzer, H.; Raschka, H. , Harre, W. 
(1976): Eo-Alpine metamorphism in the uppermost unit of 
the Cretan nappo system- Petrology and Geochronology, Part 
1. The Lendas Area (Asteroussia Mountains). 

Contr.Min.Petr., 57, 259-275, Berlin
 

Seidel, E.; Schliestedt, M.; Kreuzer, H. , Harre, W. (1977a): 
Metamorphic rocks of late Jurassice age as components 
of the Ophiolitic M~lange on Gavdos and Crete (Greecc). 
Geol. Jb., 28, )-21, Hannover 

Seidel, E. i Schliestedt, M.; Kreuzer, 11. , Harre, W. (1982): 
A Late Oligocene/Early Miocene high pressure belt in the 
external Hellenides.-Geol.Jb., 23, 165-206, Hannover 

Snoke, A. W. and Frost, B. R. (1990): Exhumation of high 
pressure pelitic schist, Lake Hurray spillway, South 
Carolina: evidence for crustal extension dtlring Alleghanian 
strike-.lip faUlting. Am. J. scl., 290: 853-881 

Theye, T. (1988): Aufsteigende Hochdruckmetamorphose in 
sedimenten der Phyllit-Quarzit-Einheit Kretas und des 
Peloponnes.-224 S., Diss. TU Braunschweig 

Theye, T. , seidel, E. (1991): Petrology of low-grade high
pre&.ure metapelites from the External Hellenides (Crete, 
Peloponnese). A case study with attention to sodic 
minerals. Eur. J. Mineral" 3, 34)-366 

Theye, T.; seidel, E. , Vidal, O.(1992): Carpholite, 8udoite, 
and chloritoid in low-grade high-pressure metapelites from 
Crete and the Peloponnese, Greece. Eur. J. Mineral., 4, 
487-507 

Voll,	 G. (1976): Recrystalllzation of quartz, biotite, 
feldspars from Erstfeld to the Lenentina Nappe, Swiss Alps, 
and its ge9logical significance. schweiz. Hin. Petrol. 
Mitt. 56, 641-6~7 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



Wachendorf, H.; Baumann, A.; Gwosdz, W. & Schneider, W. 
(1974): Die Phy1lit-Quarzit-Serie Ostkretas -eine M~1ange.
Z.dt.Geol.Ges., 125, 237-251, Hannover 

Zwart, H.J.; Martens, M.; van der Molen, I. & Passchier, CW. 
spiers, C. and Vissers, R. L. M. (Editors), (1987): 
Tectonic and structural processes on a macro-, meso- and 
micro-scale. Tectonophysics, 135(1-3), 1-263 

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.




