


GEOLOGICA ULTRAIECTINA
 

Mededelingen van de
 
Faculteit Aardwetenschappen
 

Universiteit Utrecht
 

No. 160
 

NEOGENE OUTER-ARC EVOLUTION IN THE CRETAN
 
SEGMENT OF THE HELLENIC ARC: TECTONIC,
 

SEDIMENTARY AND GEODYNAMIC RECONSTRUCTIONS
 

Johan ten Veen 



ISBN 90-5744-018-0
 



NEOGENE OUTER-ARC EVOLUTION IN THE CRETAN
 
SEGMENT OF THE HELLENIC ARC: TECTONIC,
 

SEDIMENTARY AND GEODYNAMIC RECONSTRUCTIONS
 

NEOGENE OUTER-ARC EVOLUTIE IN HET KRETENZISCHE DEEL
 
VAN DE HELLEENSE BOOG: TEKTONISCHE, SEDIMENTAIRE EN
 

GEODYNAMISCHE RECONSTRUCTIES
 

(met een samenvatting in het Nederlands)
 

PROEFSCHRIFT
 

ter verkrijging van de graad van doctor
 
aan de Universiteit Utrecht
 

op gezag van de Rector Magnificus Prof. Dr. H.O. Voorma
 
ingevolge het besluit van het College van Decanen
 

in het openbaar te verdedigen
 
op maandag 23 maart 1998 des namiddags te 16.15 uur.
 

door
 
Johannes Hendrik ten Veen
 
geboren op 31 december 1965
 

te Amsterdam
 

1998
 



PROMOTOR: PROF. DR. J. E. MEULENKAMP 

CO-PROMOTOR: DR. G. POSTMA 



VoorMarion 



Contents 

Bibliography 8 

Samenvatting (summary in Dutch) 9 

Chapter 1
 

Chapter 2
 

Chapter 3
 

Chapter 4 

Chapter 5 

Chapter 6
 

References
 

Introduction and summary 11 

Identification of fault blocks and restoration of 
their vertical motions - a method 

21 

Fault patterns in the southern Aegean 41 

Reconstruction of fault-block kinematics and 
architecture of Neogene outer-arc basins of 
central and eastern Crete 

67 

Late Miocene to Recent tectonic evolution of 
Crete (Greece): geological observations and 
model analysis 

109 

Roll-back controlled half-graben evolution and 
related basin-fill patterns (Late Miocene, Crete) 

133 

177 

Dankwoord (acknowledgements) 187 

Curriculum Vitae 189 

Enclosures 191 



Bibliography 

Chapter 4:
 
Ten Veen, J.H. and Postma, G., 1998. Reconstruction roll-back controlled
 
outer-arc fault kinematics (Neogene, Crete,Greece). Basin Research, (to be)
 
submitted
 

Chapter 5:
 
Ten Veen, J.H and Meijer, P. Th., 1997. Late Miocene to Recent tectonic
 
evolution of Crete (Greece): geological obervations and model analysis.
 
Tectonophysics, submitted.
 

Chapter 6:
 
Ten Veen, I.H. and Postma, G., 1998. Half-graben evolution and basin-fill
 
patterns related to roll-back controlled stress-field evolution (Late Miocene,
 
Crete, Greece). Basin Research, (to be) submitted.
 



Samenvatting 

De geologische ontwikkeling van Kreta (oostelijke Middellandse Zee) wordt 
gedomineerd door de noordwaartse subductie van de Afrikaanse plaat onder de 
Egelsche continentale korst. Het eiland Kreta is een topografisch hoog dat zich 
bevindt in het zuidelijkste deel van de Helleense Boog en dat de Kretenzische Zee in 
het noorden van de diepe Helleense Trog in het zuiden scheidt. Deze laatste bepaalt 
het contact tussen de Egelsche lithosfeer en de Afrikaanse plaat, terwijl het actieve 
overschuivingsfront, de Mediterrane Rug, zuidelijker ligt. De Helleense Trog vormt 
de grens tussen actieve rek tektoniek in de Helleense Boog en compressie tektoniek 
in de Mediterrane Rug. 

Recente studies hebben aan de hand van de lengte van het reeds ondergeschoven 
deel van de Afrikaanse plaat en de gemiddelde convergentie snelheid, aangetoond 
dat het subductie proces minimaal 26 miljoen jaar geleden begon. Vanaf het Late 
Krijt zijn de convergente plaatbewegingen geassocieerd met stapeling, plooiing en 
zuidwaards transport van tektonische dekbladen. Deze Alpiene dekbladstapeling 
vormt het basis gebergte op Kreta en is voomamelijk ontsloten in breukbegrensde, 
opgeheven blokken welke de Neogene en Kwartaire sedimentaire bekkens 
begrenzen. 

Na het Midden Mioceen veranderde de stijl van deformatie in het Egelsche 
gebied door het vastlopen van de Afrikaanse en Euraziatische continenten. Dit 
vastlopen initieerde de zuidwaartse terugschrijding van de onderschuivende 
Afrikaanse plaat en leidde tot extensie (rek) tektoniek in het Egelsche gebied. Deze 
extensie tektoniek wordt in vele gebieden aangetoond door een dicht gespatieerd 
patroon van afschuivingsbreuken die horst en graben strukturen begrenzen. De 
extensie tektoniek ging gepaard met erosie van de pre-Neogene dekblad stapel zoals 
wordt aangetoond door de dikke pakketten klastische sedimenten die het basement 
bedekken. Deze sedimenten hebben een Laat Miocene ouderdom. 

Centraal in dit proefschrift staat de tektonische en sedimentaire ontwikkeling van 
de extensie bekkens op Kreta in relatie tot tektonische processen geassocieerd met 
subductie. Het eerste aspect van het onderzoek is het identificeren van de extensie 
breuken op Kreta en het zuidelijke Egelsche gebied in het algemeen. Landsat 
satelliet beelden, topografische data in de vorm van digitale elevatie modellen 
(DEM's) en veld data zijn gebruikt voor het in kaart brengen van breuken. De 
resultaten van deze lineamenten analyse worden weergegeven in zogenaamde 
lengte/frequentie diagrammen, waaruit blijkt dat er 6 dominante breuk richtingen 
zijn op Kreta. De importantie van deze breuksystemen is ook bekeken in relatie tot 
de structurele fenomenen en lineamenten van het gehele zuidelijke Egelsche gebied. 
Vele structuren op Kreta zijn vervolgbaar in het mariene bereik, alwaar dezelfde 6 
breuk richtingen ook aanwezig zijn. 

De combinatie van de op verschillende manieren verkregen breuk informatie, 
maakt het bovendien mogelijk om voor oost en centraal Kreta breuk begrensde 
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Samenvatting 

blokken te onderscheiden. Gebruik makend van stratigrafische gegevens is het 
mogelijk vertikale bewegingen van de blokken te reconstrueren door middel van een 
zogenaamde "geohistory analyse". Ais de beweging van twee blokken ten opzichte 
van elkaar significant is, kan deze gei'nterpreteerd worden in termen van activiteit 
van de blok-scheidende breuk. Voorts worden in een geografisch informatie systeem 
(GIS) geologische data met breuken gecombineerd ten einde inzicht te krijgen in 
hoeverre breukactiviteit de opvulling van het bekken heeft bei'nvloed. De combinatie 
van de geohistory methode en de GIS methode leidde tot de definitie van vijf 
tektonostratigrafische episodes voor de laat Midden Miocene tot Recente tektonische 
ontwikkeling van centraal en oost Kreta. 

Een belangrijk aspect van deze studie is om geologische observaties en de daaruit 
voortgekomen tektonostratigrafie te vergelijken met de resultaten van numeriek 
gemodelleerde spanningen en deformaties in het Egei'sche gebied, welke 
geassocieerd zijn met het subductie proces. Voor een aantal mogelijke 
krachtenverdelingen op de overschuivende plaat worden de numerieke modellen 
gebruikt om het intra-plaat spanningsveld en de daarmee gepaard gaande beweging 
langs breukvlakken te berekenen. De resultaten tonen aan dat voornamelijk 
rekkrachten, werkend loodrecht op de overschuivende plaat, ten grondslag liggen aan 
de Laat Miocene extensie tektoniek op Kreta. Deze rekkrachten zijn gekoppeld aan 
de zuidwaartse terugschrijding (roll-back) van de Afrikaanse plaat. Daarnaast 
bepaalde de geometrie van de Helleense boog in sterke mate de richting van de 
extensie. Experimenten uitgevoerd met een combinatie van de eerder genoemde 
krachten en zijschuivings beweging gesimuleerd door boog parallelle krachten langs 
het oostelijke (Levantijnse) deel van de boog verklaren in belangrijke mate de 
Pliocene tot recente defonnatie. Compressie fenomenen kunnen aile verklaard 
worden door compressieve krachten loodrecht op de boog. 

Met de tektonostratigrafie en de geodynamische inzichten als uitgangspunt, wordt 
ten slotte de relatie tussen bekkenontwikkeling en de ontwikkeling van de Helleense 
"outer-arc" uitgediept. Geologisch veldwerk, door de auteur verricht op Kreta, 
maakte de correlatie van de tektonische en sedimentaire karakteristieken van vijf 
gebieden op centraal en oost Kreta mogelijk. In het Midden Mioceen waren deze 
gebieden onderhevig aan compressie tektoniek, terwijl extensie tektoniek voor het 
Laat Mioceen aangetoond wordt door de ontwikkeling van twee half-graben 
systemen: I) een diepe, boog parallelle half-graben en 2) een serie van ondiepe, 
kleine haIf-grabens begrensd door een systeem van boog parallelle breuken en 
breuken loodrecht op de boog. Deze ontwikkeling kan op regionaal niveau 
gekoppeld worden aan het roll-back proces en de veranderende krachten verdeling 
op de krommer wordende boog. Daarnaast wordt de kinematiek van de half-grabens 
gestuurd door lokale verondiepingen van het niveau in de korst waarop de 
respectievelijke breuksystemen ontkoppelen als gevolg van isostatische compensatie 
van vertikaIe bewegingen. 
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Chapter 1 

Introduction and summary 

Scope of the thesis 
The work presented in this thesis aims to establish a high-resolution tectonic and 

sedimentary reconstruction of Neogene extensional basins on Crete, in combination 
with a quantification of the extension development in a continental outer-arc. The 
first step considers the establishment of a detailed tectonostratigraphy, which 
concentrates on the timing of the various late Paleogene and Neogene deformation 
phases on Crete. Then, the relationship between deformation and geodynamics was 
determined by comparing the resolved tectonostratigraphy with the results of 
forward numerical modelling of horizontal patterns of stress and deformation 
associated with the Hellenic subduction. Finally, the integration of the 
tectonostratigraphy with basin-fill patterns of the Late Miocene half-grabens 
provides good means to dicriminate between regional and local effects on the 
evolution of the Cretan half-graben basins. 

Geodynamic setting of the Hellenic Arc 
The island of Crete represents an emerged part of the Hellenic Arc and is 

situated in the eastern Mediterranean (Fig. 1). It separates the Cretan Sea in the 
north from the Hellenic Trench system in the south. The late Cenozoic evolution of 
Crete has been controlled by what may be regarded as the final stage of northward 
subduction of the African plate beneath the Aegean lithosphere (Makris and Vees, 
1977; Le Pichon and Angelier, 1979). Alpine orogenic activity started in the late 
Cretaceous when relative motions between the African plate and the Eurasian plate 
changed to roughly north-south convergence (e.g. Livermore and Smith, 1985). As 
a result of shortening associated with the southward migrating thrust sheets a typical 
fold-and-thrust belt geometry formed with thick flysch deposits that accumulated in 
flexurally controlled foreland basins (Underhill, 1989). The length of the subducted 
portion of the African plate, as derived from seismic tomography studies, would 
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Chapter 1 

Fig. 1. Geodynamic setting of the southern Aegean region showing the main structural features. 
Bathymetry is represented as shaded relief map and 500 m interval contours. Bathymetry is derived 
from U.S. Defence Agency Hydrographic Centre. 

imply that the Hellenic subduction zone was initiated at least 26 Ma ago (Spakman 
et at., 1988). 

The deep Hellenic Trench system constitutes the boundary between the Aegean 
region and the Mediterranean Ridge to the south (Fig. 1). The latter gives prominent 
submarine relief to the eastern Mediterranean and is interpreted as an accretionary 

. prism built by the offscraping and piling up of the upper parts of the sediments 
deposited on the downgoing plate (Biju-Duval, 1982; Le Pichon et at., 1982a,b). In 
contrast, during the late Cenozoic, the Aegean region was dominated by an intense 
regional continental extension which is superimposed on the Alpine structures 
(Angelier et at., 1982). This continental extension of the Aegean region is 
evidenced by a dense pattern of normal faults that cause horst and graben structures 
(McKenzie, 1972: McKenzie, 1978a; Le Pichon and Angelier, 1979; Angelier et 
at., 1982). Although extension formed the dominant tectonic regime throughout the 
late Cenozoic, it was interrupted by periods of compression. Sedimentary and 
structural evidence for periods of compression during the Neogene is present on 
Crete and tectonic structures indicating N-S to NE-SW oriented shortening were 
pointed out by, among others, Kopp and Richter (1983), Fortuin and Peters (1984) 
and Jolivet et at. (1996). Meulenkamp et at. (1988) presented structural data 
pointing at brief periods of regional compression during the late Middle Miocene 
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and Late Miocene. These authors proposed that the stretching of the Aegean 
lithosphere is accommodated by low angle shear zones along which a detached 
supracrustal slabs moved southward. In the frontal parts of the supracrustal slab, of 
which the Cretan segment of the Hellenic Arc forms a part, uplift in response to 
compression may have been generated during these periods of southward 
movement. Alternatively, the elevated position of Crete, and the Hellenic arc in 
general, has been attributed to a mechanism of crustal underplating (Le Pichon and 
Angelier, 1981; Angelier et a1., 1982; Peters, 1985). This mechanism implies that 
sediments were removed from the subducting plate to form the new basement of the 
Hellenic Arc (Barton et at., 1983). 

The distribution of earthquakes reveals that the contact between the Aegean 
lithosphere and the African plate coincides with the Hellenic Trench system (Fig. 1; 
Lallemant et at., 1994). The latter includes the Ionian branch in the west and the 
Levantine branch in the east. The Ionian branch (comprising the Matapan, Gavdos 
and Gortys trenches), consists of narrow, NW-SE trending half grabens affected by 
the wide-spread extensional deformation active on the outer Hellenic Arc (Fig. 2). 
The outer walls of the Ionian trenches are characterised by compressional 
deformation (Le Pichon et at., 1982a,b). The Levantine branch consists of a 
complex system of sub-parallel, NE-SW trending depressions: the south Cretan 
Trough, the Strabo Trench and the Pliny Trench (Jongsma, 1977). At present, the 
latter two are characterized by active normal faulting and strike-slip movements, 
while the South Cretan Trough seems to be affected by normal faults only (Peters, 
1985) 

Mediterranean Ridge Hellenic Outer Hellenic Arc 
Trenchsw NE 
South Cretan CRETE 

0321 

o 100 200 km 

I I I 

trenches 
-O------------~G"'ac:-:v7doc-::-s----±-----, 

plateau 
~ 

Fig. 2. NE-SW transect through the southern Aegean region (see Fig. 1 for location). The 
Hellenic Trench system is represented here as a set of extensional basins within the backstop of the 
Mediterranean Ridge (cf. Truffert et al. 1993 and Lallement et al., 1994). 1, crust of the upper plate; 
2, deformed sediments (accretionary wedge); 3, crust of the downgoing plate. 
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Chapter 1 

Numerous studies address the question of how extension of the Aegean 
lithosphere is related to the subduction process. Gravitational pull acting on the 
overriding Eurasian plate is frequently cited as the driving mechanism for the 
southward retreat of the subducting slab (roll back). This roll-back process is 
considered to provide room for gravitational spreading of the overriding plate (Le 
Pichon and Angelier, 1979). The effects of roll-back are dominant in the southern 
Aegean - Cretean trough region; the extension in the northern Aegean resulted from 
the differential motion between the Apulian and Anatolian platelets (Zeilinga de 
Boer, 1989). 

Geological setting and Neogene history of Crete 
The Alpine basement rocks or "pre-Neogene" rocks of Crete are composed of a 

stacked series of highly heterogeneous tectonic nappes exposed in uplifted blocks, 
which are bounded by normal faults from the Neogene and Quaternary basins. The 
pre-Neogene rock succession in Crete consists of a pile of metamorphosed and non
metamorphosed rocks. On Crete the parautochtonous basement is formed by the Ida 
nappe (Plattenkalk Series) which crops out in tectonic windows. The Ida nappe 
consists of Permo-Triassic partly metamorphic platy limestones grading into Late 
Cretaceous to Eocene pelagic limestones, which are in tum covered with an 
Oligocene flysch (Bonneau, 1984). On western Crete, the lowermost allochtonous 
unit is the so-called Tripali Unit (Creutzberg and Seidel, 1975) consisting of various 
types of carbonates. On central and eastern Crete, the lowermost allochtonous unit 
is formed by the Phyllite-Quartzite Unit (Creutzburg and Seidel, 1975) which is 
very variable in thickness. The Phyllite-Quartzite (PQ) Unit consists of alternating 
limestones and pelites of mainly Triassic age (Krahl et al., 1983) and bodies of 
quartzite, gypsum, volcanics and also slices of metarnorphics that must have been 
derived from a Hercynian basement (Seidel, 1978). The sequence is tectonic rather 
than stratigraphic, as it contains a succession of rocks of different age, origin and 
grade of metamorphism. Both the Plattenkalk Series and the PQ-Unit contain High 
Pressure-Low Temperature (HP-LT) minerals such as aragonite, carpholite and 
lawsonite (e.g. Seidel et al., 1982; Theye and Seidel, 1991). The radiometric age of 
the metamorphism is about 20 Ma, which corroborates the age for nappe 
emplacement deduced by Bonneau (1984). All units resting above the 
metamorphosed units do not show any HP metamorphism. The non metamorphic 
nappe pile consists of three units and comprises from base to top: (1) The Tripolitza 
Series, representing Triassic to Eocene platform limestones and Eocene flysch; (2) 
The Pindos Series, comprising a succession of pelagic limestones and radiolarites of 
Late Jurassic to Late Cretaceous age with intercalations of redeposited shallow 
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water limestones of Triassic to Cretaceous age, covered with an Middle Eocene to 
Oligocene flysch; and (3) the Asteroussia Complex, or Ultra Mafic Unit (UM Unit), 
comprising, amongst others, recrystallized limestone together with Late Cretaceous 
igneous intrusions (Bonneau, 1982). The total thickness of the nappe pile on Crete 
does not exceed 4 to 5 km. For further discussion on this subject, see Creutzburg 
(1958), Creutzburg and Seidel (1975), Baumann et at. (1976), Bonneau (1982; 
1984). Robertson and Dixon (1984), Mercier et at. (1989), and Zeilinga de Boer 
(1989). 

After the emplacement of the Alpine pile of nappes (?late Early Miocene), Crete 
formed part of the so-called Southern Aegean landmass (sensu Meulenkamp, 1971). 
The postorogenic period was characterized by erosion of the pre-Neogene nappe 
pile. Thick series of basal Neogene clastics unconformably overlie the Alpine 
basement in many Cretan districts. These deposits, mainly limestone breccias of 
local provenance, reflect the effect of differential, vertical movements along east
west and north-south trending structures (Meulenkamp and Hilgen, 1986). Jolivet et 
at. (1996) associate these breccias with N-S stretching of the Tripolitza nappe above 
a detachment zone between the Tripolitza and the PQ nappes. The stretching and 
top-to-the-north shear is associated with uplift due to the underthrusting and folding 
in the deeper parts of the PQ nappes. 

Reconstruction of the late Middle Miocene history of eastern Crete portrays a 
continental borderland in the north and faulted, E-W trending basin" with fluvio
lacustrine sedimentation in the southern part of the island. For the Ierapetra Basin, 
Fortuin (1977) demonstrated that at the end of the Middle Miocene a large, 
westward flowing fluvial system (Males system) had developed which 
approximately parallels the modern south coast. Earlier, Creutzburg (1958) and 
Drooger and Meulenkamp (1973) mentioned the existence of Middle Miocene E-W 
trending valleys in which fluvial sedimentation occurred. Paleocurrent directions 
signify an eastern source area for these fluvial sediments. In the late Serravallian the 
sea invaded the Cretan part of the basin. 

The period around the Middle-Late Miocene transition is marked by the break up 
of the southern Aegean landmass and the basin bordering it to the south. Angelier, 
(1979) and Le Pichon and Angelier (1979) proposed that this event was related to 
extension in the Cretan Sea caused by the inception of the roll-back process of the 
Hellenic Trench system (see also Meulenkamp et at., 1988). According to these 
authors, extension resulted in the break-up of the Aegean landmass illustrated by the 
horst and graben morphology of Crete. Fault orientations are mainly clustered 
around E-W and N-S axes with subordinate oblique directions. During the early 
Tortonian, the sea slowly invaded Crete through the complex horst and graben 
morphology, resulting in the deposition of a thick sequence of interfingering 
fluviatile, brackish and marine strata. Subsidence during this period has been 
recognized allover Crete (Drooger and Meulenkamp, 1973) and the continental to 
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marine transItIOn has been reported from many stratigraphic sections in Crete. 
Fortuin (1978) and Postma et al. (1993a) demonstrated that deposition and facies 
trends in the early Tortonian basin are controlled by activity along major fault 
zones. 

In the middle to late Tortonian, sedimentation did not keep up with subsidence 
and marine conditions became more open, as illustrated by contemporaneous deep 
marine deposits in many Cretan basins (Peters, 1985; Meulenkamp, 1985) 

Meulenkamp et ai. (1979) postulated that the late Tortonian-early Messinian 
period on Crete was typified by apparently uninterrupted submergence. 
Sedimentation changed from predominantly clastic in the Tortonian to carbonates 
during the transition period from Tortonian to Messinian. The carbonates are 
transgressive on blocks previously subject to uplift and erosion, while marine 
successions in the basin suggests shallowing across the transition from terrigenous 
clastics (clay and marl) to carbonates (Meulenkamp, 1985). 

In some parts of Crete, tilting and erosion of the older parts of the Neogene 
sequence took place during a period of tectonic instability, which caused the 
changes in basin configuration and sedimentation in the Tortonian-Messinian time
interval boundary (Meulenkamp, 1985). Peters (1985) suggested that the remarkable 
upward increase in calcareous content of late Tortonian-early Messinian deposits in 
Crete (as well as those in Sicily and Spain) was related to a period of basin-wide 
environment changes, even though local factors, such as decreased supply of 
terrigenous detritus by progressive submergence of the region, as in the case of 
Crete, may have played a role as well. Evaporites occur in various parts of Crete 
(i.e. Fortuin, 1977; Meulenkamp et ai., 1979a) and formed in response to the 
Messinian Salinity Crisis. The latter authors proposed a late Messinian rejuvenation 
of the relief resulting in the deposition of coarse-conglomeratic, non-marine 
successions and of fluvio-lacustrine to lagoonal sediments. These deposits are 
predominantly present in western Crete, from where it is known that locally thin 
evaporites with associated marine (hypersaline) clay beds are intercalated in this 
type of sequences. Meulenkamp et ai. (1979a) argued for a pre-Pliocene period of 
tectonic instability resulting in renewed subsidence to explain the accumulation of 
hundreds of metres of clastics. 

Sediments belonging to the earliest Pliocene are mostly incorporated in the "marl 
breccias" (sensu Fortuin, 1977) together with Messinian gypsum and 
conglomerates. These deposits overlie the lower Messinian carbonates 
(Meulenkamp, 1985). According to Peters (1985) the marl breccias resulted from 
the spasmodic subsidence along the pre-existing but still active E-W and N-S 
trending fault systems. As a rule in central and eastern Crete, late Messinian to 
earliest Pliocene sediments are not present. From the Early Pliocene, Meulenkamp 
et ai. (1994) reported marly limestones of the Trubi type reflecting the effect of the 
Pliocene flooding which terminated the Mediterranean Messinian salinity crisis. At 
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the end of the Early Pliocene, Crete was probably subject to an overall regression 
which caused the emergence of almost the entire island in the course of the Pliocene 
(Meulenkamp and Hilgen, 1986). This is evidenced by shallow marine sequences 
along the north and the south coast of Crete (Meulenkamp, 1985). As inferred from 
the Early Pliocene to Recent record, the Cretan uplift is coupled with tilting towards 
the north and northeast and is separated by a short, early Late Pliocene episode of 
subsidence (Meulenkamp et ai., 1994). The northward tilting of the island was 
accompanied by folding and thrusting which caused the uplift of the pre-Neogene 
massifs (Meulenkamp et ai., 1988). 

During the Pleistocene period, Crete obtained its present shape. Renewed 
fragmentation and strong differential movements were the most dominant tectonic 
features controlling the Quaternary landscape evolution (Drooger and Meulenkamp, 
1973; Meulenkamp, 1985). Many displacements along the Cretan fault systems 
occur even today, which result in the continuing accentuation of the topographic 
relief. Precise measurements of the orientations of the remnants of walls and floors 
of the Minoan settlement of Gournia revealed 7° of tilting due to tectonic 
movements along the Ierapetra Fault, since its construction between 3650 and 2025 
BC (Van Wamel and Gast, 1995). A study of raised Holocene paleobeaches 
(Postma and Nemec, 1990) and the radiometrically dated wave-cut notches in the 
coastal cliffs of western Crete (Pirazzoli et ai., 1982) indicate Recent episodes of 
northeasterly tilting of the Cretan block. This northeasterly tilting, together with 
varied climatic conditions was found to have major control on the development of 
alluvial fan complexes in the piedmont zone of the Lefka Ori limestone massifs in 
southwestern Crete (Postma and Nemec, 1993) 

Summary and structure of the thesis 
This thesis starts with the establishment of a tectoctonostratigraphic framework 

in order to put constraints on the timing of the different events of Middle and Late 
Miocene deformation on Crete. First, an inventory is given of all tectonic structures 
which resulted from the deformation. The methods to identify tectonic structures 
and the subsequent dating of their period(s) of activity are described in Chapter 2. 

Chapter 3 deals with the fault patterns of the southern Aegean area and Crete in 
particular in order to identify fault groups and to see if and how these fault groups 
link the various central and eastern Cretan basins. The results of various lineament 
analyses on recent Landsat satellite imagery and digital elevation models (DEM's) 
are combined with structural field data into a Geographic Information System (GIS), 
enabling an easy visualization of the superimposed data. Working from the GIS data 
it is possible to establish a detailed fault pattern for central and eastern Crete. The 
analyses led to the identification of six fault groups: N130E, NlOOE, N020E, 
N075E. N160E, and N050E. All fault groups can be identified also in the offshore 
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realm south, north and east of Crete. Comparison of on- and offshore fault data 
leads to a better understanding of the regional importance of some fault groups as 
compared with previous interpretations. 

Besides the recognition of faults, the identification of fault blocks became 
possible through the combination of satellite imagery, topography and structural 
field data. Chapter 4 describes how geohistory analysis (cf. Van Hinte, 1978) has 
been used to restore vertical motions of the fault blocks in order to detennine the 
periods of activity of the block-separating fault. The results of the geohistory 
analysis are calibrated and supplemented with field data indicative for syntectonic 
basinal processes. These data, including the fault-block separating faults, are stored 
in a GIS, enabling easy visualization and combination of data. The ultimate purpose 
of the GIS method is to provide support for the correlation between fault activity 
and basin fill patterns. Five tectonstratigraphic episodes for the late Middle Miocene 
to Recent period can be recognised from the combination of the geohistory and GIS 
method. The basin-fonning processes were dominated by compression in the latest 
Middle Miocene. In the earliest Tortonian a pattern of Nl30E and NIOOE faults, in 
an orthorhombic symmetry detennined the basin configuration. The early Tortonian 
to early Messinian active faulting was accommodated along NlOOE and N020E 
faults in an orthogonal system. In the Pliocene period faulting occurred on closely 
spaced, left-lateral oblique N075E faults. In Recent times all faults have been 
subject to reactivation. Based on a literature compilation, we interpret the Recent 
deformation to be dominated by nonnal to oblique faulting along WSW-ENE 
(N050E) faults and dextrally oblique motions along NNW-SSE (NI60E) faults. 

In Chapter 5 the reconstructed tectonostratigraphy of Crete will be compared 
with the results of numerically modelled patterns of horizontal stress and 
deformation associated with the Hellenic subduction. This is achieved by 
calculating intra-plate stress fields for various possible distributions of forces acting 
on the overriding plate margin and comparing the models with observations. The 
results suggest that arc-normal pull is the dominant force that generates the Late 
Miocene extension in the Cretan segment of the overriding plate, although arc
normal pull in combination with intra-plate spreading forces, due collapse of an 
earlier formed topography, cannot be excluded. The observed transform motions in 
the Pliny and Strabo Trenches allows us to incorporate experiments with additional 
resistance on the eastern (Levantine) segment of the Hellenic Arc. Experiments 
incorporating transform resistance along the trenches are in agreement with the 
Cretan deformation for the Pliocene to Recent period. The stress fields for short
term compressional periods around the Middle - Late Miocene and the Miocene 
Pliocene boundary are modelled by assuming resistive rather than tensional forces 
acting at the overriding margin and explain the orientation of the Cretan folds and 
reverse folds. 

With the tectonostratigraphy and geodynamical insight as starting points, 
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Introduction and summary 

Chapter 6 describes the correlation between basin-fill patterns and tectonic 
deformation in outer arc basins of the Cretan segment of the Hellenic arc. The 
recognition of tectonostratigraphic episodes, as established in Chapter 4, provides 
good directional constraints for fault activity and the well-dated sedimentary 
successions provide understanding of kinematics. Moreover, it allows us to make 
paleogeographic reconstructions by studying the synchronism and lateral extent of 
major erosional surfaces. We envisage that after a late Middle Miocene episode of 
compression-related processes associated with nappe stacking, the Late Miocene 
period is characterised by the development of two half-grabens systems: 1) an arc
parallel, longitudinal, domino-type half-graben which developed in response to arc
normal pull associated with the inception of the roll-back process; 2) small-scale, 
domino-type half grabens, controlled by an orthogonal fault system which started to 
develop in the course of the late Miocene and which are associated with multi
directional tension due to arc-normal pull on a curved arc geometry. All half-graben 
basins are immature in the sense that the lifetime of the basins is too short for 
complete half-graben cycles to be developed. Hence, only the early evolutionary 
phase as predicted by domino-type filling models is recorded in the basin fill. 

The change from arc-parallel to orthogonal half-grabens is thought to be 
associated with a change from deep-seated crustal extension (Basin and Range type) 
to extension which was accommodated along shallow, local detachments (Highly
Extended-Terrane type). The local detachments exhibit a domed geometry, which 
was accomplished by the isostatic uplift in response to fault plane unloading. Since 
footwall uplift and subsequent basin-fill patterns are associated with the shallowest 
parts of the detachment, the variable depth to detachment resulted in a spatially 
different character of the fault-block kinematics. 
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Identification of fault blocks and restoration of 
their vertical motions - a method 

Introduction and summary 
In addition to a thorough investigation of the 3D facies distribution, basin 

analysis must involve the tectonic analysis of fault trends and their relation to a 
mapped lithofacies pattern (Leeder and Gawthorpe, 1987). Only such an integrated 
study may produce a reliable reconstruction of the once-active extensional basin 
system. The identification of fault blocks on which the lithofacies patterns 
developed and the dating of their vertical motions are of major importance for the 
reconstruction of the Neogene extensional basins on Crete. The methods used for 
such an integrated study described in this chapter are shown in the flow chart in 
Figure 1. 

Lineaments were identified on both Landsat satellite imagery and digital 
elevation models (DEM's). The result of the lineament analysis should corroborated 
and supplemented by structural field data in order to obtain a reliable fault map. The 
combination of data sources is of great value since sub-recently active faults are 
especially clear in the digital elevation models and the satellite images, while older 
(even buried) faults can be readily identified on Landsat images. All data on faults 
and lineaments have been stored in a geographic information system (GIS), 
enabling an easy visualisation of the superimposed data and the identification of 
fault blocks. We define fault blocks here as undeformed upper crustal fragments 
bounded by faults that originated from one or more deformation phases. 

Geohistory analysis (Van Hinte, 1978) can be applied to unravel the subsidence 
history of fault blocks, using stratigraphy and estimates of age and paleobathymetry. 
Fault activity between adjacent fault blocks can be concluded when the relative 
vertical motions were significantly different. Fault activity can be dated, depending 
on the stratigraphic resolution on both sides of the fault. The advantage of this 
method is that it allows the initial activity and reactivation of faults to be 
determined. 
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Fig. 1. Flow chart of the methods described in this chapter. The combination of methods is aimed 
at identification of fault blocks and restoration of their vertical motions along fault-block bounding 
faults. The resulting tectonostratigraphy can either be used in geodynamical studies aimed at 
comprehension of driving forces or serve to establish tectono-sedimentary models which describe the 
relationship between faulting. fault-block kinematics and basin infilling. 
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The results of the geohistory analysis were calibrated and supplemented with 
field data indicative for syntectonic basinal processes, such as unit thickness, 
paleocurrent directions and unconformities, and are stored in a GIS. The use of a 
contouring and 3D surface mapping program allows visualisation of the 
geographically distributed data together with the fault data. The ultimate purpose of 
this GIS method is to provide support for the correlation between fault activity and 
basin fill patterns. 

The results obtained from the geohistory and the GIS methods can be combined 
to construct a tectonostratigraphic framework for a particular area. The results have 
great value for tectono-sedimentary models since the relationship between faulting 
and basin fill is well established. On a larger scale, the results can contribute to a 
better understanding of the kinematics of the area and their relation to geodynamical 
driving forces. 

Fault block definition 
In spite of numerous theoretical and case studies on normal-fault systems, there 

is no unique definition of the term fault block. All previous studies of normal-fault 
systems used this term to denote areas bounded by synthetic and antithetic faults 
(Fig. 2). Fault blocks may be laterally bounded by either transfer faults (Gibbs, 
1984) or by normal faults as would be expected in an orthogonal fault system. 
Transfer faults develop at high angles to the normal faults and result from the break 
down of relay ramps (cf. Larsen, 1988) which are situated at the overlap zoned of 
two en echelon fault segments connecting the hangingwall and footwall blocks. 

There are two important reasons why this "definition" can not always be applied 
to an extensional basin: (1) An important feature of normal-fault systems is their 
tendency to form new generations of high-angle faults when the dip of the original 
faults has been reduced due to fault-block tilting. The rotation of fault blocks 
eventually results in very low-angle, normal faults along which additional slip 
becomes impossible (Jackson and McKenzie, 1983; Sibson, 1985). A common, but 
not universal feature of second generation high-angle faults is that they cut the 
hanging wall (Fig. 2). The rotation of the newly established footwall results in 
gradual uplift of the basin fill (Dart et ai., 1995). Other models for extensional fault 
systems (Gibbs, 1984) predict progressive fault migration into the footwall, creating 
an increase of basin width and resulting in higher preservation potential of the basin 
fill. (2) A change in the stress field orientation may result in the development of 
either new faults with a different orientation, or different slip vectors on previously 
existing faults. 

An additional problem is that different scales of observation may lead to mis
interpretation of the geometry of the fault system and the associated fault blocks. At 
the Earth's surface, for instance, extensional faults are of finite extent and 
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asymmetrical basins thus produced have a distinctive scoop shape, at least in the 
early stages of extension (Leeder and Gawthorpe, 1987). The so-called fault-growth 
basins (Schlische and Olsen, 1991; Schlische, 1991) show decreasing displacement 
towards the ends of the faults and are expected to grow in length and width through 
time. When only part of the basin is considered, the basin may resemble a domino
style fault block (Wernicke and Burchfield, 1982). According to the basin-filling 
models of 

foot
,wall I hanging wall 8 1 

footwall I hanging wall I 

Fig. 2. Hypothetical cross section through a half graben with explanation of the terms used in 
text. A) The development of a second generation, master fault cutting the hanging wall results in 
uplift of the basin fill: Le. the hanging wall becomes footwall. B) In a reverse situation the second 
generation fault would cut the footwall so that former footwall areas are subsided and become part of 
the hanging wall region. Modified after Jackson & McKenzie (1983) and Rosendahl (1987). 

Schlische (1991) distinction between fault-growth basins and domino style basins 
can be made if the infilling patterns of the basins are described in tenns of 
volumetric sedimentation rates and basin capacities. However, the modelled basin
fill patterns of Schlische (1991) are not unique and can be explained in alternative 
ways by changing extension rate or sediment supply. Continued extension may lead 
to the joining up of a series of originally isolated scoops into a complex, linear 
graben system (Leeder and Gawthorpe, 1987), and thus changes the fault-block 
configuration through time. 

Basin evolution and stress field alteration may result in a change of the fault
block configuration through time. For restoration of vertical block motions, 
however, fixed and undefonned blocks are required. Therefore, a fault block is 
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defined here as an upper crustal, undefonned block which is bounded by faults of 
all possible styles, orientations and displacements, which were once or still are 
active (Fig. 3). Especially in terranes with a multi-stage and multi-directional 
defonnation history, fault blocks can be small and numerous. Therefore, the 
observation scale must be sufficiently small in order to avoid structural 
oversimplification of a study area. 

Present-day Maximum number 
configuration of fault blocks 

0 
Hi. \ \
{~ """"'" 

0>
1<;" \ \...... 

Fig. 3. Illustration of the definition of fault blocks as used in this study. Whereas fault blocks are 
usually bounded by genetically related and active faults (A), in this study the fault blocks are defined 
as the areas bounded by faults of all possible styles, orientations and displacements (B). 

Identification of lineaments 

Landsat image analysis 
The satellite image used in this study is a Landsat 5 TM (thematic mapper) 

image which was acquired on 25 June 1992. The image has a detection coverage of 
185 km and includes central and eastern Crete. Satellite data consists of seven 
electromagnetic radiation (EMR) wavelength bands. TM bands 1-3 cover the visible 
region of wavelength spectrum, TM band 4 the near-infrared region,and TM bands 
5 and 7 cover the infra-red region. TM band 6 contains thennal data. All TM bands 
have a resolution of 30 m, except band 6 which has a resolution of 120 m and which 
therefore was not used in this analysis. The images are in digital fonn as two 
dimensional arrays or rasters made up of pixels. Each pixel is assigned a digital 
number (DN) that represents the energy of the EMR waveband being monitored. 
The DN's are generally coded in the 8-bit (1 byte) binary range corresponding to 0
255. Digital images are degraded from original data for convenience and economy 
of storage (Drury, 1993) and each of the 255 steps corresponds to a range in the real 
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data. The byte-format data are ideal for manipulation by image processing software. 

Digital techniques of image enhancement 
Different image processing techniques are aimed at the enhancement of the 

image in such way that information needed is recognized to the best extend. Since 
enhancement techniques are numerous only those techniques used in this study are 
described. Image processing has been done using ILWIS 1.4 and ILWIS 2.01 for 
Windows developed by the International Institute for Aerospace Survey and Earth 
Sciences (ITC). 
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stretching (C), resulting in distribution of pixel 
values to output range 0 to 255. 

Image value 

Geometric rectification 

Before any comparison can be made with the geological information as on 
geological maps, or maps in general, the satellite images have to be geometrically 
transformed towards the metric coordinates of the map considered. The Cretan 
image was referenced according the metric U.T.M. (Universal Transverse Mercator) 
reference systems obtained from British Army topographic maps (scale 1:50.000). 

Stretching 
This technique redistributes values of an image over a wider or narrower range 
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of values. In any satellite image, the possible pixel values are in the range of 0 to 
255. In practice, however, not all these values will occur in an image. An image, for 
instance, with values ranging from 40 to 130 can be stretched linearly to an output 
range of 0 to 255 (Fig. 4). As 0 is by default displayed in black, and 255 in white, 
the maximum contrast will be obtained when the image is displayed in grey scale. 
Histogram equalisation redistributes values such that each histogram class (0-255) 
in the displayed image must contain an approximately equal number of pixels, and 
the histogram of these displayed values will then approximate a normal distribution 
(Mather, 1987). The part of an image's histogram with the largest amount of pixels 
is relatively stretched more than the parts with few pixels (Fig. 4). The effect of 
linear stretching on the original image is shown in Figure 8. 

Smoothing or low-pass filters 

Removal of high frequency variation allows low frequency information to pass 
through. Low-pass filtering enhances variation which is present in a large number of 
pixels, e.g. faults or lithological boundaries, but supresses high-frequencey local 
varation. Smoothing filters can be either non-weighted (Fig 5A) or weighted as 
shown in Figure 5B. Application of smoothing filters is shown in Figure 8C. In 
general, filters are "moved" over the image replacing the value of each central pixel 
by the result of the matrix operation. 

1/9 1/9 1/15 1/15 

1/91/9 2/15 2/15 

1/9 1/9 1/15 1/15 

A B 

Fig. 5. A) non-weighted 3x3 convolution matrix. B) weighted 3x3 convolution matrix. The value 
of every central pixel is altered by assigning the result of the matrix operation. 

Edge enhancement filters 

These filters are high-pass filters that remove low frequency information. In 
general high-pass filters are the opposite of smoothing filters They thus have the 
effect of enhancing local variation and accentuating areas of rapid change, or edges. 
A common edge enhancement filter is the Laplacian which for a 3x3 matrix is 
shown in Figure 6. The effect is that any difference between the central pixel and 
the average of its eight neighbours will be accentuated. The effects of edge 
enhancement filters are shown in figure 8D. 
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Fig. 6. Laplacian edge enhancement filter 

Directional filters 

Directional filters or gradient filters are other high-pass filters that are used 
especially in pattern recognition (lineament recognition). The most commonly used 
filter is described by Showengerdt (1983; Fig. 7): 
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Fig.7. A) Sobel horizontal accentuation matrix. B) Sobel vertical accentuation filter 

The filter of Figure 7A enhances E-W lineaments and that of Figure 7B 
lineaments with a N-S direction. In other words, these are the local first derivatives 
of the surface, oz/oy and oz/ox, respectively. The effects of directional filters are 
shown in figures 5E and 5F. The results of directional filtering can be combined 
with original, unfiltered images. 

Image division (ratioing) 

Ratioing is a process of commonly-used image transformation in which the DN 
numbers of two corresponding pixels from two different TM bands are divided. One 
reason for ratioing is that certain aspects of the shape of spectral reflectance curves 
of different Earth-surface cover types (e.g. vegetation or geology) can be brought 
out. A second is that unsiderable effects such as variable illumination resulting from 
variations in topography (e.g. shadow) can be reduced. A simple form of ratioing is 
given below: 
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Fig. 8. Different techniques of image enhancement: (A) original image, (B) linearly stretching as 
explained in Figure 4, (C) 3x3 non-weighted smoothing filters explained in Figure 5. (D) edge 
enhancement filter as explained in Figure 6, (E) E-W directional filter as explained in Figure 7A, and 
(F) N-S directional filter as explained in Figure 78. 
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™ Avalue X c(1)	 RATIO(ABvalue) =
 
TM Bvalue
 

in which c stands for an constant, which is detennined by the value range of TM 
A/TM B. Multiplication with this constant results in the redistribution of the new 
pixel values over the 0-255 range of digital numbers. In general, ratioing results in 
reduction of band correlation and enhances the contrast between highly correlated 
TM bands. An important disadvantage of ratioing is that additive noise as well as 
effects of muliple reflections and atmosperic scattering will be exaggerated (e.g. 
Jackson, 1983; Van der Meer et al., 1995). 

Visualisation techniques 

Colour is the most useful recognition element in interpreting images, because 
more infonnation can be conveyed by a colour image with respect to a black/white 
image. We used multi-image interpretation, i.e. three wavelength bands are assigned 
to the red, green and blue visualisation bands (ROB colour model). In the resulting 
colour composite image (cc), variations in pixel values in each of the three TM 
bands are reproduced in a different colour. In a false colour visualization mode three 
of the six TM bands, which includes both visible and non-visible parts of the 
electro-magnetic spectrum, are represented as the three primary colour components 
(R,O,B). Using the six bands of the visible and infra-red spectrum 20 (6n!/3 !(6-3)1) 
posible 3-band configuration can be made. Ratios of bands can also be assigned to 
the ROB colour model. However, many of these colour composites are not suitable 
for recognition of geological infonnation. In general it is found that bands 5 and 7 
(mid-infrared) are most valuable for geological interpretation (Drury, 1993; Mather, 
1996) and provide more diagnostic spectral infonnation about the composition of 
minerals and rocks with repsect to TM bands I to 4 (van der Meer Mohr, 1992). 
Furthermore, the analyses of many Landsat TM images have indicated that, in 
general, TM bands 1,2 and 3 (visible bands) should be used as one group, and TM 
bands 5 and 7 (mid-infrared bands) should be used a second group (Chavez et ai., 
1984). Colour composites should be made by components of these groups and TM 
band 4 (near-infrared). Chavez et aZ., (1982) devised a statistical method for 
selecting the combination that contains the most infonnation and the least amount of 
duplication. By use of standard deviations and correlation coefficients, a value 
called the Optimum Index Factor (OIF), can be computed for each of the 20 
possible combinations. In general, the highest variability exists between bands 1, 4, 
5 and 7. Based on these experiences and our own practise we used mainly colour 
composites comprising one or both of these bands. For the interpretation of 
geological features on the Cretan images colour composites 541 and 751 and the 
colour composite of the 1/4, 2/5 and 3/7 (Enclosure 1) ratios appear to be most 
suitable. 
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Digital elevation models (DEM's) 
A number of British topographic army maps (original scale 1:50.000) was 

digitized for the generation of a digital elevation model (DEM). Shaded relief maps, 
which immitate an illuminated topography, can be created from the DEM, 
enhancing the linear features quite effectively (Fig. 9B). These maps are extremely 
useful in detecting lineaments which are related to topographic relief. Differently 
facing scarps may be detected, by changing the illumination angle. 

Fig. 9. The lineaments observed in a Landsat satellite image (A), and those observed in a shaded 
topography map (B) are supplemented and verified with structural field data (C). The resulting fault 
map (D) shows a fault-block configuration which is suitable for restoration of vertical motions (see 

text). 
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Structural data 
Structural data from the Greek geological maps (IGME, 1:50.000), the general 

1:200.000 geological map of Creutzburg et at. (1977), numerous French 
publications, and our own observations have been combined with the lineament data 
derived from satellite imagery and OEM's (Fig. 9C). About 4000 tectonic 
mesurements on the Cretan faults (Angelier, 1979) revealed that most faults have a 
normal or slightly oblique slip vector. Others (Fortuin and Peters, 1984; 
Meulenkamp et al., 1988 and Postma et al., 1993a) mentioned the presence of folds 
andstrike-slip, reverse and thrust faults which resulted from periods of compression 
in an overall extensional regime. 

Lineament analysis 
Lineaments are long, often subtle, linear arrangements of various topographic, 

tonal, geological, and even geophysical and geochemical features (Drury, 1993). 
The term "linear feature" is used to describe relatively short (less than 5% of the 
image) lines and regular arrangements of surface phenomena. Lineaments are 
defined by Gold (1983) as mappable, simple or composite linear features of a 
surface, aligned in a rectilinear or slightly curvilinear relationship which differs 
distinctly from the patterns of adjacent features. They presumably reflect sub
surface phenomena. Lineament orientation, shape and length provide important 
information about the direction and nature of stress field(s) at the time of fracturing 
and hence about the genesis and evolution of tectonic phenomena. 

Image characteristics, such as lineaments, are subject to interpretation by the 
investigator and all lines, representing potential lineaments, need to be viewed with 
caution. The eye can invent lines, and can also link separate points into smooth 
curves, and is prone to sense the unfamiliar hidden in a familiar background (e.g. 
channels of Mars; Drury, 1993). A formal methodology, however, has not been 
defined for the study of satellite linear features. 

For this study the lineament analysis was performed in accordance with the 
following criteria described by Stefouly (1983): (1) points must form a linear feature 
or a curvi-linear feature of which one of the two dimensions is recognisably longer 
than the other; (2) points must share a property based on tone, texture, pattern or 
relief, common to all members of the feature but not shared with points outside the 
line; and (3) all linear features must represent a line which separates two different 
coloured areas. 
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Restoration of vertical block motions 

Geohistory analysis 
Geohistory analysis (Van Hinte, 1978) is a one-dimensional method to restore 

stratigraphic successions in boreholes or field sections to their original thickness for 
each time slice and to plot the restored units at their correct burial depth. The 
method may consist of three steps: 
1.	 Plotting the age and paleobathymetry of each data point of the stratigraphic 

succession. 
2.	 Restoration of the lithological units to their original thickness, i.e., decompacting 

the units. In order to do so, porosity-depth curves for each lithology and algo
rithms for compaction behaviour versus parameters such as burial depth, age and 
lithological composition, are needed 

3.	 Effects of loading of the sedimentary rocks on the crust ("backstripping"). This 
step should only be applied to compare the age-depth relations with model
curves of thermo-tectonic vertical movements. 

The stratigraphic succession 

In the most ideal case, the burial history is described by three sedimentary logs, 
so that fault-block tilting or the spatial behaviour of a fault block in general, can be 
determined. Comparison of logs with those on neighbouring fault blocks, in terms 
of thickness, paleowaterdepth and age, allows detailed reconstruction of vertical 
motions between the blocks. In reality, however, there is often a lack of sufficient 
stratigraphic and sedimentary data. Combining the stratigraphic data of several 
incomplete logs on one fault block into a composite log may evade the problem, but 
at the same time neglects possible fault-block tilting. However, by using the 
stratigraphic data, different faults can be dated, allowing an objective analysis of 
active-fault directions through time. 

Paleobathymetry estimates 

In the cases presented here (Chapter 4), subsidence rates often greatly exceed the 
accumulation rates, and therefore, paleobathymetry estimates are of fundamental 
importance for the reconstruction of vertical motions. For shallow-marine deposits 
good estimates can be derived based on depth dependent macro fauna and physical 
(wave) structures. In deltas or large fan deposits, the foreset height of prograding 
clastic fans may be a useful indicator of the minimal waterdepth in the basin, which 
depth may be compared to estimates based on microfossils (Gradstein et al., 1985). 
Also depth sensitive, benthic foraminifera have been used to estimate paleo
bathymetry. 

For deeper marine deposits paleobathymetry estimates were derived using the 
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ratio between the numbers of planktonic and benthic foraminifera in a sample 
(Grimsdale and Van Morkoven, 1955). Based on a large amount of data from the 
Gulf of Mexico, Gulf of California and from the Adriatic Sea, Van der Zwaan et al. 
(1991) proposed that the percentage of planktonic foraminifera relative to the 
percentage of benthic foraminifera relates to depth according to the following 
formula: 

(2) Ln(D)=3.58718 +0.03534 *pp 

whereby: 
D =Depth (m) 
PP = Percentage of planktonic foraminifera 

For the total amount of benthic foraminifera a correction has to be made for the 
number of in-fauna elements, i.e., foraminifera which lived within the sediment, 
below the sediment-water interface. If paleobathymetry is determined from 
planktonlbenthos ratios using the method described by Van der Zwaan et al. (1990), 
80% confidence limits are most commonly adopted. This means that uncertainties 
increase with depth and may reach values of about 200 m for the deep marine (1000 
m) realm. 

The effects of eustatic sea level have not been separated from the burial curves 
and will show up as a component of subsidence. This is validated since the 
geohistory analysis is used here to reveal patterns in relative subsidence, or relative 
sea-level fluctuations between fault blocks. 

Age estimates 

Good basin-wide correlations of rock successions and timing of controlling 
events depend on the quality of biostratigraphic zonations. Subdivision of the 
Neogene marine succession in Crete, based on planktonic foraminifera were 
established by Zachariasse (1975) and Zachariasse and Spaak (1983). The 
biostratigraphy has recently been combined with a magneto-stratigraphy of the area 
(Krijgsman et al.,1995) and calibrated by correlating the magneto-stratigraphic data 
to the Geomagnetic Polarity Time Scale (GPTS) of Cande and Kent (1993). The 
presence of precession-forced sedimentary cycles in many of the deep marine 
sediments contributed to an absolute, astronomically dated, cyclostratigraphic 
framework (Hilgen et al., 1995; Krijgsman 1996). Absolute dating of stratigraphic 
positions can be achieved by counting the sedimentary cycles below or above an 
absolutely dated biozone. Gamma-ray spectrometry proved to be a sensitive tool for 
the detection and correlation of sedimentary cycles in the Cretan deep manne, 
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hemipelagic sediments (Ten Veen and Postma, 1996). The stratigraphy of non
marine and shallow marine deposits has been established with vertebrate fauna 
(Benda et al., 1974), ostracods (Sissingh, 1972) and mollusc associations 
(Psarianos and Vetoulis, 1958). Correlation between marine and continental bio
zones has been established by De Bruijn et at. (1971) and Benda et al. (1974). 

Effects of loading and compaction 

In thin-skinned uncompensated sedimentary basins (basins lacking a post-rifting 
thermal subsidence) it is not validated to incorporate the effect of sediment loading 
since it is reasonable to assume that the sole to the normal fault system is a 
detachment with a constant elevation below a sea-level stratum (Barr, 1987). For 
upper crustal, shallow extensional basins, such as discussed in this work, thermo
tectonic (regional isostasy) vertical movements are simply not present, and thus 
backstripping would provide tectonic subsidence were none has occurred. On a 
local scale, however, isostatic compensation may occur in response to fault-plan 
unloading during active faulting (see Chapter 6). 

Compaction of sediments always occurs in the presence of an overburden and 
increases with thickness of the sediment cover. However, as long as the 
uncertainties in paleowaterdepth estimates are in excess of the amount of 
compaction, so that decompacting the sediment pile will be redundant. Also, the 
small thicknesses of the sediment piles, justify that decompaction is left out of the 
analysis. 

Estimating missing section 

One way of representing hiatuses in lithostratigraphic sections is simply leaving 
out the missing part, provided that the age above and below the unconformity is 
known. This is only justified because the effects of compaction and sediment 
loading are not taken into account. If this would not be justified, thickness, age and 
physical properties of a missing part have to be known in order to derive at the 
correct burial depth for sequence above the hiatus. The age directly above and 
below an unconformity is rarely known precisely from a stratigraphic marker, 
except when absolutely dated layers are present, i.e. precessional forced sedimentary 
cycles. A method to calculate an estimated age below and above an unconformity is 
given by Van Hinte (1978): Rather than simply guessing what the magnitude of the 
unconformity might be within certain reasonable limits, it can be calculated by 
extrapolating uncorrected rates of sediment accumulation downward and upward, 
respectively, from the nearest markers. This method is validated by the fact that the 
section directly below an unconformity most likely was part of the sedimentary 
regime that prevailed prior to the event, and the section directly above an 
unconformity was part of the sedimentary regime that established itself after the 
event took place (Van Binte, 1978). Combining information from several sections 
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with the same unconformity, may give a better idea of when the event that caused 
the unconformity took place. 

.£: a. 
(]) 

o 

Fig. 10. Explanation of the 
terms used in equation 3. 

Evaluation ofresults 

The relative motion of two adjacent fault blocks can be calculated if stratigraphic 
data from the blocks are sufficient and suitable for the determination of paleo
bathymetry and age. Figure 10 shows the hypothetical burial curves of two adjacent 
fault blocks. The difference in vertical position of two points at a certain time is 
assumed to be significant if it exceeds the sum of the two confidence limits. For the 
curve segments between two time steps this relation is more complicated. The 
convergence, divergence and crossing of the two hypothetical burial curves between 
to and t1 (Fig. 10), may be explained in terms of activity of the block separating fault 
if the condition of equation (3) is true. 

(3) 

Fault inactivity is assumed if this statement is not true. Following this equation, two 
curve segments that run parallel or overlapping curves always stand for fault 
inactivity. The statement of equation (3) also has its limits, because over-estimation 
of uncertainties in paleobathymetry may totally obscure fault activity, even if there 
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are indications which suggest that fault motion did occur. Once activity between 
adjacent fault blocks can be ascertained, distinction can be made between normal or 
reverse faulting based on the sense of relative motion of the blocks. 

GIS 
The geohistory analysis only provides quantitative results about the activity or 

inactivity between fault blocks, and gives information on the sense of vertical 
movement along a fault. More complex scenarios such as oblique-slip between fault 
blocks are hard to detect in this manner and requires additional data. Additional data 
include spatial thickness distribution of depositional sequences, paleocurrent 
directions and localities of unconformities. For reasons of easy accessibility, 
manipulation and combination, all data including faults are stored in a geographic 
information system (GIS). Application of GIS incorporates one or more of the 
following activities with spatial data: organization, visualization, query, 
combination, analysis and prediction. The ultimate purpose of GIS is to provide 
support for making decisions on spatial data (Bonham-Carter, 1995). 

Figure IIA shows the results of the geohistory analysis of three adjacent fault 
blocks. Between 1:0 and t1 the two different fault systems may show activity, because 
the burial curves do not have parallel trends. The map of Figure lIB shows all 
spatially distributed data and the faults of which the activity has to be tested. The 
spatially distributed data of the thickness of the depositional sequence is gridded 
using the software program Suifer for Windows (v6.0). The data are gridded using 
the triangulation gridding method. The advantage of the triangulation method above 
other methods is that it is an exact interpolator which works by creating triangles 
between data points. Because the original data points are used to define the 
triangles, the data are honoured very closely and no interpolation occurs beyond the 
spatial distribution of the data points. In addition triangulation is very effective at 
preserving break lines in the original data, i.e, abrupt jumps in stratigraphic 
thickness on both sides of a fault. 

The correlation between the spatial data and the presumably active fault will be 
tested for four criteria: (1) The elongation or paralellism of isopachs with respect to 
a certain fault trend, (2) the asymmetry of the thickness distribution in a direction 
perpendicular to a certain fault trend, (3) paleocurrents directions indicating either 
axial or transverse transport, and (4) the localities of unconformities with respect to 
a certain fault trend. The elongation of sediment thickness as shown by isopach 
maps would be characteristic for linear graben systems, whereas asymmetrical 
subsidence, due to a pivot like motion following an extensional episode (e.g. Leeder 
and Gawthorpe, 1987) would be responsible for the thickness trends perpendicular 
to a fault. All sedimentary processes driven by gravity will be influenced by 
extensional tilting and thus paleocurrents directions are good indicators of 
paleoslopes. One must be aware, however, that various sedimentary processes can 
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Fig. 11. Combination of quantitative (A) and qualitative (B) results: (A) geohistory analyses of 
three adjacent fault-block fragments with fault activity between 10 and t1• (B) representation of spatial 
data such as thickness distribution of the 10- t unit, paleocurrent data and the locality of 
unconformitie. 

play a dominant role in extensional basins and a subdivision of paleocurrent 
indicators based on their paleoenvironment contributes to a better interpretation of 
the paleoslopes. In Figure lIB, the localities of basal unformities are plotted. Basal 
unconfomities are considered to be related to tectonic events which precede the 
deposition of the sediments belonging to the period considered and erode sediments 
belonging to a previous period of time. In plotting the basal, or intraformational, 
unconformities together with the orientated and elongated isopach lines, the effects 
of vertical motions exerted along the active faults can be evaluated in terms of fault 
block tilting and uplift. 

Solving the thickness enigma 

Construction of an isopach map for stratigraphic units is complicated because the 
original thickness of a unit is only encountered when it is conformably overlain by 
the next-higher unit. If units vertically grade into each other it is reasonable to 
assume that the preserved thickness approximates the original thickness of the unit 
(apart from compaction effects). The presence of an (angular) unconformity, 
however, means that sediment was removed prior to deposition of the next 
stratigraphic unit which overlies the unconformity. The unconformities underlying a 
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stratigraphic unit, are formed by the (tectonic) processes active before, and possibly 
during, the deposition of that specific unit. The correlation between the locations of 
these "basal" unconformities and active faults can be read from the selected GIS 
data. If such a relationship exists, it is possible that fault-block uplift caused 
removal of earlier deposited units. An asymmetrical distribution of unconformities 
with respect to a given fault and may be indicative for fault-block uplift at one side 
of the fault and fault-block subsidence at the other. Thickness trends perpendicular 
to a fault may be caused by the fault-block rotation accommodated by that fault. The 
existence of such correlations contribute to the comprehension of basin kinematics 
and its effect on concurrent sedimentation. 

The last erosion cycle is cause of many incomplete top-cut-off sections. The 
presence and locality of these unconformities, therefore, helps to unravel the more 
recent tectonic history of the area under investigation. 
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Fault patterns in the southern Aegean 

Introduction and Summary 
The Hellenic Arc is a topographic high separating the Cretan Sea in the north 

from the Hellenic Trench in the south (Fig. 1). Crete forms an emerged segment in 
the southern part of the Hellenic Are, and is connected by narrow, elongated 
bathymetrical lows in the strait of Kythira-Antikythira and Kassos-Karpathos near 
the western and eastern extremities of the island, respectively. In this study we will 
concentrate on the fault patterns in the central and eastern Cretan segments of the 
Hellenic Arc (Fig. 1). 

In the last two decades many authors analysed the fault patterns in the southern 
Aegean (e.g. Angelier, 1979; Angelier et al., 1982; Foose, 1985; Stefouli and 
Osmaston. 1986; Stefouli and Angelopoulos, 1990). In order to understand the post
Middle Miocene deformation of the Hellenic Are, several studies addressed the 
correlation between faulting, deformation and stress regime for the Pliocene to 
Quaternary (e.g. Mercier, 1981; Angelier et ai., 1982; Mercier et ai., 1989; Mascle 
and Martin, 1990; Meijer, 1995). This correlation is far less well understood for the 
Miocene, because well-dated tectonic data is lacking. Angelier et at. (1982) 
separated inactive fault systems from active fault systems based on cut-off 
relationships to address the Middle to Late Miocene fault kinematics as well as the 
reconstruction of stress tractories in the southern Aegean for the late Pliocene and 
Quaternary. 

In this chapter new data is presented on fault trends in Crete. Recent Landsat 
images with a 30 m resolution were analysed to investigate the fault trends on 
central and eastern Crete. The main goal was to identify fault groups and to see if 
and how these fault groups link the various Neogene, tectonically controlled basins 
on central and eastern Crete (Fig. 1). 

Although the relative importance of certain lineament trends varies, the analyses 
on the different band configurations of the satellite images are in reasonable 
correspondence. The analyses let to the identification of six lineament trends: 
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Fig.!. Highly simplified geological sketchmap of Crete, showing the distribution of pre
Neogene (basement) and Neogene to Quaternary rocks with indication of important mountain ranges. 
Inset shows the geodynamic setting of Crete. 

N130E, NlOOE, N020E, N075E, N160E, and N050E. In addition, lineament 
analysis has been applied on digital elevation models (DEM's) in order to enhance 
topography related lineaments. The results are in agreement with those from satellite 
images, although the N050E group is less pronounced. It appears that all important 
faults and fault zones can reasonably identified from the resulting lineament map, 
and lineaments can thus be given a geological significance. 

The results of the analyses are compared with fault and lineament data from the 
off-shore realm, as presented by above cited authors. All Cretan fault trends and 
related morphological features can be identified in the offshore realm around Crete. 
Although information on the timing of fault activity is not always available, this 
outcome suggest that the deformation responsible for the formation and activity of a 
given fault trend is persistent throughout the southern Aegean realm. 

Previous work 
An analysis of Cretan lineaments by Foose (1977; Fig. 2A) revealed the 

preferred orientations of both straight and wavy lineaments, their azimuthal width 
and the frequencies for each orientation. Long wavy lineaments, interpreted as to 
result from compressional conditions, are oriented N095E-N070E particularly along 
the northern coastline. Straight lineaments, interpreted as normal faults have 
azimuths of approximately N-S, N070E-N090E, NW-SE and NE-SW. 

Measures of about 4000 faults on Crete led to an increased understanding of the 

nature of faulting (Angelier, 1979). In the latter study and that of Angelier et al 
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Fig. 2. Analyses of Cretan lineaments by various authors. A) Foose (1977) based on Landsat 
images; B) Results of Angelier et al. (1982) based on field observations, aerial photographs and 
Landsat images; C) Results of Stefouli and Osmaston (1986) based on Landsat images. Note the 
increase of the number of structures detected between 1977 and 1986 due to improvement of 
analysing techniques. 
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(1982) these field analyses were used together with the interpretation of aerial 
photographs, Sea-Beam data and orbital imagery (Landsat), to define more 
accurately the post-Middle Miocene fault trends in the Hellenic Arc and the Cretan 
Sea basin (Fig. 2B). The fault systems delimiting and/or intersecting the Neogene 
basins on Crete were divided into four groups by Angelier et at. (1982): 

1) N-S to NNE-SSW faults allover Crete 
2) E-W faults all over Crete 
3) NW-SE faults predominantly in western Crete 
4) NE-SW faults predominantly in eastern Crete 

Based on aerial photographs and detailed geological maps, these authors found that 
several large E-W or ENE-WSW fault lines which are visible on orbital images 
actually consist of successions of shorter NW-SE and NE-SW zig-zag faults (Fig. 
2B). 

Stefouli (1986) studied the Landsat linear geological features of Crete and 
examined them for their usefulness in interpreting the geological structure of the 
island of Crete. For the interpretation of the identified linear features the Landsat 
images themselves, BIW areal photographs, field data, geological maps and 
available literature have been used. In this way faults, fractures, lithological contacts 
and folds could be identified and interpreted. The Landsat images revealed more 
structural features than as shown on the Creutzburg et at. (1977) geological map of 
Crete (scale 1:200,000). Stefouli (1986) identified five sets of geological features on 
the Landsat images, which are in fairly good agreement with the results of Angelier 
et at. (1982), but also incorporate a few folds. The folds were found to be prominent 
in the Plattenkalk Series of eastern Crete. 

Following the work of Stefouli (1986), Stefouli and Osmaston (1986) presented 
a more detailed analysis based on the Landsat images of Crete (Fig. 2C). Various 
sets or systems of linear features were recognised and interpreted. Independent in
formation concerning the lithologies of the area and their age permitted a quite 
detailed interpretation. Quantitative analysis of parameters of the linear features was 
carried out to detect geological significant information. Directional statistics were 
used for the analysis of the orientation and length of the linear features. Four main 
systems of linear features were recognised by Stefouli and Osmaston (1986). They 
are represented in Figure 2C, and include: S1, an old fault system, generally E-W 
directed and with a sinuous or curvature shape; S2, which includes two sets of linear 
features of N-S and E-W direction. Displacements along these fault trends mainly 
affected the Late Miocene and Pliocene deposits; S3, a system of linear features of 
NE direction with slightly different orientations going from the Agios Nikolaos to 
the Sitia area. The features of this set, mainly present on eastern Crete, were 
considered to result from recent tectonic activity; S4, a system of fractures and 
thrusts with a NE-SW trend which are present in the limestones of the nappe pile. 
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With respect to the orientation of the lineaments, the results of most studies are 
in fairly good agreement. The N-S, NE-SW, NW-SE and E-W lineaments have been 
recognized by all above mentioned authors. However, with respect to their tectonic 
interpretation and age of activity there are discrepancies. The Landsat images which 
were used in the above mentioned studies were of rather poor quality (e.g. Angelier, 
1982) compared with the more recent ones used in this study (see Fig. 3). In the 
earlier studies most, but not all, lineaments were inferred from basement areas and 
appear to be related to sharp contrasts in lithology. On older Landsat images, 
lineaments were hard to identify in the Neogene and Quaternary basins, since 
lithological contrasts were less pronounced compared to the recent images. As can 
be inferred from the analyses presented in Figure 2, the'discrimination of lineaments 
in lithologically less-contrasting areas increased due to improvement of analytical 
techniques between 1977 and 1986. These techniques have been improved further 
in the last 10 years. 

Fig. 3. Shaded relief map of central and eastern Crete with illumination from the SSE imaging 
the sun's position at the time the Landsat image, shown in Enclosure I, was acquired. 

Cretan lineaments 

Lineament analysis 
We applied lineament analysis on a Landsat 5 TM (thematic mapper) image 

which were acquired on 25 June 1992. The image has a resolution of 30 m, a 
detection coverage of 185 km and seven different wavelength bands. For the 
techniques of image enhancement, image visualisation and lineament analysis the 
reader is referred to Chapter 2. Foose (1986) stated that bands 5 and 7 have proved 
to be valuable for geological interpretation, including the identification of crustal 
clements. Based on this and our own experiences we used colour composites 
comprising one or both of the bands (see Chapter 2). Good visual results were 
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obtained with a colour composite of band 7, 5 and 1 (cc751), a colour composite of 
band 5, 4 and 1 (cc541), and a colour composite of the ratios between band 114, 2/5 
and 3/7 (14/25/37). Enclosure 1 shows an example of the 14/25/37 ratio image; 
comparison with the geological map (Encl. 2) revealed that this colour composite is 
extremely useful in detecting lithological contrasts between the different basement 
units and the Neogene basin fill. 

The lineaments detected on the three colour composite satellite images are 
shown in Figure 4, which represent raw data. This means that lineaments have not 
been interpreted or correlated, as yet. Comparison of the density histograms (Fig. 6 
A, B, C) shows that most lineaments can be counted to four dominant fault groups 
with approximate azimuths of N020E, N075E, N130E and NlOOE. Less dominant 
lineaments have azimuths of approximately N050E and N160E. The number of 
detected lineament is largest in 14/25/3, intermediate in cc541, and smallest in 
cc751.Combining the result obtained from the analysis of several images, therefore, 
gives a more complete lineament pattern compared to the use of only one image. 

Lineament analysis was also applied on various OEM's that are illuminated at 
different angles. In this way, by changing the illumination angle, differently facing 
scarps may be detected. Figure 3 shows an example of a shaded relief map of 
central and eastern Crete with illumination from the SSE. This angle appears to give 
the best results for comparison with the Landsat images used in this study. 
Lineament analysis applied on the illuminated OEM's (Fig. 5) revealed less 
lineaments as compared to the analysis applied on satellite images, but in general 
the lineaments are longer. All illumination angles highlight the N075E, N160E, 
N020E, N130E and NIOOE lineaments. The various density histograms (Fig. 6 0, 
E, F, G) show that using different illumination angles has little effect on the 
detection of the N075E and NI00E lineaments. It is, therefore, inferred that NI00E 
and N075E lineaments represent scarps facing in both northerly and southerly 
directions. The same applies for illumination from the NE and SW highlighting the 
approximately N160E lineaments, which are also interpreted as both north and 
south-facing scarps. Only few N050E lineaments can be observed if SE or NE 
illumination is used. 

In the histogram of Figure 6H the directional statistics of the combined results 
are presented. It shows that the most dominant Cretan lineaments belong to the 
N075E and the NI0DE group. Due to this strong predominance of the N075E and 
NlOOE lineaments, the other lineament groups are less pronounced if all data is 
combined. Small lineaments with random orientations contribute to the noise in our 
data. In all histograms of Figure 6 the noise can be identified as orientations with 
low frequencies. Empirically, we found that noise has frequencies which are less 
than approximately 10% of the maximum frequency observed in a certain image. 
Lineament directions which fall within the noise class are not substantiated by 
geological investigations. Figure 7 shows the compilation of all lineament data and 
clearly shows the six lineament groups which were evidenced from the statistical 
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Fig. 4. Results of lineament analyses for central and eastern Crete applied on the three most 
suitable configuration of the Landsat image: A) colour composite 14-25-37, B) colour composite 541, 
and C) colour composite 751. 

representation of Figure 6H. The resulting lineament map (Fig. 7) is obtained by the 
superposition of all results. To get rid of the noise, we disregarded all lineaments 
shorter than approximately 2 kIn. No pronounced differences have been found in the 
relative contribution of faults going from central to eastern Crete. 
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Fig. 5. Lineament interpretation of four differently illuminated shaded relief maps of central and 
eastern Crete. 
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Correlation between lineaments and structural field data 
The lineaments which correspond to known structural features as depicted on the 

geological sketch map of Enclosure 2, are highlighted in Figure 7. About 50 
important faults and faultzones are shown on this lineament map. Less important 
faults, i.e. faults which either are short or which exhibit small displacements, may 
correspond the other lineaments depicted in Figure 7. This correlation has not been 
studied in detail. However, the good correlation between lineament data and large 
faults suggests that such a correlation also exists for the smaller faults. Next to the 
recognition of known structural features from the lineament map, a more specific 
meaning for each lineament group is given below. Systematic tectonic observations 
were made by Angelier (1979) and were applied to regional tectonic analysis in 
order to identify the main geometric characteristics of the regional stress pattern, for 
a given faulting event. The latter structural analysis revealed that fault tectonics 
were polyphase and complicated in the Aegean regions and the style of faulting may 
have been changed through time. The distribution of fault planes and the orientation 
of the stress system are thus independent; slickensides are the only key to the 
reconstruction of principal stress axes (Angelier, 1979). 

N130Efaults 

Faults which belong to the N130E group were observed south of the Dikti 
Mountains and on the Ierapetra isthmus predominantly. The S. Dikti Fault Zone 
(FZ), the Parathiri FZ and the N. Lasithi FZ delimit a tectonic window comprising 
rocks of the lowermost basement units. Quaternary fan breccias are juxtaposed 
against the pronounced fault scarps of S. Dikti Fault Zone (FZ) and the Parathir FZ, 
suggesting that these faults were at least active until subrecent times. Tectonic 
analysis on similar trending faults in the vicinity of Viannos (Angelier, 1979) 
indicate that fault motions were dip-slip (Fig. 8A). Other important faults belonging 
to this group are the Ay. Nikolaos FZ and the Kalamavka Fault (Fig. 7). 

N100Efaults 

Numerous NIOOE faults were observed on central and eastern Crete. Most 
pronounced are the Central Iraklion FZ and the S. Ida FZ on central Crete. Both 
fault zones consist of a series of fault segments which either transect the Neogene 
and Quaternary deposits or act as major, basin-bounding faults. Tectonic analysis on 
various faults of the S. Ida FZ north of Zaros revealed that these faults are dip-slip 

Fig. 6. (opposite page) Orientation-frequency histogram of all band configurations and DEM's 
analysed. Horizontal lines indicate the level beneath which orientations are regarded as noise. This 
level corresponds to approximately 10% of the maximum frequency in each histogram. 
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Faults and fault zones 
1. TaleaOri 8. E.ldai 15. Mesochori-Tetell 22. NW Lasithi 
2. Vathipetron 9. Ay. Thomas 16. Archanes 23. N. Lasithi 
3. Central Iraklion 10. Klima 17. Roussochori 24. W. Dik1i 
4. Platanos-Pirgos 11. TImbaki 18. S. Kastellios Hill 25. SE Lasithi 
5. Trans Ida 12. Kommos Beach 19. Martha 26. S. Dik1i 
6. S. ida 13. S. Messara 20. Hersonlssos 27. Parathiri 
7. Skourvoula 14. Apesokari 21. W. Dik1i 

Fig. 7. (continued on next page) Compilation of lineament data (normal and bold lines) of central 
and eastern Crete. Bold lines represent those lineaments which correspond to observed structural 
features (moslty faults) which are depicted on the geolical sketch map of Enclosure 2. 

nonnal faults (Fig. 8B), which resulted from NNE-SSW extension (Angelier, 1979). 
Near Ay. Thomas (see Enel. 2 for location), the latter author studied the relation 
between N100E nonnal faults of the Central Iraklion FZ and nonnal faults with a 
N020E orientation, to derive at a relative chronology of faulting (Fig. 9). Although, 
locally one fault direction may be more important than the other one, Angelier 
(1979) inferred that both the NlOOE and the N020E fault systems were active 
during the Plio-Quaternary, but probably also earlier in the Late Miocene. Figure 
8A shows the nonnal character of the N100E faults in the vicinity of Viannos. 

In eastern Crete, no tectonic analyses on N100E faults were carried out. 
Indications for nonnal faulting along the N100E faults were found, amongst others, 
northwest of Pilalimata (EncI. 2). Here, a series of north-tilted fault blocks are 
separated by NlOOE faults. The staircase morphology, the footwall strata that dip 
away from the fault and the drag folding of the strata. on hanging wall block as 
shown in Figure 10 are typical for nonnal fault systems (e.g Couples et al., 1994). 
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Fig. 7 continued 

28. Sikologos 35. Merabellou 42. lerapetra 49. Presos 
29. Tersa 36. Makrilia 43. Fothia-Lithlnes 50. Goudouras 
30. Tersa-Kntsa 37. Kalamavka 44. Trans Orno Oros 51. Zakros 
31. Ay. Nikolaos 38. Vasillkl 45. S. Orno Oros 52. Chochlakies 
32. Kritsa 39. Kalogeri 46. Sykia 53. Langada 
33. Kroutsa 40. Xerokambos 47. Lithines 54. Kelaria 
34. Pirgos 41. Papadhiana 48. Sitia 

N020E faults 

On central Crete a large number of N020E trending faults were observed at the 
eastern side of the Ida Mountains. On a large scale, the eastern side of the Ida 
Mountains consists of a series of down faulted blocks, bounded by N020E faults of 
the Trans Ida FZ and the E. Ida FZ. Further east, the N020E faults also transect the 
Neogene deposits. Figure 8C (after Angelier, 1979) shows the results of the tectonic 
analysis applied on faults within Messinian limestones near Ay. Thomas. Both east 
and west dipping normal faults, together with slickenside lineations indicate that 
extension occurred in a WNW-ESE direction. 

The Ierapetra FZ (Fig. 7) on eastern Crete, is another example of a normal fault 
which was accomplished by WNW-ESE extension (Fig. 8D). Faulting along the 
latter fault zone and similarly trending faults that transect the Ornos Mountains (Fig. 
8E) occurred until subrecent times as judged from morphological criteria 
(Bonnefont, 1977). 

Northeast of PilaIimara, the Sitia FZ comprises several N020E faults. Figure 11 
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Fig. 8. (opposite page) Lower hemisphere projections of observed normal faults planes, the 
orientation of slickensides and the calculated stress pattern (after Angelier, 1979). A) Fault 
measurements on several faults in the Neogene deposits just south of Viannos, B) Fault 
measurements at v1rious locations along the S. Ida FZ, C) Fault measurements of the N020E normal 
faults near Ay. Thomas, D) Fault measurements of the N020E Ierapetra FZ, E) Fault measurements 
of N020E faults crossing the Ornos Mts., F) Fault measurements of N075E Klima fault indicating 
initial dip-slip faulting, G) Fault measurements of N075E Klima fault indicating a second period of 
left-lateral faulting. H) Fault measurements of the S. Messara FZ indicating initial dip-slip faulting, I) 
Fault measurements of the S. Messara FZ indicating a second period of left-lateral faulting, J) Fault 
measurements of the N075E Xerokambos fault, K) Fault measurements of the N075E Fothia
Lithines FZ, L) Fault measurements of a conjugate fault set with Nl60E right-lateral-slip faults and 
N050E left-lateral-slip faults. 

shows a fault plane (dipping 60° W) of the Sitia FZ, cutting well-bedded limestones 
of the pre-Neogene Pindos Series. Slickenside lineations indicate that these faults 
are dip-slip normal faults. 

NO75Efaults 

Several N075E trending faults were observed on the southern part of central 
Crete. Figures 8F and 8G show the results of a tectonics analysis applied to the 
Klima Fault. This south dipping fault displays two generations of slickenside 
lineations. The oldest set indicates dip-slip faulting accomplished by NW-SE 
extension (Fig. 8F); the younger set indicate left-lateral faulting due to E-W 
extension (Fig. 8G). The normal faulting occurred at the close of the Miocene, 
whereas the strike-slip movement is of younger age (Angelier, 1979). The same 
sequence of faulting was observed on the north dipping faults of the S. Messara FZ 
(Figs. 8H and 81). Near Viannos, the eastward continuation of the S Messara FZ 
displays slickenside lineations which indicate both dextrally oblique and dip-slip 
normal faulting (Fig. 8A). 

Fig. 9. Block diagram showing the relation 
between NlOOE and N020E normal faults as 
observed near Ay. Thomas (modified after 

Angelier, 1979). 
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On eastern Crete several faults were observed which belong to the N075E group. 
Tectonic analyses of the Xerokambos FZ (Fig. 8J) and the Fothia-Lithines (Fig. 8K) 
indicate dip-slip faulting, consistent with the NW-SE extension in pre-Middle 
Pleistocene times (Angelier, 1979). 

N160E and N050E faults 

Only a small number of faults which belong to the N160E group are observed. 
At several places the Asterousia Mts. (Ene!. 2) are transected by these faults. The 
most pronounced N160E fault is located west of Apesokari and juxtaposes 
Quaternary sediments against flysch deposits of the pre-Neogene basement. 
According to the analysis of Angelier (1979) the N160E faults, together with the 
N050E faults belong to a conjugate fault system. Figure 8L shows an example of 
such a conjugate fault set observed in Tortonian marls and Messinian limestones 
near A. Varvara. Slickenside lineations indicate that dextral slip occurred on the 
N160E faults, whereas sinistral slip occurred on the N050E faults. The combination 
of NNE-SSW and WNW-ESE extension is inferred to be responsible for the strike
slip faulting in post Early Pliocene times. Angelier (1979) deduced a short 
compressional event in early Quaternary times to be responsible for the strike-slip 
faulting. The extensional tectonic regime dominated again during late Pleistocene 
and Holocene times. The origin of the compression and associated strike-slip 
faulting will be discussed in Chapter 5. 

Structures in offshore areas 
In previous studies on the offshore areas only morphological structures 

(lineaments, ridges, throughs) have been reported of which only few could be given 
a structural meaning, for instance by supporting seismic data. To compare onshore 
and offshore structures we should place them therefore at a common level, i.e. that 
of non-interpreted structural data. 

The southern Aegean region (Fig. 12) is marked by the presence of the Hellenic 
Trench separating the Aegean region from the Mediterranean Ridge to the south. 
The contact between the Aegean lithosphere and the African plate coincides with 
the Hellenic Trench system (e.g. Lallement et ai., 1994). The southwestern Ionian 
part is taking up the convergence between the Aegean lithosphere and the 
lithosphere of the Ionian Basin (the part of the Eastern Mediterranean, on the 
African Plate). The eastern part of the trench system acts as a transform system (Le 
Pichon et ai., 1979) with several distinct trenches such as the Pliny and Strabo 
trenches (Jongsma, 1977). For convenience, we divided the Southern Aegean in 
areas south, north and east of Crete. i.e. the Southern Hellenic Margin, the southern 
Aegean Sea (including the Cretan Sea) and the eastern Hellenic margin. 
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Fig. 10. Photograph and field sketch of a series of north-tilted fault blocks, separated by NlOOE 
faults which belong to the eastward continuation of the MakriJlia FZ. The northernmost fault block 
comprises north-dipping strata of earliest Tortonian age which are juxtaposed against Pliocene marls 
and limestones on the southern block. Drag folding occurred in response to normal faulting and 
resulted in the formation of small anticlines and synclines on the hanging-wall blocks and footwall 
block respectively. Marine terraces (?Pleistocene) onlap against the folded Pliocene deposits. 

Southern Hellenic Margin 
The morphological structures of the south Cretan continental margin and those 

of the Hellenic Trench have been investigated by Leite and Mascle (1982) in order 
to map and interpret the geological structures of the active continental margin. 
Seismic profiles, Sea Beam data of the HEAT program and bathymetry derived 
from the US Defence Agency Hydrographic Centre gave an overall structural map 
of this part of the active Hellenic Margin. The bathymetry shows that the Southern 

Hellenic Margin is characterized by a series of marginal throughs and ridges and 
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Fig. 11. The Sitia FZ just NW of Pilalimata (see Ene!. 2 for location). The normal fault cuts 
through well-bedded limestones of the Pindos Series (basement). On the preserved parts of the fault 
plane near vertical slickensides and grooves are present (centre part of the photograph) which indicate 
dip-slip normal faulting. Approximate width is 100 m. 

two narrow, disconnected, deep depressions (the Pliny and Strabo trenches; Fig. 
12). Two marginal troughs, the western and eastern South Cretan troughs (Nesteroff 
et al., 1977), extend along the upper slope between western Crete and 
approximately 26° E longitude. NW-SE striking marginal ridges, the Gavdos and 
SE Gavdos ridges, are present along the western lower continental slope. The base 
of this slope is delimited by a discontinuous depressions which comprise the 
Gavdos Trough in the NW part and the Gortys Trough in the SE part. The eastern 
area of the margin is mainly characterized by a series of wide and subdued plateaus, 
herein collectively named the Chrysi Rise, which borders the Pliny Trench to the 
north. 

The eastern and western South Cretan troughs, as described by Nesteroff et at. 
(1977) and Jongsma (1977) are classically seen as the prolongation of two important 
Neogene Cretan Basins: the Ierapetra and Messara Plains (Fortuin, 1978; Angelier, 
1979). The western South Cretan Trough is not well defined on morphological 
grounds. This in contrast to the eastern East Cretan Trough, which is wedged 
between the steep upper slope of Crete and the Gavdos Plateau and Chrisy Rise and 
extends for approximately 90 lan. The trough is made up of three distinct basins, 
with intervening horst-like structures trending N030E. The western subbasin 
comprises a sedimentary pile resting on sedimentary horizons faulted along N-S and 
NlOOE trends. Leite and Mascle (1982) interpreted the SE Gavdos Ridge and 
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associated plateau as an extensional region comprising the middle to upper slope. In 
their view, the region has been cut by a grid of normal faults along three main 
directions, N140E, N090E and N030E, since the Middle Miocene. The Gavdos and 
Gortys troughs represent a series of disconnected depressions with a general trend of 
N140E. The Gavdos Trough has been interpreted by Le Pichon et al. (1979) as the 
southeastern extension of the Ionian Trench(es). The Gortys Trough (Fig. 12) is the 
most shallowest and most complicated section of the Hellenic Trench; at its eastern 
end, particularly near 25°E, just at the connection with the Pliny Trench, some 
N050E-N060E trending structures were observed (Leite and Mascle, 1982). 

The Chrysi Rise appears on the seismic profiles as a broad, elongated (N060E) 
basement swell which is cut by N030E, N090E and N120E scarps (Leite, 1980). 
The eastern margin has a staircase-type slope made of a series of small basins and 
scarps following N040E and N060E trends. The southern slope is fairly steep and 
cut by two N030E basement ridges, the Keraton and south Chrysi ridges, dividing 
the Pliny Trench into three sections (Leite, 1980). The eastern section is made up of 
a series of alternating narrow (N040E-trending) and broader depressions giving this 
portion an en-echelon disposition. Beyond 26°40E, the Pliny Trench becomes 
progressively shallower and looses its trench-like character. 

The Strabo Trench consIsts of relatively shallow (3000 m), V-shaped en-echelon 
depressions. Multi-beam surveys indicate a morphology marked by E-W trending 
portions which are offset by N040E trending narrow valleys (Leite and Mascle, 
1982). The area between the two trenches is made up of sediment bearing plateaus 
which are tilted towards the Pliny Trench. The largest topographic heights are 
formed by the Ariana and Strabo Seamounts (Leite, 1980). According to Leite and 
Mascle (1982) the actual structure of the Strabo and Pliny Trenches and of the area 
in between them resulted from the superposition, through time, of different 
structural patterns. 

Southern Aegean Sea (Cretan Sea) 
A structural outline of the Aegean Sea based on a dense grid ·of seismic 

reflection profiles, partly calibrated with drilling results has been given by Mascle 
and Martin (1990). From their study it appears that the Cretan Sea depressions are 
either NW-SE trending east of the Peloponnesus, almost E-W north of Crete, and 
roughly N-S just west of Karpathos (Fig.12). Based on the distribution and on the 
average trends of the main depressions Mascle and Martin (1990) subdivided the 
Cretan Sea into three sectors. 
1. The western Cretan Sea 

This area is characterized by NNW-SSE trending depressions referred to as the 
Argolide Basin (Fig. 12). The Argolide Basin is formed by three small separate 
depressions situated between the slope of the Peloponnesus and an eastern, 
intensely faulted basement rise (Jongsma et al., 1977). The slope consist of sub
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linear fault scarps trending N160E-N170E. 
2.	 The central Cretan Sea 

At the foot of the northern Cretan Margin the Cretan Sea depression is made up 
of two depressions (Mascle and Martin, 1990). The eastern depression, the 
Kamilonisi Basin, represents a rhombic depression surrounded by steep scarps 
seaward of the NE-SW trending Ierapetra depression. The western depression, 
the E-W trending Iraklion Basin shows two dominant fault directions. NW-SE 
oriented faults prevail in the western part, while NE-SW oriented faults are 
prominent in the eastern part (Mascle and Martin, 1990). 

3.	 The eastern Cretan Sea 
The area extending between southwestern Turkey and eastern Crete has a rather 
complex structure, although this is based on relative few data. The platform 
surrounding Astipalaia island is cut into several, NE-SW trending elongated 
depressions, presumably half grabens which are still subject to active tilting 
(Mascle and Martin, 1990). West of Karpathos two separate sub-basins are 
bounded by NNW-SSE and ENE-WSW fault scarps. 

The eastern Hellenic Margin 
Mascle et al. (1986) analysed the present-day shallow structure of the eastern 

Hellenic margin (Fig. 12), based on the results of a number of seismic surveys 
during the 1970's and 1980's. Where possible the data was supplemented with high 
resolution SeaBeam bathymetry data. The authors distinguished two 
morphologically different areas along the part of the eastern Hellenic margin 
considered: 
1.	 The continental margin and adjacent trenches east and southeast ofCrete 

North of the Pliny Trench, the margin is marked by numerous extensional 
fractures. From north to south it comprises three distinct units: the southern 
Kassos mountains, which corresponds to a series of south tilted horsts, the 
southeastern Cretan slope, made up of several flat-topped plateaux cut by N-S 
fractures and bounded to the south by NNW-SSE and ENE-WSW hinge lines, 
and an area of subdued topography extending just north of the Pliny Trench. 

2.	 The continental margin and trench from Kassos to Rhodes 
In this area a drastic contrast exist between the upper margin marked by steep 
slopes and a rather subdued lower margin facing a poorly defined depression, the 
eastern Strabo Trench. Just south of both islands the slope is intensively 
fractured by dominantly N-S (Kassos-Karpathos area) or N030E horst-like 
structures (Rhodes). Two massifs (N-S orientated south of Karpathos and NE
SW elongated south of Rhodes) are present along the middle margin. The lower 
margin is characterized by two disconnected deep plateaux, south of Karpathos 
and SW of Rhodes, which are venically separated from one another by an E-W 
to NE-SW trending system of faults. 
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Summary ofoffshore data 
Summarizing all data as reviewed above, learns that six groups of lineament can 

be identified throughout the southern Aegean offshore areas. A group of N130E (to 
N140E) structures are present north and south of Crete, but have not been detected 
in the eastern part of the southern Aegean region. In the Cretan Sea, the N130E 
structures represent only faults. Along the Hellenic Trench, thrusts, folds 
(anticlines) and normal faults have mainly N130E trends. A group of NlOOE 
structures is found in the entire area, but is predominant south of Crete, where they 
are interpreted as normal faults (Leite and Mascle, 1982). In the eastern part of the 
southern Aegean N020E structures are more frequently observed than in the western 
part of the southern Aegean. They are, however, not absent in the latter area. The 
N020E-N030E trend structures are found to represent scarps, ridges and hinge lines. 
From the area east of Rhodes, Mascle et at. (1986) interpreted the N020E-N030E 
lineaments as faults which delimit horst-like structures. A group of N075E 
structures is located south and northeast of Crete, while the area between Crete and 
the Peloponnesus lacks such structures. If interpreted, these structures mostly 
represent fault scarps. The entire western part of the Southern Aegean region shows 
the presence of N050E (N040-N060E) structures. Northwest and southwest of Crete 
these structures are almost absent. The N050E structures represent mainly scarps 
bounding small, shallow basins in the area south of Rhodes. Southeast of Crete the 
Pliny and Strabo trenches belong to this group of structures and represent narrow 
and deep depressions. The last group of structures has a N160E (to N-S) trend and 
has been reported from all over the southern Aegean area. The structures represent 
hinge lines, fractures and fault scarps. Faults with an exactly E-W trend, so 
commonly referred to in literature, are almost absent in the Southern Aegean. 

Comparison of onshore and offshore areas 
Due to difference in resolution of the detection techniques on- and off-shore 

fault patterns are rather difficult to compare. Previously, few comparisons have been 
made (e.g. Angelier et at., 1982), but in the light of the new data, some earlier 
interpretations and correlations need to be reconsidered. Since western Crete did not 
form part of our study, it will be left out of the comparison presented here. Equally 
trending faults from both the onshore and offshore realm are plotted together (Fig. 
13) in order to evaluate the geographical distribution of fault trends and to link 
faults with morphological phenomena. The plots presented in Figure 13 do not 
imply any relation with age. Equally trending faults may have been active in 
different geological periods and different fault directions could have been active 
synchronously. 
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N130E structures 
The N130E lineaments as observed on central and eastern Crete are not present 

just south of Crete, except for the eastern and western boundaries of the Chrysi Rise 
which may be explained by the offshore continuation of N130E faults (Fig. 13A). In 
addition, we have to consider that the Chrysi Rise is bounded by N075E, N130E 
and N020E-N030E faults, and its morphology resulted from the superposition of 
these structural trends. Many structures along the Gavdos and Gortys troughs, 
including folds, thrusts and normal faults, show a striking parallelism with the 
N130E faults on central and eastern Crete. 

N100E structures 
Previously, the Western South Cretan Trough was interpreted as the offshore 

continuation of the Messara plain (Nesteroff et ai., 1977; Angelier 1979). Closer 
examination reveals that at least four directions (N075E, N160E, N020E and 
NlOOE; see also other sections) make up the complex fault-bounded margin of the 
Messara plain. As can be seen from Figure l3B, the NIOOE depression of· the 
Western South Cretan Trough finds its eastward continuation south of Crete. The 
Western South Cretan trough, can be continued eastward to the depression between 
the Ptolemy mountains and the Chrysi Rise, based on its NIOOE trend (Fig. 13B). It 
runs parallel to major NlOOE morphological features on Crete, e.g. the central 
Iraklion Ridge (sensu Meulenkamp et al., 1994). The morphology associated with 
the NlOOE faults is that of north tilted blocks, giving rise to alternation of NlOOE 
troughs and ridges 

N020E-N030E structures 
Structures with a N020E to N030E trend can be traced from onshore Crete to the 

southern Hellenic area (Fig. 13C). The pattern of N030E faults intervening with 
N075E faults as seen in the West South Cretan trough, shows similarities with the 
lineament pattern observed at the Ierapetra fault. 

The N030E normal faults delimiting the Keraton Ridge have the same 
orientation as the Ierapetra fault and are also associated with a considerable 
difference in elevation (Fig. 13C). Both structures may belong to one system, but 
data lack to prove this. The N020E fault at the eastern extremity of the Sitia Basin 
shows a possible correlation with the South Chrysi ridge, although this is, again, not 
supported by data. 

As inferred by Mascle and Martin (1990), the Kamilonisi Basin is the northward 
extension of the Ierapetra basin, judged from their similarities in development. 
Based on its location we postulate that a correlation with the Sitia Basin is more 
logical (Fig. 13C). Classically (Nesteroff et al., 1977; Angelier, 1979 and Fortuin 
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and Peters, 1984) the eastern South Cretan Trough has been seen as the sea-ward 
extension of the onshore Ierapetra depression. From this study it appears that the 
Eastern South Cretan Trough does not bend towards the North to form the Ierapetra 
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depression. The South Cretan through can be traced in the southern part of eastern 
Crete, and probably continues south of Kassos and Karpathos (see next section). 

N075E structures 
The East South Cretan Through can be traced from south of Gavdos to eastern 

Crete, where it continues onshore (Fig.13D). North of the East South Cretan Trough 
depression, N075E lineaments seem to delimit important parts of the Asterousia 
Mountains, the Dikti Mountains and the Ornos Mountains (see Fig. 1 for location). 
Further correlation of similarly trending structures suggests that Kassos, the 
southern part of Karpathos and Gavdos island may belong to the same ridge (Fig. 
l3D). The central Cretan Messara plain, north of the Asterousia Mountains, is 
bounded by N075E faults to the south and north (Encl. 1 and Fig. l3D). A series of 
N075E faults in the northern part of central Crete are in line with equally trending 
left-lateral strike-slip fault west reported west of Karpathos (Masde and Martin, 
1990). This is supported by the presence of N075E lineaments on Karpathos 
(Foose, 1977). 

N050E structures 
The occurrence of N050E lineaments and faults is limited to the eastern part of 

the Hellenic arc (Fig. 13E). Only few N050E faults on Crete have been recognized 
of which the most pronounced lineament crosses the Dikti Mountains. This 
particular lineament can be traced to the south and correlates with the N050E strike
slip faults intersecting the Western South Cretan trough. Their trend equals that of 
the strike-slip faults in the Pliny and Strabo Trenches (Ruchon et af., 1982). To the 
north the fault zone can be correlated to N050E scarps forming the eastern boundary 
of the Kamilonisi Basin (Fig. l3E). 

N160E structures 
These lineaments are present in both offshore and onshore areas, however, only 

few onshore fault zones can be correlated offshore (Fig. 13F). Although, some 
topographic features can be related to the N160E faults, their control is most 
probably of minor importance. 

Discussion and Conclusions 
From the analysis of recent Landsat images of central and eastern Crete six 

lineament directions can be identified. Four of these directions (N020E, N100E, 
NUOE and N050E) are in agreement with published results from lineament analysis 
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of older Landsat images. Apart from these four directions, two new 
directions(N075E and N160E) can be identified. DEM's are especially useful for 
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the detection of faults that determine present-day scarps. From the analysis of 
DEM's, five fault directions appears to be dominant, which are comparable with the 
analysis of Landsat images. The only lineament set that can not be recognised by the 
DEM's was the N050E group which probably represents less relief related (old) 
structures. 

As already depicted by Angelier et at. (1982) many straight features as seen on 
the relatively low resolution satellite imagery available at that time, appear to 
represent en-echelon fault patterns. This in particular becomes evident when 
comparing our lineament analysis results with those of previous studies (Foose, 
1977; Angelier et at., 1982; Stefouli and Osmaston, 1986). These previous studies, 
for instance, revealed E-W structures from allover Crete, whereas we did not detect 
one single feature with this direction. We attribute this to the fact that the far better 
resolution of the recent Landsat images enabled the detection of individual faults in 
complex fault systems. 

The lineaments identified in this analysis correspond to observed faults and serve 
to examine the lateral continuation of the corresponding faults. Following the 
structural analysis of Angelier (1979) it can be demonstrated that the N130E, 
NI00E, N020E and N075E lineaments correspond to dip-slip normal faults, 
whereas the N160E and N050E lineaments represent conjugate fault systems with 
right-lateral and left-lateral slip faults The chronology of deformation can be 
estimated by comparing the tectonic and stratigraphic consistency. However, this 
approach tends to overestimate the latest fault activity. Consequently, the type of 
faulting could only be established for the Pliocene to Holocene period. In order to 
reveal older periods of fault activity additional stratigraphic and sedimentological 
data should be incorporated into the analysis. This approach will be dealt with in 
Chapters 4 and 6 respectively. 

Based on the correlations between onshore and offshore fault patterns, it is 
inferred that many morphologic features and faults on Crete can be traced towards 
the surrounding offshore areas. If the period of activity of the different structural 
trends can be determined (Chapter 4), insight in how deformation pervaded through 
the area will be obtained. Thus our lineament data base provides valuable 
information for future geological and geodynarnical research in the southern Aegean 
region. 
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Reconstruction of fault-block kinematics and 
architecture of Neogene outer-arc basins of 
central and eastern Crete 

Abstract 
The reconstruction of late Neogene fault-block kinematics on central and eastern 

Crete was carried out by combining several methods. The identification of fault 
blocks became possible through the combination of satellite imagery, topography 
and structural field data. Geohistory analysis was used to restore the vertical block 
motions. The results of the geohistory analysis were calibrated and supplemented 
with field data indicative for syntectonic basinal processes. These data, including 
the fault-block separating faults, were stored in a GIS, enabling easy visualization 
and combination of data. The ultimate purpose of the GIS method was to provide 
support for the correlation between fault activity and basin fill patterns. 

Our results show that successive episodes of basin evolution on central and 
eastern Crete were largely controlled by motions along fault systems of various 
directions. The basin-forming processes were dominated by compression in the 
latest Middle Miocene. In the earliest Tortonian a pattern of N130E and NIOOE 
extensional faults controlled the basin configuration. The early Tortonian to early 
Messinian period was characterized by a fault pattern with NlOOE and N020E faults 
which resulted from multidirectional (radial) extension. Activity along these faults 
caused the fragmentation of Crete. In the Pliocene a pattern of closely spaced left
lateral oblique N075E faults, oriented parallel to the south Cretan trenches, showed 
coeval activity with N020E normal faults. We interpret the (sub)recent deformation 
to be dominated by normal to oblique faulting along WSW-ENE (N050E) faults and 
dextrally oblique motions along NNW-SSE (N160E) faults, based on a literature 
compilation. Many faults which were generated during previous deformational 
episodes are subject to reactivation in (sub)recent times. From the kinematic 
reconstructions presented in this work it is concluded that the orientations of 
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successive fault systems rotated counterclockwise in three steps during the Late 
Miocene to Recent development of Crete. 

~GaYdO. 
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Fig. 1. Locality map of the study areas on central and eastern Crete. Inset shows the position of 
Crete between a volcanic arc in the north and the Ionian Trench in the south. The map of Crete shows 
the distribution of the pre-Neogene nappe pile and Neogene and Quaternary sediments. The Iraklion 
area and the Ierapetra area are marked with a box. Lines drawn within the two boxes represent the 
location of the stratigraphic transects shown in Figures 3 and 10. 

Introduction 
The southernmost part of the Hellenic Arc (Crete) is made up of a complex 

mosaic of fault blocks resulting from multiphase deformation. Detailed 
reconstructions of vertical block motions are crucial for establishing a 4D 
reconstruction of the Cretan Late Miocene half-graben systems. These systems 
developed during the early stages of fragmentation of the southern Aegean landmass 
(sensu Meulenkamp, 1985). This development was contemporaneous with the 
opening of the Cretan Sea in response to overall extension. The structural analyses 
of Crete by Angelier (1979) revealed that fault tectonics are polyphase and 
complicated in the Aegean regions. The main characteristics of the Aegean tectonics 
are the large amplitude and the long duration of extensional movements related to 
normal faulting. These extensional movements took place during Upper Miocene 
times in faulted basins, as shown by syn-sedimentary normal faulting and slumping. 
The geometry of some faulted basins is consistent with the latter pattern of Plio
Quaternary faulting while for other basins it is not, as shown by paleogeogr'lphic 
and structural analyses (Angelier, 1979). From a kinematic point of view, this 
extension by large normal faulting implies an expansion of the Aegean region 

68 



Reconstruction offault-block kinematics 

towards the Eastern Mediterranean basin, as well as an increase of curvature and 
perimeter of the arc. Angelier et at. (1982) postulated an overall north-south 
extensional regime since the end of the Middle Miocene and inferred a change 
towards east-west extension in the Pliocene, supported by the tectonic 
measurements of Angelier (1979). Using stratigraphic data and tectonic consistency 
as main criteria, Angelier et at. (1982) made a distinction between Pliocene to Early 
Quaternary and middle Pleistocene to Holocene fault patterns. Although the latter 
authors made some remarks on the late Miocene tectonics, their tectonics 
reconstructions mainly concern the Pliocene to Recent deformation. 

Apart from the extensional features, Meulenkamp et at. (1988) found evidence 
for periods of approximately N-S to NE-SW oriented compression. For eastern 
Crete, Postma et at. (1993a) studied the role of tectonics on basin-wide sediment 
dispersal patterns and found two periods of compression: one which culminated at 
the transition from the Middle to Late Miocene and another at the transition from 
the Miocene to Pliocene. Furthermore, these authors showed that tilting of fault 
blocks in early Late Miocene times occurred between major NW-SE trending faults 
and that basin fragmentation resulted from the initiation of new fault zones with the 
same orientation. 

If tectonic events can be dated and discrete periods of similar styles of 
deformation can be recognised, the dynamics of the region under investigation will 
be better understood. Structural analyses have been applied in studies which address 
the neotectonic development of Crete (e.g. Angelier, 1979; Mercier, 1981; Angelier 
et ai., 1982 and Mercier et at., 1989). However, this type of analyses can only 
reveal the type of motion that occurred along a fault plane by incorporating the 
measurements on faults and slickenside lineations. The chronology of faulting 
events can be established by examining either the stratigraphy at both sides of a 
fault or the stratigraphy above buried faults. A major disadvantage of this 
"stratigraphic" approach is that the contribution of the latest fault motion is 
exaggerated, while older, possibly opposite motions are obscured (e.g. Angelier, 
1979). Hence, to reconstruct fault kinematics in fair detail, depositional depth data 
and thickness of the stratigraphic units on both sides of the fault are required in 
addition to age. These parameters may be used to reconstruct the relative vertical 
motions of the fault blocks on either side of the fault under investigation, and hence 
detect periods of fault activity. When this approach is applied, both the initial and 
more recent fault activity may be revealed provided that the stratigraphic record is 
sufficiently long. In addition, sediment dispersal, sedimentary facies, depositional 
slopes and sediment preservation may be sensitive recorders of fault activity. 

In this study we present the results of two objective methods (see Chapter 2) 
which are set up to; 1) identify fault blocks and 2) date and quantify the activity of 
block-separating faults. The study concerns two selected areas, on central Crete and 
eastern Crete respectively, which were found to be most suitable for testing the 
methods. A high-resolution stratigraphic framework of both areas enables intra- and 
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inter-basinal correlations. Identification of fault blocks is possible through 
combining structural field data, satellite lineaments and topography related 
lineaments. Geohistory analysis will be applied to calculate the vertical motions of 
the identified fault blocks. By comparing the geohistory curves of two adjacent fault 
blocks, statements can be made concerning the activity of block-separating faults 
(Chapter 2). The results are combined with additional field data such as unit 
thickness, paleocurrent directions and unconformities which are stored in a GIS. 
These data complement the results obtained from geohistory analysis. 

The study areas 
For this study two stratigraphically well constrained areas have been selected: an 

area in the southern part of the Iraklion Basin (sensu Meulenkamp et ai., 1994) on 
central Crete and the Ierapetra Basin on eastern Crete (Fig. 1). In contrast with other 
Cretan regions, the selected areas comprise an almost complete Middle-Miocene to 
Pliocene succession. The Iraklion Basin has been subject to many studies 
concerning the stratigraphic development of the Neogene basin fill (e.g. Sissingh, 
1972; Zachariasse, 1975; Meulenkamp et al., 1979; Thomas, 1980; lonkers, 1984; 
Driever, 1988). Meulenkamp et al. (1994) recently addressed. the late Neogene 
vertical motions and portrayed initial (late Miocene) subsidence followed by Plio
Pleistocene staggering uplift coupled with tilting to the north. 

A comprehensive study of the stratigraphy of the Ierapetra region was carried out 
by Fortuin (1977; 1978). A more recent study on eastern Crete and the Ierapetra 
region (Postma et al., 1993a) discussed the tectonic, climatic and eustatic controls 
on basin fill patterns and gave an up-to date stratigraphy. 

Reconstruction of the fault-block kinematics in the southern Iraklion Basin is 
achieved by integration of 1) literature based litho-, bio- and chronostratigraphic 
data, 2) additional field data on local and regional basin-fill patterns, 3) 
reconstruction of the fault-block configuration by combining Landsat, topographic 
and structural field data, and 4) geohistory analysis. In the Ierapetra Basin only few 
fault blocks comprise a stratigraphic succession which can be correlated to adjacent 
blocks, so that geohistory analysis cannot be applied in the reconstruction of the 
vertical motions of the fault blocks. Instead, we looked in a qualitative way at 
depocenter migrations, paleocurrent directions, asymmetry of basin fill and the 
presence of sedimentary facies (e.g. fan breccias) related to fault activity. The 
methods applied in this study led to the establishment of chronology of faulting 
events for both areas. The consistency and continuation of the different fault 
directions on both central and eastern Crete allows correlation of the 
tectonostratigraphy of both areas and suggests the validity of the tectonostratigraphy 
for regions beyond the selected study areas. 
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Fig. 2. A) Lineaments of the Iraklion Basin as derived from field observations, shaded relief 
images (OEM's) and Landsat satellite images. Near matches between the different data sources can be 
explained by the shadow effect (See text and Chapter 2 for explanation). B) Fault block 
configuration, synthesized from the superposed tripartite data. Fault blocks suitable for restoring 
vertical morions with geohistory analysis (A - P) arc indicated by shading. Log sites are indicated on 
both figures. See Appendix 1 for the location of log sites on the selected fault blocks 
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The southern Iraklion Basin 

Detenninatian affaults andfault blocks 
For the study area on central Crete (Fig. 1) the fault-block configuration was 

established by the combination of lineament data from Landsat satellite imagery and 
shaded relief maps (DEM's). These data were supplemented by and verified with 
structural field observations (Fig. 2A). The methods behind the identification of 
lineaments and the recognition of faults and fault blocks are described in Chapter 2. 

Most long and pronounced lineaments show a perfect fit between the different 
data sources. Some "near-matches" between lineaments from Landsat and shaded 
relief maps can be explained by the so-called shadow effect: The position of a fault 
or scarp in map view depends on the angle of illumination. This explains the small 
offsets in the position of faults when comparing the lineaments from the three data 
sources. The effect appears to be most pronounced in high relief basement areas. 

In the interpretation of lineament data (Fig. 2B) we avoid the shadow effect by 
synthesizing the superimposed lineament data in such a way that overlapping and 
near-matching lineaments are interpreted to be one, providing the existence of field 
based counterparts (faults). Series of small lineaments which are in line with 
exsiting faults are inferred to represent one fault. As can be learned from the 
comparison of Figures 2A and B, not all lineaments are incorporated in the 
synthesis of data. Lineaments which do not correspond to, or which are not in line 
with existing faults are inferred to represent either less important faults or other 
linear features. 

Restoration of vertical motions of the fault blocks using geohistory analysis (van 
Hinte, 1978) requires information on age, thickness and depositional depth of 
sedimentary deposits. The combination of the fault-block configuration and the 
position of our sections indicate which fault blocks are, in theory, suitable for the 
purpose of this study. An important condition for restoring vertical motions is that 
the same stratigraphic intervals should be present at either side of fault-block
delimiting faults. The sixteen blocks which meet this requirement are indicated by 
letter symbols and shading in Figure 2B. 

The fault-block delimiting faults invariably have NIOOE, N020E and N075E 
orientations, which implies that geohistory analysis of the Iraklion area is not 
suitable to draw conclusions on motions along other faults (N130E, NI60E and 
N050E) present in the fault-block configuration (Fig. 2B). The geological map 
(Enclosure 2) shows that faults intersecting the Neogene deposits have predominant 
orientations of NlOOE, N020E and N075E. Other faults appear to be less important 
for the deformation of late Miocene deposits in the study area. However, the fact 
that such faults can be inferred from the analysis of Landsat and DEM images 
implies that they may have been or are important, but probably not for the Neogene 
units in the study area. These structures have been formed prior to or after the late 
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Miocene period under investigation. As will be discussed later, the N160E and 
N050E faults are of Pleistocene to Recent age. In the analysis below, we leave out 
the N130E, N160E and N050E faults and focus on the effects that NlOOE, N020E 
and N075E faults had on vertical motions and basinal processes in the once existing 
basin of which the study area forms part. Folds also have not been incorporated in 
the fault-block configuration, since fault blocks are bounded by faults only. 

Neogene stratigraphy of the southern Iraklion Basin 
For a general comprehension of the stratigraphy of the study area in the Iraklion 

Basin, a brief summary is given. Following the earlier literature and our own 
observations, the late Middle to Pliocene history of the region comprises six 
intervals (Fig. 3). The sediments deposited during these intervals are represented in 
the stratigraphic logs of the selected fault block (Fig. 4). The localities of the 
stratigraphic sections on the fault blocks are listed in Appendix 1. A more 
comprehensive description of the stratigraphy will be given in Chapter 6. 

1) After the main phase of thrusting which formed the pre-Neogene nappe 
pile of Crete (see Chapter 1), "post-orogenic" sedimentation started with the 
deposition of non-marine clastics in the course of the Middle Miocene. The sandy 
and silty deposits with minor intercalations of conglomeratic channel fills belong to 
the Viannos Formation (Meulenkamp, 1979). Tilted deposits of the Viannos 
Formation are present in blocks M, N, 0 and P (Figs. 2B and 4). 

2) Around the MiddlelLate Miocene transition (re)deposition of limestone 
breccias and mass emplacement of exotic blocks consisting of older Tripolitza 
limestones took place. These deposits are not present in the study area. The Skinias 
Formation of stratigraphic interval 2 conformably overlies the Viannos Formation in 
block P (Figs. 2B and 4). The clays of the Skinias Formation were earlier assigned 
to the Globigerina continuosa Zone (Zachariasse, 1975), which zone is presently 
referred to as the lower dextral Neogloboquadrina acostaensis Zone of earliest 
Tortonian Age (Zachariasse, pers. comm., 1997). 

3) In the early Tortonian the clastics of the lower part of the Ambelouzos 
Formation (Meulenkamp et ai., 1979) were deposited. Stratigraphically, this 
formation overlies the Skinias Formation, but a concordant contact is not exposed in 
the study area. In the southeastern part of the area an angular unconformity between 
the formations is present. The lower part of the Ambelouzos Formation is 
characterised by a high diversity of sedimentary facies ranging from coarse 
fanglomerates to homogeneous shelf sandstones (blocks A to G; Figs. 2B and 4). 
An overall deepening trend consists of some higher order pro
gradation/retrogradation cycles as reflected by alternating coarse- and fine-grained 
delta deposits. The continental to shallow marine part of the Ambelouzos Formation 
has been assigned to the early Tortonian (De Bruyn et at., 1971; Sissingh, 1972) on 
the basis of mammals and ostracods. 
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Fig. 3. Stratigraphic framework of the Neogene of the Iraklion area, visualized for a NE-SW 
transect (indicated in Figure 1), based on Meulenkamp (1979) Meulenkamp et al. (1979, 1994) and 
this study. Stratigraphic intervals are described in text. Absolute ages derived from: (1,7) Berggren et 
al. (1995); (2) Meulenkamp et al. (1994); (3) Lourens (1995); (4) Krijgsman (1996); (5) Hilgen et al. 
(1995); (6) Zachariasse (pers. comm., 1997). 

4) In the course of the Tortonian a transition took place from sandy littoral 
deposition to accumulation of open marine blue-grey marls. In the stratigraphic 
record this is expressed by the transition from the lower to the upper part of the 
Ambelouzos Formation (blocks D to I, Figs. 2B and 4). The transition towards 
deeper marine environments is marked by an abundant presence of the large 
benthonic foraminifer Heterostegina sp. The marls show a distinct cyclic bedding 
correlative to astronomical precession (e.g. Krijgsman et aI., 1994). The detailed 
stratigraphy indicates a late Tortonian Age for the deep marine Ambelouzos 
deposits (Fig. 3). These deposits are only found on the southern fault blocks of the 
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study area (Fig. 4). 
5) All over the study area the deposition of terrigenous clastics made place 

for the accumulation of limestones and marls in the Messinian. This change is 
mirrored by the sediments of the Varvara Formation (Meulenkamp et al., 1979), 
which are assigned to the Messinian (Sissingh, 1972). In the northernmost and 
southernmost parts of the area, the lower part of the Varvara Formation consists of 
mixed terrigenous clastic/calcareous, shallow marine deposits which unconformably 
overlie the Ambelouzos Formation and older units. These shallow marine deposits 
are incorporated in the Pirgos Member (stratigraphic interval 5a in Fig. 3), named 
here after the little village of Pirgos. In the surroundings of this village the member 
unconformably overlies tilted deposits of the Viannos and Ambelouzos Formations 
(blocks L to P, Fig. 4) and consists of sandstones and sandy grain- and boundstones 
with abundant Lithothamnium sp., Porites and Heterostegina sp. Some coarse 
terrigenous intervals are present at the base of the succession. On blocks A and B, in 
the southern part of the area, the Pirgos Member overlies the Ambelouzos 
Formation, in the top of which clear evidences of subaerial exposure are present. 
The upper boundary of the Pirgos Member in blocks A, B and L to P is marked by 
the (almost) disappearance of Lithothamnium sp. and terrigenous clastics and by the 
change towards biogenic limestones and marls. 

In the central part of the area (blocks C to J) the Varvara Formation is 
characterized by a regular alternation of homogeneous and laminated marls (Fig. 4), 
which accumulated in a deep marine basin. The sedimentary cycles are precession 
related. Around the line Megalo Vrisi - Parnassos, at the transition between the 
northern and the central part of the study area, base-of-slope deposits which are 
laterally equivalent to the Pirgos Member interfinger with deep marine marls 
belonging to the top of the Ambelouzos Formation (block K; Fig. 4). On blocks C to 
J (Figs. 2B and 4), the boundary between the deep marine Ambelouzos Formation 
and the overlying Varvara Formation is marked by the sudden change from blue 
grey marls to whitish homogeneous and laminated marls; the Pirgos Member is not 
present, although conglomeratic channel fills occur at the transitional interval 
between both formations. From both cyclostratigraphic studies (Hilgen et al., 1995) 
and radiometric (Ar/Ar) datings (Krijgsman, 1996) on three ashlayers (al to a3) 
intercalated in the uppermost Ambelouzos/lowermost Varvara interval it has 
become evident that the boundary between the Ambelouzos and Varvara 
Formations coincides with the TortonianlMessinian boundary. 

6) In the southern part of the Iraklion Basin sensu Meulenkamp et al. (1994), 
which corresponds to our study area, sediments of the lowermost Pliocene 
Sphaeroidinellopsis Acme Zone, as a rule, overlie lower Messinian limestones. The 
lowermost Pliocene consists of whitish marls and marly limestones of deep water 
origin which reflect the effects of the Pliocene flooding which terminated the 
Mediterranean Messinian salinity crisis. These deep water deposits pass upward into 
more sandy and conglomeratic deposits. The sequence portrays overall shallowing 
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and even emergence in response to tilting to the north (Meulenkamp et aI., 1994). 
This shallowing sequence has been found on blocks C and D (Fig. 2B) and in the 
sections Apesokari and Atsipades which were taken from Meulenkamp et al. 
(1994). In the south, the late Early Pliocene uplift was followed by renewed 
subsidence in early Late Pliocene time, which in tum was succeeded by a second, 
Late Pliocene to Recent phase of uplift. In the north, the lowermost Pliocene 
sediments are incorporated in the so-called marl breccias (sensu Fortuin, 1977), 
which reflect an episode of tectonic instability following the earliest Pliocene 
flooding. 

Geohistory analysis 
The curves presented in Figures 5, 6 and 7 give the "uncorrected" burial depths 

of a chosen horizon below sea level (see Chapter 2). This horizon is generally the 
base of the section on which the geohistory analysis is applied. The burial curves are 
based primarily on paleowaterdepth and sediment thickness (Appendix 2); fault 
activity is thus determined by the differences of either one or both parameters. If 
vertical motions of two adjacent fault blocks deviate in a certain time interval, i.e. if 
curves segments diverge or converge, we infer that block-separating faults were 
active. Non-activity of block-separating faults is indicated by curve segments that 
coincide or have parallel trends. The calculated burial depths have confidence 
intervals which are, in our case, entirely based on the uncertainties in 
paleobathymetry estimates as listed in Appendix 2. If paleobathymetry is 
determined from plankton/benthos ratios using the method described by Van der 
Zwaan et al. (1990), 80% confidence limits are most commonly adopted. This 
means that uncertainties increase with depth and may reach values of about 200 m 
for the deep marine (1000 m) realm (see also Chapter 2). Based on burial depth and 
confidence limits, we use Equation (3) of Chapter 2 to predict whether faults were 
active or not. 

N100£faults 

With reference to the basic requirements for restoring vertical block motions, 
four NIOOE oriented faults were found suitable for reconstruction of their periods of 
activity. Figure 5A, shows the vertical motions of block I relative to block H during 
deposition of the Varvara Formation. After deposition of the open marine marls of 
the Ambelouzos Formation, deep marine conditions prevail south of the NIOOE 
fault (block H), whereas a thick pile of deltaic deposits (Pirgos Member) overlies 
the open marine marls at the northern side of the fault (block I). No evidence was 
found of marked changes in the depositional depth on block H between the two data 
points presented. Only a change from blue grey marls to whitish marls was observed 
coinciding with the transition from the Ambelouzos Formation into the Varvara 
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Fig. 5. Geohistory curves of the selected fault blocks bounded by NI ODE faults, illustrating the 
relative vertical motions between fault blocks. The burial depth of the selected horizons has been 
calculated using paleobathymetry estimates and unit thicknesses. Shaded zones indicate activity of the 
fault-block-separating fault considered. The numbers along the horizontal axes refer to the 
stratigraphic intervals. Vertical bars indicate confidence interval of the calcualted burial depths. If no 
bars are shown, the confidence interval approximates zero. 

Formation. The amount of relative vertical motions between blocks H and I is larger 
than the uncertainties in paleobathymetry and are thus significant. 

In Figure 5B, above the hiatus, the burial curves of blocks Land M diverge. 
With regards to the confidence limits we conclude that the relative vertical motions 
are sIgmflcant. A closer look learns that the divergence is primarily caused by the 
difference in thickness of the algal limestones. During deposition of the younger 
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open marine marls (stratigrpahic interval 5), no significant differences in vertical 
motions exist between block Land M. The same reasoning applies for the 
divergence of the burial curves of block N relative to block M (Fig. SC). In this case 
significant relative block motions occurred during the deposition of the Pirogs 
Member. 

In Figure 5D the relative fault-block motions along NIOOE faults during the 
deposition of the Pirgos Member above an angular unconformity are illustrated. On 
block P the clastic succession of the Pirgos Member is thickly developed and 
overlain by dense platform carbonates. On block 0 the pile of clastic deposits is 
considerably thinner and overlain by homogeneousllaminated marls. This implies 
that deposition above the angular unconformity occurred on both blocks in shallow 
waterdepths; on block P the depositional depth did not change much, whereas on 
block 0 it increased to inner shelf depths. The burial curves show the more rapid 
subsidence of block 0 relative to block P during the deposition of the Pirgos 
Member. After the change towards carbonate accumulation the subsidence of block 
o decelerated. We infer that the change from accumulation of predominantly 
terrigenous clastics to calcareous deposits is most probably synchronous and related 
to a period of basin-wide environment changes (e.g. Peters, 1985), and thus 
externally controlled. 
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N020E faults 

In Figure 6A the geohistory curves for blocks A and B are plotted. Fault activity 
is inferred for the period in which the continental-shallow marine sediments of the 
Ambelouzos Formation were deposited. The differences in burial history are 
significant with respect to the confidence limits. In Figure 4 this is illustrated by the 
thick pile of coarse-grained deposits on the down-thrown block B relative to the 
finer-grained deposits on block A. This suggests that major channels, in both 
continental and shallow marine environments, are confined to the fault-bounded 
lower block(s), i.e. to the paleo "graben" or half-graben. The section above the 
hiatus shows diverging burial curves due to the difference in depositional depth 
between the two blocks during the deposition of the Varvara Formation. With 
respect to the confidence limits fault activity may be inferred between blocks A and 
B during the deposition of the Varvara Formation. 

The burial curves of blocks C and D are indicated in Figure 6B. The number and 
thickness of the sedimentary cycles below the Late Messinian hiatus (Fig. 4), which 
are elsewhere in the basin found to be astronomically forced (Krijgsman et ai., 
1994), suggest different vertical histories for block D relative to block C. Above the 
hiatus a Pliocene shallowing upward sequence is present on block D. Deep marine 
marls pass via coastal sandstones into continental deposits. A few metres of 
Pliocene marls were encountered on block C covered by the coastal sandstones. The 
different thickness of the deep marine marls between blocks C and D may is not 
related to relative block motions as illustrated by the parallel burial curves (Fig. 6B). 
Since the uncertainties in paleobathymetry are not outpassed by the amount of 
relative block motions fault activity can not be held responsible for the observed 
differences in sediment cover of block C and D. 

The relative motions of blocks I, J and K along a N020E fault are presented in 
Figure 6C. On block I, as discussed before, during subsidene a transition from 
deposition in an open marine environment (Ambelouzos Fm.) towards deposition in 
a submarine fan system (Pirgos Member) took place. In block J only a small part of 
the Varvara succession is preserved, which can only be used to show the 
depositional depth relative to blocks I and K. The relative motion between block K 
and I is relevant with respect to the confidence limits and based on the contrast in 
depositional depths of the Varvara Formation on either side of the N020E fault. 
Deep marine marls alternating with turbiditic sands rest on block K opposite to 
shallow marine sands on block I. 

NO75Efaults 

Figure 7A shows the burial curves of block D and E. The near parallelism of the 
curves, and the fact that the small deviations present fall within the confidence 
limits, imply that no relative motions between block D and E can be evidenced. It 
has to be noted here that the depositional depth of 0 m for the continental deposits is 
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Fig. 7. Geohistory curves of the selected fault blocks bounded by N075E faults, illustrating the 
relative vertical motion between fault blocks. For explanation see Figure 5. 

arbitrarily chosen. Possible vertical motions during the deposition of the continental 
deposits (see Appendix 2) are thus not reproduced faithfully with the method 
presented here. 

To illustrate the Pliocene - Recent vertical motions in the study area, the burial 
history of sections Apesokari and Atsipades (Meulenkamp et al., 1994) are shown 
in Figure 7B. Taking notion of the confidence limits, these histories display an 
almost identical uplift for the Early Pliocene, up to or above sea level. 
Subsequently, renewed subsidence affected the Atsipades area, while the Apesokari 
area remained above sea level or continued to rise. Most probably these differences 
can be explained by late (?) Pliocene activity along one of the major N075E fault 
systems bordering and intersecting the Messara plain and the Asterousia mountain 
chain (Fig. 2B). 

GIS - southern Iraklion Basin 
The solutions on fault kinematics as inferred from the geohistory analysis are not 

always unambiguous and should be calibrated with all data available, in particular 
those on the spatial distribution of thicknesses (isopachs), paleocurrent readings and 
basal unconformities. For each stratigraphic unit these data are stored in a GIS. The 
GIS enables visualisation in maps showing the spatial distribution of the data. In 
applying this method, all stratigraphic units can be incorporated, because in contrast 
to the geohistory method, age and paleobathymetry data do not have to be known. 
The correlation between the spatially distributed data and the possible activity of 
NlOOE, N020E and N075E faults is tested using the criteria mentioned in Chapter 
2. The best correlation between spatial data and active fault directions are obtained 
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Fig. 8. (continued on pages 84, 86 and 87) Thickness distribution (isopachs), paleocurrents 
and localities of unconformities of all stratigraphic intervals of the southern lraklion Basin plotted 
along with the important fault group. (NIOOE, N020E and N075E). These figures are used to 
describe the correlation between fault trends and spatially distributed data (see text). 
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if the following three requirements are met: 1) parallelism of isopachs and fault 
direction, 2) thickness trends in directions normal to the fault direction, and 3) 
paleocurrent directions running either parallel or normal to the fault direction, 
indicating axial or transverse transport in the fault bounded basin, respectively. 
Additionally, we investigate how unconformities are related to fault directions. The 
distribution of the stratigraphic units, i.e. the outer contour of the isopachs, can be 
interpreted as a fault related feature if a fit exists with a certain fault trend. 
However, it has to be stressed that the contours are primarily based on the 
distribution of our sections rather than on the actual (mapped) distribution of a 
certain unit. This becomes evident when comparing the geological map (Enclosure 
2) and the isopach maps presented in Figure 8. Most units extend far beyond the 
limits of our study area in the southern part of the Iraklion Basin. The correlation 
results are represented in Table I and evaluated below. 

GIS results 
Interval 1 - Viannos Formation (Fig. 8A). The Viannos deposits are only drawn 

in a small quadrangle, although in reality the distribution is much larger than 
suggested in Figure 8A. In addition, the original thickness of the formation is 
unknown and the isopachs represent the preserved- rather than the original 
thicknesses. The S to SW directed paleocurrents contradict that the present day 
maximum thickness of the Viannos Formation in the NE comer of the study area 
corresponds to a once existing depocenter. The southern boundary of the Viannos 
isopachs appears to be strongly related to a series of NIOOE faults. Again the 
paleocurrent directions reject the possibility that these faults acted as important 
basin-controlling faults during the deposition of the Viannos Formation. N020E and 
N075E faults show no relationship with the visualized spatial data. 

Interval 2 - Skinias Formation (Fig. 8B). The limited occurrence, or better, the 
few observation points for the Skinias Formation makes it hard to draw objective 
conclusions from the represented spatial data. The western boundary of the 
occurrence of the Skinias Formation runs parallel to the N020E faults. 

Interval 3 - Ambelouzos Formation - continental/shallow marine facies (Fig. 8e 
and 8D). The transition from continental to shallow marine deposits is observed in 
the entire study area and is most likely diachronous. In testing the relation with fault 
trends, continental and shallow marine deposits are separated in order to highlight. 
the effects of possible fault activity on lateral facies changes. In the eastern part of 
the area, the isopachs of the continental deposits (Fig. 8C)· show elongations which 
predominantly correspond to N020E directions. In the western part trends in the 
sediment thickness are roughly perpendicular to the N075E fault. The NIOOE fault 
zone running through the central part of the area coincides with an area in which the 
sediment thickness is relatively large. The paleocurrent directions are perpendicular 
to N075E faults in the central part of the area and parallel to N075E faults in the 
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southwestern part, but do no show a relation with fault directions in the northern 
part of the area. Paleocurrents are generally directed opposite to the trends of 
increasing thickness. The observed angular unconformities between the 
Ambelouzos Formation and the underlying Skinias Formation in the eastern part of 
the study area are aligned along a NI OOE fault. 

For the shallow marine Ambelouzos Formation (Fig. 8D), no pronounced 
correlation between isopachs and the NlOOE, N020E and N075E faults exists. The 
thickness trends which can be seen in Figure 8D are related to N050E and N130E 
directions, but can not be directly linked to faults. Paleocurrent directions display a 
wide spread and are not evidently related to any of the fault directions subject to the 
research. 

Interval 4 - Ambelouzos Formation - deep marine facies (Fig. 8E). The good 
stratigraphic control at this level enables a good evaluation of the tectonic activity 
during deposition of the deep marine marls. The deep marine deposits are not 
present north of a NlOOE fault in the middle part of the study area, but we can not 
distinguish between synsedimentary or preservational effects. In the western part of 
the area thickness trends occur perpendicular to both N020E and Nt OOE faults, and 
are also found to be perpendicular to N050E. Thickness trends in the central to 
southwestern part are perpendicular to N130E directions and cannot be related to 
NlOOE, N020E or N075E faults. Two areas with thick sediment accumulations in 
the west are separated by a N020E fault. 

Interval 5a - Pirgos Member (Fig. 8F). The spatial data plot shows that the 
elongation of isopachs and the asymmetry of the thickness distribution is 
dominantly linked to the NlOOE faults. The thick sediment pile in the central part of 
the area is bounded to the west by a N020E fault. Paleocurrent directions are 
perpendicular to N075E faults in the southwestern part of the area and are 
approximately perpendicular and parallel to Nt OOE and N020E faults in the central 
part. In this area paleocurrents deviate from the place where the Pirgos Member is 
thickest, suggesting that this place does not coincide with deepest part of the basin. 
The position of the angular unconformities at the base of the Pirgos Member are 
lined up along NlOOE trending fault(s). Basal unconformities are present in the 
northern and southern part of the area, but are absent just south of the Nt OOE faults 
in the centre of the area. 

Interval 5 - Varvara Formation (Fig. 8G). The isopach map of the deeper 
marine, calcareous, Varvara Formation shows thickness trends perpendicular to 
N075E faults in the southern part of the study area, whereas the parallelism of 
isopachs in the eastern part suggests a correlation with N020E faults. The 
elongation of isopachs in the centre of the isopach plot is related to Nt OOE faults. 
At this location slumps are directed towards the place of thicker sediment 
accumulation, which suggests transport towards the deeper part of the basin. The 
erosional tops of the Varvara Formation in the southwestern part of the area, 
together with thickness trends perpendicular to N075E faults, suggests that activity 
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along these faults had strong preservational control on the deposits of the Varvara 
Formation. The alignment of erosional tops in the central part of the area suggests a 
relation with both N075E and N020E faults. 

Interval 6 - Kourtes Formation. (Fig. 8H). The limited preservation and the 
small amount of observation points on the Kourtes Formation hampers a reliable 
calibration between possible fault activity and spatial data. The previously 
mentioned continuation of the N075E faults in the southwestern part of the study 
area is suggested by the alignment of basal unconformities along a N075E trend. 

Table 1 
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Table 1 Listing of correlation between spatial data and fault trends for the southern Iraklion 
Basin. Interval number I = Viannos Formation., 2 = Skinias Formation, 3 = continental-shallow 
marine Ambelouzos Formation, 4 =deep marine Ambelouzos Formation, 5a =Pirgos Member (of the 
Varvara Formation), 5 = deep marine Varvara Formation., 6 = Kourtes Formation. Blank areas 
indicate that there is no relationship with one of the fault trends. See text and Chapter 2 for 
explanation. 

Combination of results 
The results from the geohistory analysis and the GIS method are summarised in 

Table 1. The combination of these results provides a tectonostratigraphic framework 
for the study area. For the Serravallian to earliest Tortonian period, i.e intervals 1 
and 2, fault activity could not be determined by means of geohistory analysis. The 
stratigraphic and bathymetric control is too poor and lower and upper limits are 
often not detected. This is different for the Tortonian to early Messinian period. 
Both the geohistory and the GIS method revealed the combined activity of NIOOE 
and N020E faults during the deposition of the Ambelouzos and Varvara Formations 
(intervals 3 to 5). The paleocurrent data for the deposits of the continental 
Ambelouzos Formations suggest the control of N075E faults, whereas the 
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formations shallow marine deposits show a wide spread in paleocurrent data and do 
not have a preferential orientation with respect to a fault direction. Many other 
criteria suggest that activity along NlOOE and N020E faults controlled the 
deposition of both the shallow marine and continental facies. This indicates that 
although paleocurrent directions are in general sensitive indicators for the dip 
direction of Paleoslopes, in our case, their spread impedes the distinction between 
fault trends that may have controlled deposition. The geohistory analysis suggests 
that activity of N075E faults started in the Pliocene, whereas tthe GIS method is less 
clear for the Pliocene period (interval 6). 

The Ierapetra Basin 
The superimposed Landsat, topography and field data for the study area in the 

Ierapetra basin (Fig. 9A) was interpreted and synthesized following the method 
applied for the southern Iraklion Basin. The established fault pattern (Fig. 9B) 
shows numerous fault blocks with log data. In spite of the fact that the stratigraphy 
is well established, none of the blocks provides sufficient data to examine fault 
activity between two blocks. This is primarily due to the geographically scattered 
occurrences of the formations. Therefore, a fault-activity reconstruction based on 
the geohistory method employed for the study area in the Iraklion Basin cannot be 
straightforwardly applied and we have to test the virtue of GIS as a "stand-alone" 
method 

Faults and folds 
The geological map (Enclosure 2) shows that for the Ierapetra Basin faults 

intersecting the Neogene deposits have predominantly orientations of NIOOE, 
N020E-N030E, N130E and N075E, whereas fault-block delimiting faults (Fig. 9B) 
invariably have NIOOE, N020E-N030E, NI60E, N130E and N075E orientations. 
The NI60E faults appear to be less important for the deformation of Neogene 
deposits in the study area as can be seen from Enclosure 2. Using the GIS method, 
however, we became aware that NI60E faults had strongly controlled the 
preservation of the Neogene units and were therefore also incorporated into the 
analysis. 

The most pronounced observed faults and fault zones are indicated in Figure 9B. 
Postma et al. (l993a) demonstrated that the Ayios Nikolaos Fault Zone (ANFZ), the 
Kritsa (reverse) Fault Zone (KFZ), the Makrilia FZ (MFZ) and the Parathiri FZ 
(PFZ) had major control on the Late Miocene basin development and basin-fill 
patterns. 

Next to faults, we incorporated the folds identified by Postma et al. (I993a) to 
test the hypothesis that these structures had major control on sedimentation during 

the latest Middle Miocene and around the Middle-Late Miocene transition. 
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Fig. 9. A) Lineaments of the Ierapetra Basin as derived from Landsat satellite images and shaded 
relief images, supplemented and verified by structural field data. Near matches between the different 
data sources can be explained by the shadow effect (See text and Chapter 2 for explanation). 

Neogene stratigraphy of the Ierapetra Basin 
The stratigraphy of the lerapetra Basin, presented in Table 2, is largely based on 

earlier work of Fortuin (1977, 1978), supplemented with data from Fortuin & Peters 
(1985), Postma and Drinia (1993), Postma et at. (1993a), and this study. For the late 
Middle Miocene to Late Miocene period seven stratigraphic intervals can be 
recognised, in accordance with the work of Fortuin (1977). The following outline of 
the stratigraphy is valid for the general NE-SW transect as given in Figure 10. 
However, both to the east and west deviations from this idealized succession exist. 
A more extensive overview of the stratigraphy of the Ierapetra basin is given in 
Chapter 6. 

The base of the Neogene succession mainly consists of coarse clastic continental 
deposits of Middle Miocene age (Mithi and Males Formations). The Males 
sandstones and conglomerates are overlain by large amounts of breccio
conglomerates (Breccia Series), which presumably were deposited around the 
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Table 2
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marls. 
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channel fills (Fortuin, 1977). The entire formation 
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southwards, channelised boulder conglomerates embedded 
in the marls are associated with major submarine sliding. 
The marly deposits of the Kalamavka Formation were 
deposited in a pro-delta to delta front environment. 
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containing exotic large Tripolitza blocks and Mithi, Males 
and brecciated Tripolitza material. 
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of different composition. Towards the top of the Males 
including Ib) Formation, shallow marine, sandy to gravelly deposits of 
Parathiri Mb. (d) the Parathiri Member onlap over Males flood plain/coastal 

sediments. The deepening is also evidenced by the change 
from brackish to open-marine fauna. 
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Fig. 9. B) Fault block configuration, synthesized from the superimposed tripartite data. Important 
structural features are specifically mentioned. ANFZ: Ayios Nikolaos Fault Zone; KFZ; Kritsa 
(reverse) Fault Zone; MFZ: Makrilia Fault Zone; PFZ: Parathiri Fault Zone. 

MiddlelLate Miocene transition. In the northern part of the area the breccio
conglomerates overlie the Males Formation with an angular unconformity. In the 
early Tortonian the northern part of the area was dominated by deposition of coarse 
grained alluvial fan deposits (Stratified Prina Series) and boulder conglomerates. 
Laterally and vertically these boulder conglomerates passed into sandy and marly 
deposits of the Kalamavka Formation. In the southern part of the area the deposition 
of sandy and marly (submarine fan) deposits was succeeded by accumulation of 
deep marine marls with associated sandy turbidites (Makrilia Formation) in the 
Tortonian. The late Tortonian to early Messinian interval (Ammoudares Formation) 

Table 2 (opposite page) Stratigraphy of the Ierapetra Basin after Fortuin (1978) and Postma et at. 
(l993a). References used for dating of the stratigraphic intervals: (a) Kopp & Richter (1983), (b) 
Jacobshagen (1986), (c) Zachariasse (1975); (d) Fortuin (1977); (e) Postma et al. (I 993a). For 
reference with older work note that the former G. continuosa = N. acostaensis and the former N. 
fatcol1arae =C. parvutus (Zachariasse, pers. comm, 1997.) 
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is characterized by limestone sedimentation; submarine slumping and sliding played 
a pronounced role. The oldest Pliocene deposits are marl breccias indicating 
submarine mass transport. The marl breccias are covered by open marine marls. The 
entire stratigraphic succession has strongly been affected by tectonic movements 
during and after sedimentation. 

GIS - Ierapetra Basin 
We will apply the GIS method unbiased, i.e. without the perception of already 

established relationships between basin-fill patterns and faults. In doing so, all 
structures (normal faults, reverse faults and folds) are tested for their relationship 
with the spatial data of each stratigraphic unit in the Ierapetra area (Fig. 11). The 
relationships between spatial data and the structures are described below and listed 
in Table 3. 

Intervall - Males Formation (Fig. lIA). All over the area, the Males Formation 
as presented in the isopach maps shows a thickness trend perpendicular to the 
N130E structures. Trends perpendicular to N075E and N160E are observed in the 
western part of the area. The separation between the northern and southern 
occurrence of the formation seems to be related to NlOOE faults. Along the fold axis 
of the anticline in the southern half of the area (Anatoli Anticline, sensu Postma et 
al., 1993a) a westward increase in thickness is observed. It is unlikely, however, 
that considerable amounts of sediment accumulated above an active fold and syn
sedimentary folding can therefore be rejected. The major activity of the fold must 
have been after or before deposition of the Males Formation. The westerly 
paleocurrent directions suggest a west-dipping depositional slope which, however, 
cannot be confirmed by any structural data. Southerly directed paleocurrents suggest 
some depositional trends in a N-S direction, perpendicular to and south of the fold 
axes. South to southeasterly paleocurrent directions are perpendicular to the N075E 
trending fold axis in the southeastern part of the area. In general, the southerly 
paleocurrent directions are perpendicular to the folds and indicate sedimentary 
transport toward the fold-controlled basin, whereas westerly paleocurrents represent 
axial transport in these basins. Although we infer a relationship between pre
existing folds and basin fill patterns for the Males Formation, the morphological 
expression of the folds was most probably limited in that period, because immature 
sediments, indicative of nearby exposed reliefs, are almost absent in the Males 
succession and only present in the top part. 

Interval la - Parathiri Member (Fig. llB). Although scarcely observed, wave 
ripples with NE orientations in the Parathiri Member, suggests an approximately 
NW-SE trending coast and may fit a possible control of NlOOE structures. North of 
the central fold zone the thickness of the Parathiri Member is limited, while south of 
it the thickness increases and reaches maximum values of 150 m near the south 
coast of the area. This led Postma et al. (1993a) to assume that the Parathiri 
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Fig. 10. Stratigraphic framework of the Neogene of the lerapetra Basin, visualised for a NE-SW 
transect (indicated in Figure I), based on Fortuin (1977, 1978) and Postma et at. (I 993a). 
Stratigraphic intervals are described in table 2. Absolute ages derived from: (I, 7) Berggren et at. 
(1995); (2) Meulenkamp et at. (1994); (3) Laurens (1995); (4) Krijgsman (1996); (5) Hilgen el at. 
(1995); (6) Zachariasse (pers. comm., 1997). 

Fig. 11. (pages 96, 97 and 98) Thickness distribution (isopachs), paleocurrents and localities of 
basal and top unconformities of all stratigraphic intervals of the Ierapetra area, plotted together with 
the important fault groups (NIOOE, N130E, N020E, N075E and N160E) and folds. These figures are 
used to describe the correlation between fault trends and spatially distributed data. Slump directions 
are inidacted by bold arrows; for explanation of other symbols see legend of Figure 8. 
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transgression originates from synclinal down warping of the basin during an episode 
of compression. The sea invaded the area and reached the northern hinterland which 
was concurrently uplifted. Trends in the thickness of the Parathiri Member in the 
southwestern part of the area can be explained by the influence of N020E and 
NI6::>E structures. The western outer limit of the Parathiri isopach map coincides 
approximately with a N020E fault, whereas N075E faults delimit the occurrences to 
the north and south. 

Interval 2 -Breccia Series (Fig. 1I C). All paleocurrents measurements are 
directed towards the SW and SSW suggesting a possible control of the Nl30E fault 
crossing the area from NW to SE. The thickest sediment pile is entangled between 
this N130E fault and the fold zone in the central part of the area. North of the 
N130E fault, locally, fractured pre-Neogene limestones and monomict breccias 
truncate older deposits of the Mithi and Males Formations (Fortuin, 1977; Postma, 
1993a). These scattered deposits are not incorporated in the isopach map. In the 
northern part of the area, the isopach map shows that thickness trends exist 
perpendicular to both N075E, NIOOE and N160E directions. We suggest that the 
thickest pile of breccia deposits, present in the central part of the area resulted from 
preservational due to activity along various fault groups. Contouring the thickness 
distribution in order to produce isopach maps overestimates the presence of the 
Breccia Series in the southern part of the area. In reality, only some scattered 
occurrences of large blocks and breccias are present here. The suggested thickness 
contours parallel to N075E and NIOOE faults in the southern part are not 
substantiated by observations. However, the general southward decrease in 
thickness as suggested by the isopachs is in agreement with the interpretation of the 
Breccia Series as alluvial fans and cones which had their apex to the north (Postma 
et al., 1993a). The unconformities north of the N130E fault together with the 
occurrence of the exotic blocks and breccias and the thick pile of breccias south of 
it, indicate that this fault had an important control on the creation of accommodation 
space. 

Interval 3 - Kalamavka Formation (Fig. llD). The Kalamavka Formation has 
predominantly paleocurrent directions between S to SW, which are roughly 
perpendicular to both the N130E and NIOOE structures. In the southwestern part of 
the study area there is an overall southward decrease in thickness, illustrated by 
isopachs parallel to the NIOOE faults and folds in the centre of the area. The N075E 
faults clearly separate an area with minor thickness in the southeast from an area 
with major thickness in the northwest. In more detail it can be seen that in the 
northwest this trend is interrupted by an area of minor thickness. Either this area is 
related to N160E structures, or the central fold zone plays an important role in the 
separation (Fig. lID and 9A). This suggests that either the folding or N160E 
faulting postdates the deposition of the Kalamavka sediments and probably also the 
activity along N075E faults. The western boundary of the Kalamavka distribution, 
according to the isopach maps, is limited by a N020E fault, whereas the northern 
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boundary is formed by NIOOE faults. 
Interval 4 - Makrilia Formation (Fig. lIE). Thickness trends are found to be 

perpendicular to NIOOE faults in the southeastern part of the study area, whereas 
trends perpendicular to N075E faults occur allover the area. Absence of Makrilia 
deposit in the north is related to a N075E fault. The easterly paleocurrents 
encountered in the turbiditic deposits of the Makrilia Formation suggest east 
dipping paleoslopes. The deep marine character of the deposits together with a 
western origin of the turbidites requires marine (slope) environments west of the 
study are. We therefore infer that the distribution controlled by N075E faults is 
post-depositional and that the eastward basin floor tilting. may have been 
accommodated by N020E faults. 

Interval 5 -Ammoudares Formation (Fig. I JF). S to SSW directed slump 
directions in the Ammoudares Formation are perpendicular to roughly E-W trending 
paleoslopes, possibly controlled by NlOOE faults. The thickness trends are 
perpendicular to N020E faults in the western part of the area, to N075E in eastern 
part and to Nl60E in the central part. It is noteworthy to mention that in the 
northern part of the area, just north of the NIOOE trending Makrilia Fault Zone 
(MFZ), the Ammoudares Formation unconformably overlies the Makrilia 
Formation, which is very thin here. 

Table 3 

---------
1b 

2 

3 

4 

5 

6 

--------

100 

100 

130,075, 
160 ---------

020, 160 

100,075 
160 

100,075 
160 

100,075 

020,100, 
160 

100, 075 
folds -------

100 folds 

---------
100 (fold ?) 

130 

100, 130 

020 

100 

---------

130 

100 

075 

020, 100 

--------
020,075 

020, 100 

075 

075 

Table 3 Listing of correlation between spatial data and structural trends for the Ierapetra Basin. 
Interval number 1 = Males Formation, 1b =Parathiri Member, 2 = Breccia Series, 3 = Kalamavka 
Formation (including the SP Series and boulder conglomerates), 4 = Makrilia Formation, 5 = 
Ammoudares Formation, 6 =Pliocene (Mirtos Formation). For description of the units, see Table 2. 
Blank areas indicate that there is no relationship with one of the fault or fold trends. See text and 
Chapter 2 for explanation. 
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The erosive top of the Ammoudares Fonnation along the southwestern limit of its 
distribution area suggests that N075E faults have had a strong control on the 
preservation of the Ammoudares deposits. In this part of the study area, the 
Ammoudares Fonnation is sometimes unconfonnably overlain by Pliocene 
sediments of the Mirtos Fonnation (interval 6). The data of the Pliocene Mirtos 
Fonnati0n is too scattered to be represented in the GIS method. 

Tectonostratigraphy of central and eastern Crete - Discussion 
In reconstructing the kinematic history of the study area in central Crete we used 

geohistory analysis to detect fault activity. The advantage of this quantitative 
approach is that it is objective since the outcome can be statistically justified and the 
input and output parameters are given in absolute values. Stratigraphic units which 
cannot be dated or, as in the Ierapetra Basin cannot be correlated throughout the 
basin, cannot be treated in this way. To overcome this shortcoming, we tested the 
correlation between fault trends and basin-fill features characteristic which are 
indicative for syb-depositional fault activity. The summation of these features 
should give a rough indication of the sequence of faulting. In doing this exercise, we 
successively became aware of what requirements for a good GIS study should be 
met. For instance, the discrepancies between the real distribution of a stratigraphic 
unit and the distribution apparent from GIS is in some cases striking. These 
discrepancies can often be attributed to the "ad hoc" data gathering which is often 
typical for field studies. For our GIS analysis, a more systematic data collection is 
needed to strengthen the decisions which are made on the spatial data. 

The results obtained from the qualitative and quantitative analyses of the both 
study areas have been combined to construct a tectonostratigraphic framework for 
both central and eastern Crete. We validate the application of the small-area-based 
results to larger areas using the following arguments: 1) Based on the inventory of 
structures on central and eastern Crete and their comparison with the entire souther 
Aegean area (Chapter 3) it has been concluded that the six fault groups identified 
(N130E, N100E, N020E, N075E, N160E and N050E) and the folds axes as 
obtained from literature and this study, are persistent all over central and eastern 
Crete. Many faults which strike in an approximate east-west direction can be 
correlated between the two study areas and extend also beyond them. Some faults 
which strike in approximate N-S directions continue in the offshore realms north 
and south of Crete. Along strike Crete, no marked changes occur in the relative 
importance of one of the six fault groups; some minor along-strike variations in the 
orientation of the fold axes exist. 2) The synchronous activity of similar trending 
faults in both areas suggests that the defonnation of both areas was governed by the 
same stress field. 

Figure 12 gives a synthesis for five episodes for which the structural patterns are 
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markedly different. Since the structural development is based on the influence of 
tectonics on the stratigraphic succession, we are confronted with the fact that we do 
not have confirmation on what structures were active during "missing periods" such 
as the post-early Messinian and the post- Early Pliocene periods. Often only the 
structures responsible for the formation of the hiatus can be revealed. Whenever 
possible, additional, literature based, data has been used to complete the 
tectonostratigraphy for central and eastern Crete. 

Episode 1 - late Serravallian (Fig. 12A) 
Both geohistory analysis and the GIS approach did not provide unambiguous 

data on what structures controlled sedimentation in the southern Iraklion Basin for 
the oldest part of the record. Vertical motions could not be reconstructed 
quantitatively because of the low stratigraphic resolution of the late Serravallian 
deposits, whereas a correlation between spatial data and tectonic structures could 
not be established due to the limited occurrence of the (late) Middle Miocene 
successions. The incompetency of our method to incorporate folds into the fault
block configuration impedes recognition of a possible control that folds had on 
vertical block motions using the geohistory method. However, our data for the 
Ierapetra Basin suggest the notion that the late Serravallian sediments were laid 
down in elongated depressions which resulted from pre-depositional compressional 
tectonics, although syn-depostional effects cannot be excluded completely. Folds 
have a dominant orientation of approximately NIOOE, but their orientation varies 
along strike between N130E and N100E, and in the easternmost part of the Ierapetra 
area fold axes bend towards N075E. This along strike variation is also supported by 
the paleocurrent readings. N100E reverse faulting which occurred during the 
culmination of the compressive tectonics around the MiddlelLate Miocene transition 
(Postma et aI., 1993a) can not directly be corroborated by our spatial data of the 
Ierapetra Basin. Alternatively, and supported by the GIS method to a better extent, 
the Breccia Series were deposited in response to major fault throw along a N130E 
normal fault, which accounted for a strong differentiation of the relief. 

Episode 2 - earliest Tortonian (Fig. 12B) 
In the earliest Tortonian, during the deposition of the Kalamavka Formation, 

faulting along N130E or N100E normal faults can be confirmed for the Ierapetra 
Basin. The fault activity in the Ierapetra Basin, gave birth to differential vertical 
motions of fault blocks (see also Postma et aI.,1993a). The good correlation 
between spatial data and supposedly active (N130E) faults, presented in this study, 
strengthens the interpretation of the latter authors. We postulate that both N130E 
and NlOOE faults were active together in an orthorhombic symmetry. It is likely that 
such an orthorhombic fault symmetry formed in response to different amounts of 
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A 

B 

c 

o 

E 
Fig. 12. Middle Miocene to Recent tectonostratigraphy for central and eastern Crete. The fold 
axes shown in A are based on Baumann et al. (1976), Wachendorf et al. (1976), Meulenkamp et al. 
(1988), Postma et at. (1993a) and our own observations. Fault traces as shown in B to E are 
interpreted from satellite imagery and DEM's and verified with structural field data. For the Middle 
Pleistocene to Recent episode the solid lines refer to newly formed faults, whereas dashed lines refer 
to reacti vated (older) faults. 
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stretching in minimally two mutually perpendicular directions (01)OZ~03; cf. 
Reches, 1978; 1983). The presence of normal faults in two directions indicate that 
biaxially stretching can be held responsible for the deformation. With regards to the 
fact that subsidenc was accomplished by south-dipping N100E and N130E faults 
only, we suggest that the fault system resulted from an incomplete development of 
the orthorhombic symmetry (sensu Rosendahl, 1987) which can account for 
assymetric subsdidence of the basin floor. For the southern Iraklion Basin no 
statements can be made concerning the tectonic structures that influenced the 
deposition of the early Tortonian Skinias Formation. 

Episode 3 - early Tortonian to early Messinian (Fig. 12C) 
According to our data, the combination of activity along NIOOE and N020E 

faults started in the course of the early Tortonian. Using the method presented, it 
was not possible to date all the N100E and N020E faults, but we are able to put 
time constraints to their episodes of activity. For instance, it can be reconstructed 
that some faults were active throughout the Tortonian and early Messinian, whereas 
others were active only during part of that interval. The fact that all faults were pure 
normal suggests multidirectional (radial) extension with °1 vertical and 0z equal to 

°3· 

Episode 4 - Pliocene (Fig. 12D) 
In the course of the Early Pliocene faulting along N075E initiated which 

accounts for much of the observed (angular) unconformities between Messinian and 
Early Pliocene deposit. For the Early Pliocene to Lower Pleistocene period, Mercier 
(1989) inferred NNW-SSE directed tension for central and eastern Crete, based on 
the structural analysis of faults and the stress patterns deduced from focal 
mechanisms. This study suggested that the extensional tectonic regime in the 
Aegean was controlled by a weak compression or traction applied along the 
convergent Aegean boundary. The NNW-SSE tension infers that N075E faults have 
a dip-slip to slightly (left-lateral) oblique slip vector, consistent with the ideas of 
Angelier (1979). 

Episode 5 - Mid Pleistocene to Recent (Fig. 12E) 
The Pleistocene to Recent interval has not been incorporated in our analyses, 

because the corresponding sediments are as a rule poorly preserved and do not 
provide sufficient data for both the geohistory analysis and the GIS method. 
However, there are sufficient literature data to allow some tentative conclusions for 
the most recent tectonics. For the mid-Pleistocene to Recent, Angelier et al. (1982) 
found the southern Hellenic Arc to be dominated by radial extension and motions 
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along north-south strike-slip faults. Armijo et at. (1992) and Lyon-Caen et at. 
(1988), however, stated that at present the Peloponnesus and Crete are dominated 
by approximately E-W extension and dip-slip movements along approximately N-S 
oriented faults. The N-S faults referred to by the latter authors correspond to our 
N020E fault group. Extension along N020E faults is also proved by the geological
archeological investigation of Van Wamel & Gast (1994) on the tilt of the Minoan 
settlement of Gournia, along the Ierapetra normal fault. Fortuin (1978) mentioned 
that in the latest Pliocene to Quaternary time span largest displacements were along 
the old E-W faults (NlOOE fault in this study) and faults such as the NNE-SSW 
faults (N020E faults in this study) bordering the Ierapetra depression. The results 
from the reconstruction analysis presented in this chapter show that N020E and 
N100E faults were initiated in the course of the early Tortonian; data from literature 
suggest that they were still active during the Pliocene to Recent. 

The group of N160E faults are apparently young, since they do not affect the 
Miocene deposits in the Ierapetra area and cross cut the N075E structures which are 
of Pliocene age. We deduce dextral movements along these faults from the dextrally 
offsets of fault blocks along the northern margin of the Asterousia mountains (see 
Enclosure 1). These faults intersect with Quaternary deposits and, therefore, must be 
fairly young. 

Earlier structural analyses of Mercier (1981) and Mercier et at. (1989) revealed 
approximately NW-SE tension during the mid-Pleistocene to Recent to be 
accommodated by the N050E faults. Normal to slightly oblique offsets along these 
faults corroborate the NW-SE tension. In Figure 12E the N160E and N050E faults 
are represented in black, full lines; faults which were initiated earlier, but which are 
reactivated more recently are drawn as dashed lines. 

Summarising, our analysis revealed that the orientations of four succesive, 
synsedimentary active, fault systems rotated counterclockwise in three steps. This 
rotation is supposed to be associated with an reorganisation of the stress field going 
from SSW-NNE tension at the start of the Late Miocene to SE-NW tension in sub
recent times. Further elaboration on the relation between the orientation and type of 
deformation and the evolution of the stress regime will be addressed in Chapter 5. 

Conclusions 
After a possible late Middle Miocene compressional event which culminated 

around the MiddlelLate Miocene transition, the extensional events are as follows: In 
the earliest Tortonian the first extensional basins were controlled by N130E and 
NlOOE trending faults which together were active in an orthorhombic symmetry. 
Multidirectional extension accomplished by NlOOE and N020E faults initiated the 
fragmentation of Crete in the course of the early Tortonian, while fragmentation 
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accomplished by these faults continued until the early Messinian. A dense pattern of 
left-lateral oblique N075E faults, trending parallel to the south Cretan trenches, 
formed in the course of the Early Pliocene. These faults act together with the 
continuously active N020E faults. Faulting along N050E and N160E orientated 
faults were started in the Mid Pleistocene and resulted, together with motions along 
the (reactivated) N020E and N100E faults in today's strongly differentiated relief 
on Crete. The N050E faults are most probably normal to slightly oblique faults, 
whereas the N160E faults are dextrally oblique based on offset relationships. 
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A1 

A2 

A3 

B 

C1 

C2 

D 

E 

F 

G 

H 

J 

K1 

K2 

L 

M 

N 

0 

P 

295952 3876222 24°45'48" 35°06'32" 

298172 3876463 24°46'46" 35°00'39" 

297642 3876827 24°46'12" 35°00'32" 

298753 3876770 24°47'36" 35°00'47" 

298672 3880401 24°47'50" 35°02'45" 

298102 3880439 24°47'20" 35°02'42" 

301557 3881612 24°49'28" 35°03'41 " 

301254 3877188 24°50'40" 35°05'32" 

312572 3883348 24°56'42" 35°04'28" 

314646 3884831 24°57'56" 35°05'08" 

316805 3888460 24°59'30" 35°07'26" 

316974 3889346 24°59'34" 35°07'40" 

319300 3891000 25°01'00" 25°08'40' 

320846 3889200 25°01'34" 35°07'37" 

323798 3887400 25°01 '30" 35°07'42" 

322100 3896350 25°02'04" 35°11 '32" 

323050 3894250 25°03'24" 35°10'36" 

323000 3896300 25°04'10" 35'11'11" 

328207 3900060. 25°06'54" 35°16'29" 

329650 3901300 25°07'50" 35°14'19" 

cliff section, Kamas Bay 

1 km S at Pitsidia 

1 km SW of Pitsidia 

1.5 km SE of Pitsidia 

1 km N of Kamilari 

1 km N at Kamilari 

W at Kalivia, just N of main road 

halfway valley between VorilZaros 

1 km N of Ambelouzos 

2 km NE of Ambelouzos 

N of Ana Moulia 

just SW of Ag.Varvara 

just N of Ag. Varvara 

1 km SE of Megalo Vrisi 

1 km SE of Megalo Vrisi 

just S of Kerasia, along main road 

just S of Sinapi 

in valley 1 km W of Veneraton 

in valley N of P. lilias, along road 

1.5 km W of Ag. Silas 

Localities of the stratigraphic logs on the selected fault blocks. U.T.M. stands for Universal 
Transverse Mercator system, used as metric reference system (in meters) on the 1:50.000 British 
topographic maps next to latitude and longitude. 
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Appendix 2 ..... 

Het, Clyp•• pllie 45 50 55	 45 50 55 
Lilh.. Ht!l.GIyp. 45 50 55 81 86 91 

120 125 130 

10 11 38 39 40 

Ulh"het, Clyp., Con., !)\talers 45 50 55	 74 79 84 

Lith. 94 109 124 

106 121 136 

Sp'c., Con., He!.. elyp 315 350 385	 315 350 385 

343 378 413 
Sph, spp(basl!) 675 750 825	 703 778 853 

G,pUfIC.G rnarg('"p) 9 10 11 54 55 58 

shaltowldeepmarlTllJdure 

shallow/deep mar mixture 

Rob., Plan.. Siph., Cib N.lICOal(s) 

Tur.. Clr..aheUrem. N.acost(s} 

Het.Clyp 

He!.. Clyp-.gast., pel. -+ dp.benlhos 

59 60 61 

9 10 11 59 80 B1 
675 750 825 725 800 875 

675 750 825 615 840 990 

0 0 765 940 1015 
675 750 825 765 940 1015 

0 240 
290 

675 750 925 675 750 825 
675 750 825 725 800 875 

785 860 935 
675 750 825 785 860 935 

0 210 210 210 

310 310 310 
315 350 385 315 350 385 
315 350 385 370 405 440 

315 350 385 376 411 446 
378 413 44. 

135 150 16' 135 150 165 

135 150 165 200 215 230 

135 150 165 261 276 291 
263 278 293 

45 50 55 45 50 55 

69 84 89 

9 10 11 13 14 15 

135 150 165 219 234 249 

675 750 825 759 834 909 

0 °774 849 924 

45 50 55 47 52 57 
mo~uscs. div. ceep b"nlros N.acost(sl.G.con 135 150 165 147 162 177 

157 172 187 

L~h..Clyp.Het. 45 50 55 47 52 57 
N.acosl(s},G.con 135 150 165 184 199 214 

194 209 224 

45 50 55 50 55 60 
moliullCs.dIV.ceapbIll11hos 135 150 165 155 170 185 

161 176 191 

45 50 55Hot, etvp"gaat, pel. 47 52 57 
N.acost(sl.G.con 135 150 165 147 162 177 

157 172 187 

Het, ClyP.. gast, pel. 45 50 55 80 85 90 

lith. 45 50 55 113 118 123 

248 253 258 

Listing of parameters used for geohistory analysis. ADT = AgeDiagnostic Taxa, W = Waterdepth, Z = 
burial depth. 
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Late Miocene to Recent tectonic evolution of 
Crete (Greece): geological observations and 
model analysis 

Abstract 
Using a numerical model, we focus on the late Middle Miocene to Recent 

evolution of the Cretan segment of the Hellenic Arc. Geological observations of 
Crete are given an interpretation in terms of mechanisms and controlling forces 
associated with the active arcboundary. This was achieved by calculating intra-plate 
stress fields for various possible distributions of forces and comparing the models 
with observations. The models address specific questions concerning important 
changes in the observed horizontal stress patterns. We deal with the question of 
what caused extension to initiate. Modelling results of the collapse of an earlier 
formed topography and extensional forces acting on the plate boundary are 
compared with a newly reconstructed tectonostratigraphy of Crete. Our results 
suggest that arc-normal pull is the dominant force that generates the Late Miocene 
extension in the Cretan segment of the overriding plate, although arc-normal pull in 
combination with in-plate spreading forces cannot be excluded. The observed 
transform motions in the Pliny and Strabo Trenches led us to incorporate 
experiments with additional resistance on the eastern (Levantine) segment of the 
Hellenic Arc. The models performed with a transform resistance along the trenches 
are in agreement with the Cretan deformation for the Pliocene to Recent period. The 
stress fields for the short duration compressional periods around the Middle - Late 
Miocene and the Miocene - Pliocene boundary are modelled by assuming resistive 
instead of tensional forces acting at the overriding margin. 

This chapter has been submitted for publication as: J.H. ten Veen and P.Th. Meijer, Late Miocene to
 
Recent tectonic evolution of Crete (Greece): geological observations and model analySIS,
 
Tectonophysics, 1998 
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Fig. I. Major structural features of the Aegean region and bathymetry in grey shading. 

Introduction 
Over the past twenty years there has been an enormous interest in the geological 

and geodynamic processes and mechanisms involved in the evolution of the Aegean 
region. Widespread normal faulting was first recognised by Aubouin and Dercourt 
(1965) and Aubouin (1971). The normal faulting resulted from crustal stretching of 
the entire Aegean region from the North to Crete (Le Pichon and Angelier, 1979, 
1981; Lister et ai., 1984; Mercier et al., 1987; Gautier et ai., 1993). The extension 
in the Aegean region occurred shortly after a crustal thickening episode which 
culminated in the Late Eocene (Blake et al., 1981; Bonneau and Kienast, 1982). 
Crustal thickening by imbrication of thrust slices was active in the Eocene in the 
central Aegean (Cyclades) (Bonneau, 1982). Extension was already active in the 
Cyclades in the Early Miocene, while crustal thickening was probably active in the 
most external zones (Crete) until some yet ill-defined time in the (late) Middle 
Miocene. The extension since the late Middle Miocene is generally believed to be 
associated with a rapid trench retreat (roll back) driven by slab pull of the African 
slab (Le Pichon and Angelier, 1979; Le Pichon, 1982; Meulenkamp et aI., 1988) 
and the westward extrusion of the Anatolian block along the North Anatolian Fault 
(Taymaz et ai., 1991; Le Pichon et al., 1994). In addition, several authors have 
pointed out that (gravitational) body forces associated with the thickened crust also 
contribute to the deformation of the Eurasian plate's external zones (e.g. Jolivet et 
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at., 1994; Le Pichon et at., 1995). 
In this chapter we present a detailed kinematic reconstruction of the tectonics in 

the Late Miocene to Recent, based on new field data in combination with Landsat 
satelitte imagery, which is used here to obtain a better understanding of the 
dynamics of the active arc boundary. Subsequently, the new observations are 
analysed using a numerical forward model. The objective is to explain our 
observations in terms of mechanisms and controlling forces associated with the 
active arc boundary. The model is used to calculate the intra-plate stress fields for 
various possible distributions of forces. These force distributions address specific 
questions concerning important changes in the observed horizontal stress patterns. 
We emphasise that this approach does not cover all geodynarnical processes, but the 
model allows us to evaluate the consequences of certain hypotheses. Moreover, we 
will be able to identify the limitations of the existing data and point out where 
additional information is required. 

We use the approach and methods of Meijer and Wortel (1996; 1997) who 
concentrated on the Pliocene to Recent evolution of the region. However, our 
observations are of a different type than those used by Meijer and Wortel (1996; 
1997), who used kinematic indicators only. The stress data that are used in the latter 
model analysis are based on fault slip observations on neotectonic faults and are 
aimed at the present-day pattern of stress which is inferred to exist since the middle 
Pleistocene. Our observations and impressions of the state of stress cover the Late 
Miocene to Recent period. 

Firstly, we will deal with the question of what caused extension to initiate. 
Modelling results of gravitational collapse due to either in-plate forces or forces 
acting on the plate boundary (arc pull) are compared with the observed extension of 
corresponding periods in the arc's evolution. A stress pattern with additional 
resistance on the eastern part of the trench system is modelled to see if the models 
can explain the observed and inferred transform motions in the Pliny and Strabo 
Trenches (see Fig. 1 for locations) (Jongsma, 1977; Leite and Mascle, 1982). 
Finally, the model will be used to study the situations in which resistive forces 
prevail at the overriding margin. The reason for this being that episodes of 
compressional deformation are thought to be important in Crete during certain time 
intervals (Meulenkamp et at., 1988; Postma et at., 1993a). 

In the past, only few numerical experiments have been aimed at understanding 
the Aegean deformation. The studies which have been performed all calculate the 
horizontal pattern of deformation in response to a set of applied boundary 
conditions. The relation between the direction of convergence and the internal 
compression of the region have been addressed by Meissner et at. (1979); their 
model fails to match the observed extension. De Bremaecker et ai. (1982) 
demonstrate that the overall pattern of strain in the Aegean is consistent with the 
velocities inferred for its boundaries. Sonder and England (1986) modelled temporal 
changes in the pattern of extension for a velocity applied to the overriding margin. 
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Whereas in the latter two studies kinematic boundary conditions are applied, we will 
use dynamical, i.e. force, boundary conditions, following the approach and methods 
of Meijer & Wortel (1996; 1997). 

Late Middle Miocene to Recent kinematics 
The reconstruction of late Middle Miocene to Recent fault-block kinematics for 

central and eastern Crete was carried out by combining several methods (Chapter 4). 
The identification of fault blocks became possible through the combination of 
satellite imagery, topography and structural field data. Geohistory analysis was used 
to restore the relative vertical block motions. The results of the geohistory analysis 
were calibrated and supplemented with field data indicative for syntectonic basinal 
processes. These data, in combination with the fault-block separating faults, are 
stored in a GIS, which enables easy visualization and combination of data. The 
ultimate purpose of the GIS method was to provide support for the correlation 
between fault activity and basin fill patterns. 

Our results show that successive episodes of basin evolution on central and 
eastern Crete can be recognised. The pre Late Miocene episode must have been 
largely controlled by compression that stacked the nappes that constitute the nappe 
pile of Crete. Isoclinal folds formed early on in the progressive deformation (e.g. 
Fassoulas et al., 1994) and have their fold axis approximately in a E-W direction 
(Fig. 4A). As has been evidenced from both sedimentological evidence (Postma et 
al., 1993a) and structural data (Meulenkamp et al., 1988) compression is the 
dominant mode of deformation around the Middle-Late Miocene transition. A 
younger phase of compression, around the Miocene-Pliocene transition, contributed 
to the formation of the approximately E-W folds in Crete (Meulenkamp et al., 1988; 
Fassoulas et al., 1994). Meulenkamp et al. (1988) placed the episodes of 
compressional deformation during the late Middle Miocene and Late Miocene in a 
regional framework and interpreted them in terms of waning and waxing, southward 
movement of a supracrustal slab. According to the latter authors, compression, and 
resulting uplift, may be generated in the frontal parts of the slab during periods of 
southward movement. 

In the earliest Tortonian a pattern of N130E and N100E faults, in an 
orthorhombic symmetry, determined the basin configuration. The area was probably 
subject to three dimensional strain resulting from °1>°2>° 3 The orientation of 
minimal principal stress (03 ) had a NNE-SSW orientation (Fig. 4B). The early 
Tortonian to early Messinian period is characterized by a fault pattern with NIOOE 
and N020E normal faults (Fig. 4C) which resulted from multidirectional (radial) 
extension (0\>02=03), Activity along these faults initiated the fragmentation of 
Crete. In the course of the Pliocene defonnation occurred along a pattern of closely 
spaced left-lateral oblique N075E faults, oriented parallel to the south Cretan 
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trenches. The structural pattern is inferred to result from simple shear produced by 
ENE-WSW left-lateral shear (Fig. 40), which also accounts for the reactivation of 
the N020E faults. In mid-Pleistocene to Recent times all faults have been subject to 
reactivation. Based on a literature compilation, we interpret the deformation to be 
dominated by normal to oblique faulting along WSW-ENE (N050E) faults and 
dextrally oblique motions along NNW-SSE (N160E) faults. These faults are 
interpreted as synthetic and antithetic faults, repectively resulting from simple shear 
produced by NE-SW left-lateral shear. (Fig. 4E). It is concluded that the 
orientations of successive faults systems rotate counterclockwise in three steps 
during the Late Miocene to Recent Cretan development. 

A) Forces at plate margin 

B) Forces within plate 

~ 

Fig. 2. Forces on the overriding (Eurasian) plate that are considered in the experiments. A) 
Forces acting at the plate margin. A trenchward, arc-normal pull is expected due to contrast in 
gravitational potential energy between the Aegean lithosphere and the east Mediterranean lithosphere 
(large arrow), a resistance force is contributed by the subducting plate. °B) Due to gravitational 
collapse of a thickened crust, forces are directed perpendicular to the main trend of the fold-and
thrust belt (see text for explanation). 

Explanation of the experiments 
The stress field in the overriding margin of the Aegean region is expected to be 

controlled primarily by the nearest sources ot stress: torces on the active margin and 
forces due to lateral changes within the Aegean lithosphere (topography). Previous 

113 



Chapter 5 

numerical modelling (Meijer and Wortel, 1996; 1997) indicates that the state of 
stress within the region of interest is little affected by the forces associated with 
westward motion of Anatolia and the conditions along the overriding margin of 
northwest Greece. Thus, in the present context, these latter two sources of stress 
may be neglected. Unlike the state of stress, the pattern of horizontal motions within 
the arc region does depend on the more remote forces. For example, the westward 
push of Anatolia (the extrusion motion of the Anatolian-Aegean block with respect 
to Europe) does not cause much intra-plate stress in the region of the overriding 
margin but does move that region as a whole towards the west-southwest (Meijer 
and Wortel, 1997). We will consider three different types of forces (Fig. 2A) acting 
on the overriding margin: arc-normal resistance, arc-parallel resistance and arc
normal pull. 

This first force (arc-normal resistance) will be modelled as a resistive force 
parallel to the direction of convergence in the trench. The magnitude of this 
resistance is likely to be small during most of the time period under investigation: 
extension is observed to be the dominant mode of deformation. 

Arc-parallel resistance, the second type of force, will be applied to the eastern 
(Levantine) branch of the Hellenic arc to examine the effects of transform shear 
along the arc. Incorporation of transform resistance in our experiments is supported 
by the notion that the WSW-ENE to SW-NE trending Strabo and Pliny Trenches 
(Jongsma, 1977; Fig. 1) are characterized by active normal faulting and sinistral 
strike-slip movements (Huchon et ai., 1982). This also includes the equally trending 
south Cretan Trough (Fig. 1), although Peters (1985) suggests that the latter is only 
affected by normal faulting. As reported by Leite and Mascle (1982) the actual 
structure of the Strabo and Pliny trenches and of the area between them resulted 
from the superposition, through time, of different structural patterns, in which the 
en-echelon displacement of E-W trending faults by N040E faults is frequently 
observed. For the recent situation, the left-lateral motion can be explained by the 
approximately 40° difference between the 200 E oriented Aegean-African motion 
(Taymaz et ai., 1991) and the orientation of the Levantine trenches. 

The third type of force is a trenchward pull that acts normal to the overriding 
margin (Fig. 2A). Such pull is expected as a result of the contrast in lithospheric 
structure between the Aegean region and the adjacent eastern Mediterranean Sea 
(Le Pichon, 1982). The Aegean lithosphere has the tendency to spread out due to its 
higher surface elevation, but also as a result of its different density structure as a 
function of depth. It may be said that the Aegean region is an area of relatively high 
"gravitational potential energy". The corresponding horizontal forces ("spreading" 
or "buoyancy" forces) are acting where the lateral contrast in lithospheric structure 
is largest: at the overriding margin. Moreover, these forces will be orientated 
perpendicular to the boundary between the areas of contrasting structure, i.e. normal 
to the overriding margin. 

Forces due to lateral changes in lithospheric structure may also act within the 
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overriding plate (Fig. 2B). In the past the Alpine stack of thrust sheets on Crete may 
have constituted a high in gravitational potential energy within the overriding plate. 
For the Cretan segment, Angelier (1981) and Angelier et aI. (1982) propose an 
average, initial altitude of 0,36 km for the Alpine nappe pile, at the start of break up 
of the "Aegean landmass". On Crete, the first phase of extension was perpendicular 
to the main trend of the fold-and-thrust belt as deduced from kinematic and 
paleogeographic reconstructions. This observation, in general, favours the thought 
of a collapse of a massif due to high potential energy (Hetzel et aI., 1995). In 
particular, Dewey (1980; 1988) interpreted the initiation of arc-normal extension in 
the Aegean during the Late Miocene as extensional collapse of an existing 
topography which formed as a result of orogenic processes associated with the 
collision of the Eurasian and African plate. The work of ~eng6r (1993) confirms 
that the Aegean must have had a considerable elevation above sea level, but he 
postulates that post-orogenic extension must have been dominantly driven by plate 
boundary processes for many of the circum Mediterranean basins, and therefore, 
rejected the possibility that the Aegean orogen collapsed solely under its own 
weight. To distinguish between the two mechanisms for post-orogenic extension, 
we will model the effects of both in-plate forces and arc-normal pull separately, here 
aiming at isolating the respective patterns of horizontal stresses. 

Summarizing, three aspects of the Neogene evolution of Crete will be considered 
in our modelling exercise. A) The dynamics of the Late Miocene initiation of 
extension, whether it is associated with in-plate spreading forces or arc-normal pull; 
B) the role of the eastern part of the trench system in the deformation of the Aegean 
plate and C) episodes of compressional deformation during the Middle - Late 
Miocene transition and Late Miocene - Pliocene transition on Crete. The modelled 
horizontal pattern of stress for each of the experimental configurations gives an 
estimate of the contribution of the considered mechanisms to the evolution of 
deformation of the Cretan segment of the Hellenic Arc. 

Model description 

Geometry 
The Aegean lithosphere will be approximated by a thin shell of uniform 

thickness and material properties, loaded by horizontal forces acting at some 
segment of its vertical edges or within the plate. The model is used to estimate the 
tectonic stresses in the lithosphere, i.e. the deviation due to tectonic forces from the 
state of lithostatic stress. The thin shell approximation - which implies that depth 
variation of force and resulting intra-plate stress is neglected - is valid in general 
since the lithosphere is a plate of which the thickness is small compared to the 
radius of curvature and which, moreover, is subject mainly to in-plane forces. In this 
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case any vertical components of (non-lithostatic) intra-plate stress will be very small 
(Turcotte, 1974). 

In modelling we will adopt a southern plate margin that follows more or less the 
location of the Hellenic Trench system. This, together with the assumption of 
uniform thickness, implies a simplification of the geometry near Crete: Crete is 
situated on the tapered overriding continental edge. Forces associated with the 
overriding margin (see below) will in reality be distributed along the subduction 
interface. For regions on the overriding plate located at some distance from the 
margin, the net effect of the distributed forces may be represented by letting the 
forces act on a vertical section through the model plate. This is not necessarily 
correct for the plate's leading edge. Our model does not account for any flexure of 
the continental margin associated with the overriding of the downgoing slab. 

A mesh of triangular finite elements represents the Aegean lithosphere and 
constitutes the basis of the numerical model (see below). Finite element meshes 
were designed for several points in time; the main difference between the stages 
being the curvature of the overriding margin. Figure 3 schematically shows the used 
reconstruction of the evolution of the Hellenic Arc between the Middle-Late 
Miocene transition and Recent (11 Ma BP and 0 Ma in the present study) as 
proposed by Le Pichon and Angelier (1979, 1981) , Angelier et al. (1982) and 
Kissel and Laj (1988). We adopt the Plio-Quaternary clockwise rotations for the 
western Aegean as demonstrated by the latter authors. For Crete we use the new 
data of Duermeijer et al. (1997), demonstrating that post Messinian, counter
clockwise fault-block rotation occurred on Crete (Fig. 3). 

In all experiments the mesh is extended far beyond the southern Aegean region 
in order to ensure that the conditions applied to the model edges do not affect the 
area under scrutiny. Both the northern and eastern edge of the model are considered 
fixed. 

Rheology 
The thin shell by which we represent the Aegean lithosphere will be considered 

elastic. An elastic model provides us with the instantaneous stress field due to the 
applied forces. We use characteristic values of 7 x 1010 Nm for the shear modulus 
and 0.25 for Poisson's ratio; both are uniform throughout the plate. The actual value 
used for the shear modulus is less relevant to our study since it does not affect the 
orientation of stresses. Variation of Poisson's ratio within reasonable limits can be 
shown to have no significant effect on the results. 

We will not address the problem of absolute values of either forces or stress. 
Only in the experiments related to the spreading of a topography scaled stress fields 
are presented; in this case stress magnitudes follow from adopted values of 
topography, density, and the reference crustal thickness. The stresses we obtain are 

horizontal, non-lithostatic stresses integrated over the plate thickness. Average stress 
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Aegean rotation after Kissel and Laj (1988) 

Post early Messinian Cretan rotation 
after Duermeijer et al. 
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Fig. 3. Reconstruction of the 5 Ma (grey) and 11 Ma (dark grey) geometry of the Aegean shown 
together with the present-day coastline (white) (Modified after Kissel and Laj, 1988). Relative 
position of the reconstructions is approximate only; the figures serve to illustrate the evolution of the 
curvature of the Hellenic trench system. The shaded arrows indicate the Plio-Quaternary rotation 
which is about 25 ° in the western Aegean and 0 ° on Crete as proposed by Kissel and Laj (1988). 
Also plotted are the new results of Duermeijer et at. (1997) which proof, in contrast to the older 
observations, the existence of post early Messinian, counter-clockwise rotations on Crete. The 
average counter-clockwise rotations are: for eastern Crete 12.1°; for central Crete 34.9 ° and for 
western Crete: 16.7°. 

values for a plate with the reference thickness of 100 km will be included in 
subsequent figures. With a plate thickness of 100 km the relation between the 
magnitude of the force applied at the boundary and the corresponding stress is 
simple: an applied force of, for instance, c x 1012 Newton per metre boundary 
corresponds to an average stress of c x 10 MPa. In the case of an applied force of 1 
x 1012 N/m the associated stress amount to 10 MPa or, equivalently, 100 bar. In the 
modelled stress fields presented here, the relation is emphasized by using symbols 
of identical length for a boundary force of c x 1012 N/m and an intra-plate stress of c 
x 10 MPa. 

An elastic model does not allow us to "follow" the deformation during a certain 
time span. The history of deformation that preceded the moment in time under 
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investigation is accounted for in terms of the geometry of the plate it has caused, in 
particular: the curvature of the overriding margin. Since our observations concern 
the fault displacements in the brittle upper crust, the elastic model may be thought 
of as providing us with an estimate of the stresses responsible for the displacement. 

Numerical Method 
The problem of finding the state of stress in an irregularly shaped continuum 

subject to a distributed load cannot be solved analytically. Therefore, the finite 
element method is used to calculate the displacement of each point of the plate as 
caused by the acting forces. The finite element method is based on the introduction 
of a small element for which the displacement of each point is defined as a function 
of the displacements of the comers of the element (the "nodes"). In other words, 
displacement throughout the area of the element is known as soon as we know the 
displacements of its nodes. A set of equations describe the relation between the load 
applied to the region and the displacement of the nodes for each element. From the 
nodal displacements the state of stress in each element is computed subsequently. 
The finite element program used in this study is based on Zienkiewicz (1971) and 
elements of the linear displacement type are used. 

Forces due to topography 
Both observations and theory (see Molnar and Lyon-Caen, 1988 and Molnar et 

aI., 1993) support the notion that regions of relatively high topography are subject 
to forces that tend to reduce, or spread out, the positive relief. The magnitude of 
these spreading forces is controlled by lateral changes in the (density-) structure of 
the entire lithosphere. Thus, apart from the amount of topography, an important 
factor is the mechanism by which topography is compensated at depth. In our model 
experiments we make the assumption that topography is compensated isostatically 
by a crustal root only. In the absence of information concerning the structure of the 
Hellenides prior to the onset of Neogene extension, our model forms an obvious 
starting point. The calculations are based on temperature independent densities for 
crust and mantle of 2800 kg/m3 and 3200 kg/m, respectively, and a reference 
crustal thickness (i.e. when topography is zero) of 35 km. Note that the geometrical 
pattern of stress is of interest and not absolute values of stress. 

Method to compare models and observations 
Models and observations (Fig. 4) are brought to a "common level" at which the 

two may be compared. Our observations concern the kinematics of structural 
patterns from which we derive an impression of the existing state of stress at a given 
stage in time (see before and Fig. 4). The latter is then compared with the models 
which present the stress field characteristic for a given distribution of forces for the 
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Fig. 4. Tectonostratigraphic episodes of central and eastern Crete. Structures are obtained from 
Landsat satellite imagery and field observations. Black lines indicate active structures (faults and 
folds) and grey lines represent reactivated faults. The fault kinematics are reconstructed with using 
the differential vertical motions of Cretan fault blocks as determined from geohistory analysis (burial 
history) applied on the stratigraphic cover of the blocks (see text). The stress field is inferred from 
few observed kinematic indicators and the kinematics as inferred from stratigraphical and 
sedimentological data which give an impression of the state of stress during a certain episode. The 
orientation of the stress ellipses of 4D and 4E explain the deformation along the highlighted fault 
directions. 
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same period of time. 
In addition, we computed how faults would slip according to the modelled state 

of stress. The latter is done on the basis of the assumption that slip along an existent 
fault plane (i.e. reactivation) takes place in the direction in which shear stress on 
that plane is at a maximum (the same assumption underlies most, if not all, 
techniques of inversion for the state of stress from observed fault slip directions). 

Initiation of extension: in-plate forces versus arc-normal pull 
Experiments have been performed for the arc's non-curved configuration of the 

earliest Late Miocene (11 Ma), representing the time of extension onset on Crete 
(Le Pichon and Angelier, 1979; Angelier et al., 1982), which onset was supposed 
by Meulenkamp et al. (1988) to be related to the inception of the roll-back process. 

To model the effects of collapse due to in-plate (gravitational) forces we adopt a 
relief parallel to the arc's trend at 11 Ma, i.e. approximately E-W. This E-W trend 
may not be entirely correct, but has been chosen for simplicity; the exact orientation 
is not important for addressing the question whether in-plate forces or arc-normal 
pull caused the initial extension. The topography is chosen in such a way that at the 
plate margin and at the present-day northern boundary of the Aegean region the 
relief is zero. Maximum relief is located in the present-day Aegean sea (Fig. 5A). At 
the eastern and western extremities of the topographic high, respectively the east 
and west boundary of the present-day Aegean, relief decreases towards zero. Model 
calculations were done with a maximum relief of 1000 m or 2500 m. In the first 
situation the maximum relief of the Cretan segment of the arc is about 250 m; in the 
second case it is about 400 m. These values are close to the inferred initial relief of 
0,36 km (cf. Angelier, 1981; Angelier et al., 1982). Forces associated with the 
collapse of the inferred E-W trending bulge are directed parallel to the maximum 
trends in relief in both cases (Fig 5A and B); the forces are larger in the 2500 m 
experiment. The modelled, intra-plate stress field resulting from the spreading 
collapse forces (Fig. 5C and D) shows that bi-axial tension occurs at the centre of 
the bulge, with dominant tension in the direction normal to the trend of the bulge. 
At the southern and northern extremities, E-W tension prevails, whereas N-S 
tension dominates the eastern and western boundaries of the bulge. This means that 
at places of minor elevation (including Crete) the modelled stress expresses the 
expansion of the bulge, Le. parallel to its boundaries. The magnitude of the stresses 
is dependent on the amount of maximum relief, but as can be seen in Figure 5, the 
pattern of stress is not. If the western and eastern terminations of the topographic 
high are placed at greater distance from the centre of the bulge, tension in the E-W 
direction is somewhat reduced in magnitude. The extreme case of a topographic 
high that extends infinitely in the east-west direction is characterised by prevailing 
N-S tension near the axis; the regions of minor elevation are then essentially free of 
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stress. 
The first extensional events in Crete (Fig. 4B) were characterized by normal 

faulting along NlOOE and N130E trending faults, in an orthorhombic symmetry. 
Based on the directions of the faults and their normal character, we infer a 
horizontal stress pattern in which NNE-SSW tension dominates. The modelled, E
W directed, horizontal tension for the Cretan region is thus not in agreement with 
the observations. It could be suggested to change the orientation of the theoretically 
chosen E-W model plate boundary to obtain a match between models and our 
observations. To achieve this match a NNW-SSE trending margin is required, 
which to our opinion is far from realistic. 

In modelling the effects of arc-normal pull on the plate margin we also assume 
that an E-W boundary of the plate represents the geometry of the arc at 11 Ma. Arc 
normal pull, i.e. southward directed forces act on the segment between 20D E and 
30DE, which corresponds roughly to the current width of the arc. The arc-normal 
pull results in a radial stress pattern, with a slight dominance of N-S tension near the 
plate margin (Fig. 6). The N-S tension becomes more important further north of the 
plate margin, and approximately matches the observed NNE-SSW, unidirectional, 
extension in Crete. A perfect match is not obtained, but we must keep in mind that 
the exact position of Crete relative to the plate margin is not well known for the 11 
Ma period and that the model geometry simplifies the southern margin of the 
overriding plate as being exactly E-W. The observed onset of multidirectional 
extension in the course of the Late Miocene (Fig. 4C) is in agreement with the 
modelled radial tension at the plate margin. 

Arc-normal pull is thus in agreement with the observed arc-normal extension, 
whereas collapse due to spreading forces predicts arc-parallel extension. We have to 
consider, however, that the model experiments regarding the initiation of extension 
are end-member representations, i.e. only forces at the plate margin or only effects 
of topography within the plate are dealt with. Although we may conclude from our 
analysis that arc-normal pull is likely to be the main cause of the late Miocene 
extensional faulting on Crete, we cannot rule out the possibility that such pull acts 
in conjunction with spreading forces within the plate. Such a "combined" 
configuration will also arise when the topographic high does not decrease smoothly 
towards a zero elevation at the overriding margin. If the overriding margin is 
characterised by a step in elevation the spreading forces associated with this step 
take the form of an arc-normal pull. The models in Figures 5 and 6 indicate that the 
stress patterns characteristic for the two mechanics differ also in the more internal 
parts of the Aegean region. Knowing the late Miocene state of stress not just for 
Crete but also for sites elsewhere in the Aegean would provide a means of 
discriminating further between the two mechanisms and determining their relative 
importance. 
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Fig. 5. Model of deformation associated with forces (shown here are the nodal point forces) 
acting within the plate (topographic collapse). A) Distribution of horizontal spreading forces related 
to the collapse of a theoretical topography with a maximum elevation of 1000 m and B) as A but with 
a maximum elevation of 2500 m. C) computed stress field of A. D) computed stress field of B. The 
scaling of the forces and stresses are indicated in the lower left comers. Arrowed lines give tension 
direction; non-arrowed lines give the direction of compression. The horizontal principal stresses are 
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shown as deviations from the lithostatic state of stress. Thus, when both horizontal stresses are shown 
as tensional this indicates that 01 is vertical and a normal faulting regime exists with compression 
positive and 01 > ~ > q . One horizontal principal stress tensional and one compressional indicates 
that O

2 
is vertical (strike-slip) and both stresses compressional implies that the q is the vertical stress 

(reverse faulting). 
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The role of the eastern part of the trench system 
In this section we compare the models with uniform arc-normal pull to models 

that incorporate an additional resistance on the eastern segment of the arc. The 
increase of the curvature of the Hellenic arc since the late Miocene has been such 
that the nature of the western and eastern branch of the trench system became 
increasingly different. At the western segment convergence was always more or less 
perpendicular to the margin while at the eastern segment relative motion became 
increasingly transform-like, i.e. parallel to the margin. Such differences in relative 
motion may have been associated with differences in the acting forces. In particular, 
it is conceivable that the eastern segment experienced, in addition to the arc-normal 
pull, a resistive force associated with the transcurrent movement. We will consider 
(1) the case that resistance is orientated parallel to relative motion, and (2) the case 
that resistance takes the form of a ENE directed shear stress on the overriding 
margin. Experiments with the additional resistance will be performed for the a 
Pliocene (5 Ma) and present-day (0 Ma) situation. For the 11 Ma configuration, the 
models that incorporate only arc-normal pull, account for radial stress patterns (Fig. 
6). Exerting arc-normal pull on the 5 Ma curved arc geometry results in radial 
tension also and results in pure dip-slip motions on all fault planes present (Fig. 
7A). This does not fit the inferred existence of left-lateral faulting along N075E 
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Fig. 6. Computed stress field associated with forces acting at the overriding margin (arc-normal 

pull) for the 11 Ma geometry of the Aegean region. 
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faults during the early Pliocene (Fig. 4D). 
In Figure 7B the eastern segment of the arc at 5 Ma is loaded by an additional 

uniform north-directed resistance. The orientation due north is taken to approximate 
the actual direction of convergence. The applied resistance is of the same magnitude 
as the arc-normal pull. The experiment does not yield a match to our observations. 
On central Crete the direction of maximal horizontal stress is NE-SW, with minor 
tension in the perpendicular direction, while on eastern Crete ENE-WSW tension 
dominates. A reduction of the NW-SE component of tension in the SE Aegean also 
characterises models in which the additional resistance is taken to be smaller than 
the pull, although the change in stress is less pronounced. In contrast to the model, 
observations suggest a NW-SE direction of tension on central and eastern Crete 
(Fig. 4D). The modelled slip vectors are left-lateral on the NlOOE faults and normal 
on the N075E faults and are not in agreement with the observations. 

If the north-directed resistance is replaced by an eastward resistance parallel to 
the eastern arc the models show a dominance of NW-SE oriented tension near 
eastern Crete (Fig. 7C). In the experiment shown here the transform resistance is of 
the same magnitude as arc-normal pull, but the same change in stress also 
characterises models with relatively less resistance. The inferred stress field for the 
late Miocene-early Pliocene period (Fig. 4D) is in agreement with the NW-SE 
tension on central and eastern Crete. The modelled stress field also accounts for the 
predominance of left-lateral faulting along N075E faults and normal faulting along 
N020E faults (Fig. 7C). 

Regarding the Recent configuration, Meijer and Wortel (1996; 1997) found that 
a uniform distribution of arc-normal pull yielded a good match to the pattern of 
stress in the Hellenic Arc, which they characterised as overall radial tension. Several 
observations support the notion of an additional component of resistance on the 
eastern arc segment. Incorporating transform resistance in the eastern arc segment 
(Fig. 8) is in good agreement with the observations on right-lateral faulting along 
the newly formed N160E faults (Fig. 4E). The observed N050E faults are inferred 
to be left-lateral oblique and correspond to their model counterparts. If NI00E and 
N130E faults are reactivated they act as left-lateral and right-lateral faults 
respectively. For eastern Crete, Postma et al. (1993a) found evidence for the 
existence of NlOOE and N130E faults with similar slip vectors. The Recent normal 
faulting along the N020E Ierapetra fault (van Wamel and Gast, 1994) and the active 
E-W and ESE-WNW extension in the Hellenic Arc during the late Pliocene
Quaternary (Lyon-Caen et aI., 1992) corresponds with this model configuration. 
The dominance of NW-SE extension in the Peloponnesus as modelled is in 
agreement with the observed state of stress (e.g. Mercier et aI., 1989). 
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Fig. 7. Model of deformation due to arc-normal pull alone versus the addition of resistive forces 
at the eastern segment of the arc for the 5 Ma geometry of the Aegean. A) Computed stress field due 
to arc-normal pull acting on the overriding margin. B) Computed stress field due to arc-normal pull 
acting on the western arc segment and northward resistance acting on the eastern arc segment. The 
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applied resistance is of the same magnitude as the arc-normal pull. C) Computed stress field due to 
arc-normal pull acting on the western arc segment and transform resistance parallel to the eastern arc 
segment. The applied resistance is of the same magnitude as the arc-normal pull. Inset shows the 
lower hemisphere projection of the relevant faults (solid great circles). Open dots denote the slip 
vector which is taken to be defined as the direction of maximum shear on the fault plane due to the 
modelled state of stress in central and eastern Crete. 

Episodes of compressional deformation 
The effects of dominant resistive forces at the overriding plate margin is studied 

by using a uniform distribution of NNE directed resistance, i.e. roughly parallel to 
the present-day Africa-Aegean relative motion. Direction of maximal compressive, 
intra-plate stress is trending NNE-SSW. We infer that the direction of maximum 
compression remained unchanged as evidenced by the fact that all folds on Crete, 
developed during inferred periods of compression around the Middle-Late Miocene 
and Miocene- Pliocene boundary have approximately the same orientation. The 
direction of maximum shortening does apparently not depend on the arc's geometry, 
which did change in the course of the Middle Miocene to Recent period (Fig. 3). 

To explain our field observations we modelled also the effects of compression on 
older structures, e.g. reverse faulting or fault reactivation. A NNE resistance (= 
African-Aegean plate motion) was imposed on the present-day plate margin, to 
simulate the effect(s) of compression on the overriding plate. It allowp.d calculation 
of all possible slip vectors for each fault direction. The modelled oblique, left lateral 
reverse faulting along NlOOE trending faults (Fig. 9) was also observed on Crete 
(Fig. 4). The dip slip, reverse faulting along N130E faults fits the observation on 
reverse faulting along the Kritsa fault in the Ierapetra Basin around the Middle-Late 
Miocene transition (Postma et ai., 1993a). Fortuin and Peters (1984) propose for the 
same period that strike slip motions along the N020E trending Ierapetra fault 
started. The sense of movement along this fault is consistent with our arc-normal 
compression model. 

Discussion 

Comparison ofobservations and models 
In most experiments, we were able to differentiate between driving mechanism. 

However, some caution is required when we bring observations and models to a 
common level. The differentiation between driving mechanisms and distribution of 
forces is largely based on fitting models ,and observations from central and eastern 
Crete. As mentioned before, on Crete kinematic indicators are scarce and if present 
give information only for the latest fault displacement- For Late Miocene period, the 

kinematics were reconstructed by using sedimentological and stratigraphical data 
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Fig. 8. Computed stress field due to arc-normal pull acting on the western arc segment and 
transform resistance parallel to the trend of the eastern arc segment for the present-day geometry of 
the Aegean region. Inset shows the lower hemisphere projection of the relevant faults (solid great 
circles). Open dots denote the slip vector which is taken to be defined as the direction of maximum 
shear on the fault plane due to the modelled state of stress in central and eastern Crete. Margin to the 
south of Anatolia is constrained to move in the E-W direction as indicated by the symbol. 

indicative for fault activity (Chapter 4). The dating of fault activity is directly related 
to the Neogene stratigraphy. Stratigraphic anomalies on both sides of faults were 
analysed using geohistory analysis in order to date fault activity. In comparing 
models and observations it has to be considered that inferences about fault 
kinematics are thus related to the stratigraphic resolution. 

Initiation ofextension 
In the investigation of the origin of the initial extension in the Cretan segment of 

the Hellenic Arc we have compared the consequences of in-plate spreading forces 
versus arc-normal pull. Important to both mechanisms is the existence of 
gravitational potential energy differences due to the lateral heterogeneity of the 
lithosphere, either expressed by topography or by the density contrast between 
downgoing and overriding plates at the subduction zone. The mechanism in which 
the lateral difference in potential energy gives rise to arc-normal pull, which 
subsequently accounts for the extension in the overriding plate, is likely to be 
closely linked to the occurrence of trench roll-back. Without roll-back the spreading 
of the overriding plate is blocked by the presence of the subducting lithosphere. If 
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the trench retreats oceanwards, the confinement of the upper plate is relaxed and 
gravitational spreading is possible (Le Pichon, 1982; Meijer and Wortel, 1997). 

Transform motions in the eastern arc segment 
The models incorporating a resistance on the eastern segment of the arc account 

for the occurrence of sinistral strike slip faults. McKenzie (1978) and Le Pichon and 
Angelier (1979) concluded that the horizontal projection of the mean slip vector for 
earthquake fault mechanisms in the south Hellenic region is trending NNE, 
corresponding to the direction of underthrusting of African crust. Consequently, the 
Ionian trench orientation is about perpendicular to this slip vector. The Ionian 
trenches, therefore, should be dominated by thrusting while the Levantine trenches 
(Pliny and Strabo) should exhibit left-lateral strike slip motions. Based on 
morphological offsets, Huchon et al. (1982) have postulated an en-echelon 
arrangement of subbasins in the Pliny Trench whose overall geometry is consistent 
with deformation along left-lateral transform faults located parallel to the mean 
direction of the trench axis. Seismic data (Peters and Huson, 1985) indicates that the 
differential vertical movements leading to the formation of the Pliny and Strabo 
trenches mainly postdate the deposition of late Miocene sediments. Stratigraphical 
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Fig. 9. Model of deformation due to overall NNE resistance acting on the overriding plate 
margin, showing the computed stress field. Inset now shows the upper hemisphere projection of the 
relevant faults (dashed great circles). Open dots denote the slip vector which is taken to be defined as 
the direction of maximum shear on the fault plane due to the modelled state of stress in central and 
eastern Crete; all faults show components of reverse slip. 
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data also points to a post-late Miocene age for the Pliny trench (Ariane, 1979). The 
models incorporating transform resistance on the eastern segment of the arc show 
that post late Miocene deformation (5 and 0 Ma) along N050E and N075E faults 
(those faults on Crete representing the directions of the Pliny and Strabo trenches) 
must have been left lateral. However, coeval activity of N160E faults shows in all 
cases a clear right-lateral component of slip. This resembles the models of Ron et al. 
(1984; 1986) in which left-lateral and right-lateral strike slip faults in conjugate sets 
counter-clockwise rotation of fault blocks. Generally it is believed that Crete did not 
undergo significant rotation since at least 7 Ma (Laj et at., 1982; Kissel and Laj, 
1988). Langereis (1984), however, proved from the demagnetization of west Cretan 
and central Cretan, Tortonian, samples that deviations of the declination are 
significant, although laterally highly variable. More recently Duermeijer et al. 
(1997) found additional evidence, for western, central and eastern Crete, that 
supports the counter-clockwise rotation of the Cretan Tortonian deposits. The 
counter-clockwise rotations of the Tortonian successions occurred after the Early 
Messinian and are interpreted as local block rotations. The timing of the counter
clockwise block rotations are in good agreement with our results that show that the 
inception of transform motions along the eastern arc segment started after the latest 
Miocene. Moreover, the inception of the transform motions changed the stress field 
drastically and is contemporaneous with the suggested change in the kinematics (Le 
Pichon et aI., 1995) of central and western Aegean which occurred in the course of 
the Pliocene. This kinematic change is also discussed by Walcott and White (1997) 
who suggest that the widespread development of E-W trending basins in the West 
Aegean block (e.g. Corinth and Patras rifts) is related to cessation of activity along 
the Mid-Cycladic lineament after the latest Miocene to Early Pliocene. 

The tectono-stratigraphic analyses (Fig. 4) for central and eastern Crete revealed 
that, apart from the reactivation of faults, the orientations of successive fault systems 
rotate counter-clockwise in three steps during their Late Miocene to Recent 
development. Based on the rotation data, Langereis (1984) rejected the possibility 
that the rotation of fault trends was caused by an overall clockwise rotation of Crete 
while the stress field remained stable. In contrast, counter-clockwise rotation of 
tension from Late Miocene to Recent, as proposed by Angelier (1975), Mercier et 
at. (1979) and our geological data is consistent with additional resistance on the 
eastern segment of the eastern Hellenic Arc which became important in the course 
of the Pliocene. The incorporation of the extra resistance is contemporaneous with 
the onset of the Early Pliocene collision between the Mediterranean wedge and the 
African continent. Le Pichon et al. (1995) suggested that this collision resulted in a 
progressive reorientation of part of the motion of Aegean towards both the 
Levantine and Ionian Basins. 
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Conclusions 
The comparison of modelled stress patterns and those inferred from observations 

on fault directions and their episodes of activity, enabled us to get a better grip on 
the mechanisms and forces involved in the deformation of the southernmost part of 
the Hellenic Arc. Based on the uniqueness of modelled stress patterns and 
comparison with observed fault patterns on Crete, arc-normal pull appears to be the 
dominant force responsible for the initiation of extension on Crete. Collapse of a 
Cretan, late Middle Miocene topography can not account for the observed 
deformation, although it may have been important in combination with arc-normal 
pull. From 11 Ma till 5 Ma arc-normal pull, acting on a curved arc geometry, seems 
to be the dominant force distribution responsible for radial extension in the 
overriding plate, which corroborates our observations on multidirectional extension 
for that period on Crete. Our inferrences for the stress pattern for the last 5 Ma are 
not supported by arc-normal pull alone. The models show that a transform 
resistance in the Pliny and Strabo trenches caused E-ward tension in the Cretan 
segment of the arc resulting in E-W extension on existing N020E faults. This is in 
agreement with our observations. The combination of normal faulting and left
lateral strike-slip and oblique faulting as observed in Crete is explained by the 
incorporation of transform resistance on the eastern (Levantine) segment of the arc. 
lt is also in agreement with the left-lateral displacements in the Pliny and Strabo 
trenches. The resistance was most probably exerted by the Aegean-African collision 
which started in the course of the Pliocene. 

At present, deformation also results from the superposition of transfer resistance 
on the eastern segment of the arc on the prevailing arc-normal pull, and explains the 
combination of both left lateral and right lateral faulting in Crete in combination 
with E-W extension. 

Observations on compressional events in Crete and a modelled stress field due to 
overall resistance exerted by the African plate on the overriding Eurasian plate are 
in good agreement. 
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Roll-back controlled half-graben evolution and 
related basin-fill patterns (Late Miocene,Crete) 

Abstract 
The correlation between basin-fill patterns and tectonic deformation of Cretan, Late 

Miocene half-grabens led to an understanding of the kinematics of extensional basin 
development in the Cretan segment of the Hellenic outer arc. A well established 
tectonostratigraphy provided directional constraints for this extension. After a Middle 
Miocene episode of compression and associated nappe stacking, two independent half
graben systems developed in the Late Miocene. An arc-parallel, domino-type half
graben developed in response to arc-normal pull associated with the inception of the 
roll-back process of the Hellenic subduction zone. Smaller domino-type half-grabens, 
controlled by normal faults in an orthogonal fault system, started to develop in the 
course of the Late Miocene. The latter half-grabens originated in response to 
multidirectional tension due to arc-normal pull on a curved arc geometry. This arc
normal pull associated with roll-back of the subducting lithosphere is regarded as the 
most important process for the observed outer-arc extension. In addition, the rate of 
half-graben formation and the changing half-graben styles are greatly influenced by the 
evolving curvature of the arc. The lifetime of both the arc-parallel and the orthogonal 
half-graben basins was too short to account for complete half-graben cycles to be 
developed. The basins are immature since only the early evolutionary phase as 
predicted by domino-type filling models is recorded in the basin fill. 

Furthermore, the change from arc-parallel to orthogonal half-grabens is thought to 
be associated with a change from deep-seated crustal extension (Basin and Range type) 
to extension which was accommodated along shallow, local detachments (Highly
Extended-Terrane type). The shallow detachments are suggested to exhibit a domed 
geometry, which was accomplished by the isostatic uplift in response to fault plane 
unloading. The variable depth to detachment resulted in a spatially different character 
of the fault-block kinematics. Footwall uplift and related basin-fill patterns are 
associated with the shallowest parts of the detachment. 
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Fig. 1. Localities of the five studied basins on central and eastern Crete. Inset shows the position of 
Crete between a volcanic arc in the north and the Ionian Trench in the south. The map shows the 
distribution of pre-Neogene and Neogene deposits. 

Introduction 

General introduction 
The tectonic evolution of extensional basins has gained much attention over the past 

twenty years (Morton and Black, 1975; Gibbs, 1984; Jackson and McKenzie, 1987; 
Rosendahl, 1987; Barr, 1987a,b; Jackson and White, 1989; and Roberts et at., 1993). 
Many of these extensional basins are tilt-block half-graben basins. Since half-graben 
basins tend to incorporate potential hydro-carbon reservoirs, many studies have 
focussed on the distribution of sedimentary facies and stratigraphic relationships within 
evolving half-graben basins (e.g. Leeder and Gawthorpe, 1987; Leeder et al., 1988; 
Frostick and Reid, 1987, 1989, 1990; Collier et al., 1990; Leeder and Jackson, 1993; 
Postma and Drinia, 1993). For structurally different types of half-graben basins the 
theoretical models of Schlische (1991) predict the relationship between structure of the 
basin, accommodation space and sedimentary facies of the basin fill. 

Half-graben basins have been reported from a wide range of tectonic and 
geodynamical settings and are found on different scales. The Newark basin in North 
America (e.g. Schlische and Olsen, 1990; Schlische, 1992) and the Basin and Range 
province of Nevada (e.g. Proffett, 1977; Anderson et ai., 1983) are extensively studied 
basins which are situated on the passive continental margins associated with the break 
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up of Pangea. The Cenozoic rifts of East Africa offer good examples of continental 
areas where extension did not yet proceed to oceanic separation. This rift system has 
been studied for the interaction between tectonics, volcanics, climatic change and 
sedimentation (Williams and Chapman, 1986; Rosendahl, 1987; Frostick and Reid, 
1989). Extensional faulting may also play an important role in the late-orogenic to post
orogenic development of orogenic belts and such examples have been described for the 
Tibetan plateau, the Betic-Rif, the Andes and the Aegean (Dewey, 1988). In the 
Aegean, extensional domains developed at various positions within the active arc 
domain. Extensional basins in the back-arc domain of the overriding Eurasian plate 
have typical half-graben geometries (McKenzie, 1978; Jackson and McKenzie, 1983; 
Roberts and Jackson, 1991). Extensional faulting and half-graben formation also 
occurred and still occur in the outer-arc and fore-arc domains of the Hellenic arc and 
have been described from central Greece (e.g. Doutsos et ai., 1988; Papanikolaou et 
al., 1988;), from Crete (e.g. Drooger and Meulenkamp, 1973; Le Pichon and Angelier, 
1979; Angelier et al., 1982; Mercier et ai., 1989; Postma et al., 1993a), and from the 
offshore area between Crete and the Hellenic Trench (Leite and Mascle, 1982; 
Lallement et ai., 1994). 

The development of extensional basins has been described by numerous models. 
Bringing these models to a common level is a difficult task since they concentrate on 
different features of basin extension and its development. Generally, these models 
concentrate on features related to: 1) the geometry of the fault planes and fault blocks 
(e.g. Shelton, 1984; White et ai., 1986), 2) the depth of detachment of normal faults, 
i.e. the depth at which brittle deformation is accommodated (e.g. Axen, 1988; 
Wernicke, 1990), and 3) the control of extensional faulting on basin fill patterns (e.g. 
Leeder and Gawthorpe, 1987; Prosser, 1993). It is difficult to derive at a unique 
interpretation of any particular sequence of half-graben fill based on only one of these 
features. . 

Therefore, in our study of the evolution of Late Miocene extensional basins on 
central and eastern Crete we intend to focus on all three facets of extensional faulting. 
We have used spatial and temporal data to establish a tectonostratigraphy (Chapter 4). 
The tectonostratigraphy mirrors five successive episodes in the late Middle Miocene 
to Recent evolution of the central and eastern Cretan segment of the Hellenic Arc. This 
provides us with good directional constraints for fault activity, which in combination 
with the' well-dated sedimentary successions not only gives understanding of 
kinematics, but also allows us to make detailed paleogeographic reconstructions. The 
fault geometry and spacing will be used to derive at an estimate for detachment depth 
through time. The basin-fill patterns are used as a check on deformation mechanisms. 
In doing so, we contribute to the understanding of tectonic deformation in relation to 
the roll-back process and local tectonic processes. 
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Fig. 2. Middle Miocene to Recent tectonostratigraphy for central to eastern Crete. The fold axes 
shown in A are obtained from Baumann et al. (1976), Wachendorf et al. (1976), Meulenkamp et al. 
(1988). Postma 21 a1. (1993) and this worle Fault patterns shown in B to E are interpreted from satellite 

imagery and DEM's. For the Mid Pleistocene to Recent situation the black lines indicate newly formed 
faults and the dashed lines reactivated older faults. 
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Tectonostratigraphy and geodynamics 
The central and eastern parts of Crete are characterised by a complex pattern of 

normal faults which can be assigned to six fault groups, N130E, NlOOE, N075E, 
N020E, N160E and N050E, respectively. The most pronounced faults separate uplifted 
blocks of mainly pre-Neogene rocks from Neogene and Quaternary basins. On central 
and eastern Crete, five such basins can be recognised (Fig. 1): the Iraklion Basin, the 
Ierapetra Basin (Fortuin, 1977, 1978), the Fothia Basin, the Sitia Basin (Gradstein, 
1974), and the Goudouras Basin. 

The periods of fault activity and the displacements along the faults of the six groups 
have been determined by using a combination of geohistory analysis and Geographic 
Information System (GIS) studies (Fig. 2; Chapter 4). On the basis of these techniques, 
it was demonstrated that there were 5 deformational episodes for the late-Middle 
Miocene to Recent period in which the deformation was markedly different: Episode 
1 - Compression was the dominant mode of deformation in the late Middle Miocene 
and led to the formation of N130E to NI00E trending folds. At the Middle-Late 
Miocene transition the compressional forces culminated into folding that was 
accompanied by reverse faulting along NI00E reverse faults. The observations on 
compressional events in Crete are in good agreement with the numerically modelled 
stress field due to overall NNE-directed resistance exerted by African plate on the 
overriding Eurasian plate (Chapter 5). Episode 2 - The first onset of active extension 
started in the earliest Tortonian and was characterised by a pattern of N130E and 
NlOOE faults, in an orthorhombic symmetry. The onset of an arc-normal tensional 
regime resulted from the inception of the roll-back of the subsiding African plate which 
significantly affected the stress field (Meulenkamp et al., 1988). Arc-normal pull acting 
at the Aegean plate margin explains the formation of roughly arc-parallel normal faults 
at the onset of the roll-back process (Chapter 5). Episode 3 - The early Tortonian to 
Messinian period was characterised by displacements along NlOOE and N020E faults 
in an orthogonal fault pattern. Normal faulting on both fault directions is in agreement 
with multidirectional (radial) extension which resulted from arc-normal pull, which 
acted on a slightly curved arc (Chapter 5). Activity along these faults initiated the 
fragmentation of Crete. Episode 4 - In the Pliocene a pattern of closely spaced, left
lateral oblique N075E faults, oriented parallel to the south Cretan trenches developed. 
Normal faulting along existing N020E faults continued to be active in this period. The 
combination of left-lateral, oblique faulting and normal faulting is explained by the 
incorporation of transform resistance on the eastern (Levantine) segment of the arc. 
Numerical models show that the resistance was most probably exerted by the Aegean
African collision which started in the course of the Pliocene (Chapter 5). Episode 5 
In Pleistocene to Recent times the deformation was dominated by normal to oblique 
faulting along N050E faults and dextrally oblique motions along N160E faults. Normal 
faulting continued along N020E faults (Armijo et at., 1988), and resulted in the 
separation of large, differently uplifted and tilted fault blocks in late Quaternary time 
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Fig. 3. Stratigraphy of the Iraklion Basin along a general NE-SW transect through the basin (see 
Chapter 4), based on Meulenkarnp (1979) Meulenkamp et al. (1979, 1994) and this study. Absolute ages 
derived from: (1,7) Berggren et at. (1995); (2) Meulenkamp et at. (1994); (3) Laurens (1995); (4) 
Krijgsman (1996); (5) Hilgen et at. (1995); (6) Zachariasse (pers. comm., 1996). TS = 
tectonostratigraphic episodes; see text for explanation. 

(Pirazzoli et al., 1982). The combination of normal faulting along the N020E faults and 
oblique faulting along N050E and N160E faults resulted from the superposition of 
transfer resistance on the eastern segment of the arc on the prevailing arc-normal pull 
(Chapter 5). 

In this chapter we will focus on the tectonic and sedimentary development of the 
Late Miocene half-grabens during episodes 2 and 3. Structures belonging to the first 
tectonic episode in combination with older structures are briefly described to give an 
overview of pre-extensional fabrics which may have been important during later 
episodes. Pliocene to Recent tectonics (episodes 4 and 5) have not been studied in 
detail and will, consequently not be dealt with in this chapter. 

1 
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Stratigraphy 
The Neogene (tectono) stratigraphy of the Cretan basins is depicted in the diagrams 

of Figures 3, 4 and 5. The distribution of the Neogene sediments is shown on the 
geological map (EncI. 2). On central and eastern Crete, post-orogenic sedimentation 
started with the deposition of coarse, non-marine clastics (breccias) of local 
provenance, prior to episode 1. In the course of the Middle Miocene (episode 1) 
predominantly fluvio-Iacustrine sequences were deposited, followed by sediments 
recording a marine transgression in the late Serravallian. Differentiation of the basins 
at the beginning of the Late Miocene (episode 2) is expressed by the distribution of the 
Late Miocene siliciclastic shelf, slope and basin floor facies within the central and 
eastern Cretan basins. In the course of the Tortonian (episode 3), Cretan basins became 
gradually deeper as is reflected by the transition from continental to shallow marine 
clastics and deep marine marls. Across the Tortonian - Messinian transition a change 
towards more carbonate accumulation occurred. In various parts of central and eastern 
Crete evaporites are found, which were laid down in response to the Messinian salinity 
crisis. On central Crete, upper Messinian terrigenous clastics and lagoonal sediments 
have been observed in a few locations (see Meulenkamp et al., 1979). In central and 
eastern Crete the lowermost Pliocene sediments are generally found as components in 
the so-called marl breccias, which unconformably overlie the lower Messinian deposits 
(episode 4). The marl breccias are succeeded by deep marine marls and clays. 

The biostratigraphical subdivision for the Neogene marine successions on Crete has 
been established by both planktonic foraminifera (Zachariasse, 1975; Zachariasse and 
Spaak, 1983) and calcareous nannofossils (Theodoridis, 1983; Driever, 1988). 
Biostratigraphic data has been calibrated in part through magnetostratigraphy 
(Langereis, 1984). The recently established, integrated magneto-, bio- and 
cyclostratigraphic framework for the Middle to Late Miocene marine record (Rilgen 
et at., 1995; Krijgsman et at., 1995; Krijgsman, 1996) enables high resolution 
correlations of sedimentary cycle patterns for the full marine late Neogene sediments. 
The astronomical timescale used here is based on the work of these authors. 

For central Crete, the geological map presented in Enclosure 2 is based on the 
official 1:50.000 geological maps (LG.M.E.), on the 1:200.000 geological map of 
Creutzberg et al. (1977), on unpublished reports of the Utrecht Geology Department 
and on our own observations. The detailed investigations of central and eastern Crete 
(Gradstein, 1973; Fortuin, 1977; Meulenkamp et at., 1979; Peters, 1985; Postma et aI., 
1993a), together with our new geological data, were used to construct the geological 
map. The field data have been supplemented with lineament data from Landsat images 
and digital elevation models (DEM's). Since many Late Miocene Cretan structures 
have been traced offshore, we have a good understanding of the overall structural 
pattern of the southern Aegean region (Chapter 3). The offshore information is 
incorporated to complete and support the paleogeographic reconstructions. 
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Fig. 4. Stratigraphy of the Ierapetra Basin in a general NE-SW transect through the basin (see 
Chapter 4), based on Fortuin (1977, 1978) and Postma et al. (1993). Absolute ages deri ved from: (1, 7) 
Berggren et at. (1995); (2) Meulenkamp et al. (1994); (3) Lourens (1995); (4) Krijgsman (1996); (5) 
Hilgen et al. (1995); (6) Zachariasse (pers. comm., 1996). TS = tectono- stratigraphic episodes; see text 
for explanation. 

Basin-fill patterns 

Prior to episode 1 
The oldest Neogene sediments on Crete were deposited after the main phase of 

thrusting which formed the pre-Neogene nappe pile of Crete. These oldest deposits 
have been reported from allover central and eastern Crete (Encl. 2) and, as a rule 
consist of immature, clastic alluvial fan deposits. The composition is strongly 

controlled by the lithology of the surrounding basement rocks. In the Ierapetra Basin, 
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for instance, the deposits belonging to the Mithi Fonnation (Fortuin, 1977; Fig. 4) rest 
on the highest units of the UM Series with clast composition varying laterally and 
mainly consisting of igneous rock fragments. In the Goudouras Basin, the proximal fan 
deposits of the Goudouras breccia (Fig. 5) are characterised by Tripolitza and 
Mangassa fragments with a dense limestone matrix. The Goudouras breccias and the 
underlying Tripolitza basement are intersected by N070E nonnal faults, superimposed 
on an anticlinal structure. The Goudouras breccias and the faults are in tum covered 
by the younger, late Middle Miocene Males Fonnation (Fig. 6). Although dating of 
these breccia deposits was not possible, we correlate them with the Lithines Fonnation 
(Gradstein, 1973) in the Sitia Basin on the basis of their stratigraphic position. The 
characteristics of the oldest Neogene deposits on eastern Crete are similar to those of 
the breccias of the Topolia Fonnation (Kopp and Richter, 1983) on western Crete. 
While the fan deposits are in situ in the Ierapetra and Sitia basins, in the Iraklion Basin 
only allochthonous blocks and slabs of similar deposits have been found. These blocks 
may have been displaced in younger periods (see sections below). 

Fig. 6. Infilling of Males fluvial 
conglomerates in faulted ?Middle Miocene 
Goudouras breccias near Goudouras. Fauit trend 
is N070E. 

Meulenkamp and Hilgen (1986) mentioned differential vertical motions along E-W 
and N-S structures to account for the deposition of the coarse clastics. lolivet et al. 
(1996) reported that the Topolia breccias of western Crete are most probably of Middle 
Miocene age and interpret the breccias as the ultimate result of approximately N-S 
stretching of the Tripolitza nappe above a detachment zone between the Tripolitza and 
the PQ nappes. Furthennore, Jolivet et al. (1996) interpreted the large, open folds of 
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the nappe stack as ramp anticlines due to the underthrusting of the more external 
domain (?pre-Apulian zone). Stretching and top-to-the-north shear is associated with 
uplift due to the underthrusting and folding in the deeper parts of the PQ nappes. 
Thompson et al. (1997) inferred that such an increase in relief was responsible for 
accelerated denudation. This period of accelerated denudation resulted in 
approximately 4 km of erosion between ca. 17 and 11 Ma based on apatite Fission 
Track (FT) thermochronology on the rocks of the uppermost nappe, the UM Unit. The 
accelerated denudation was contemporaneous with the initiation of large-scale, clastic 
sedimentation such as reported from the Ierapetra Basin (Mithi Formation of Fortuin, 
1977). We relate the extensional faults in the Goudouras breccias, which are 
superimposed on an anticlinal structure, to the above described mechanism of 
approximately N-S stretching above deeper crustal folds. 

This break up of anticlines also occurred during later, Late Miocene periods of half
graben formation. In the Sitia Basin, these faulted anticlines are now depressions due 
to the high erosion rates of the incompetent phyllites of the PQ Unit, which depressions 
were subsequently filled with Neogene deposits (antecedent valleys). The Tripolitza 
limestones, which overlie the PQ Unit, are preserved in the synclines and form steep 
cliffs, bounding the anticlinal depression. 

In conclusion, folding and uplift with associated stretching of upper nappe units and 
local breccia deposition must have occurred prior to the late Middle Miocene, i.e. prior 
to our episode 1. This is demonstrated by both FT thermochronology, which dates 
exhumation, and the coverage of the anticlinal break-up faults by late Middle Miocene 
strata. The breccias are deposited in the local tectonic depressions which are either 
associated with broken anticlines or synclines (Fig. 7). The position of the fold 
structures may also have been important for the basin-fill patterns in the younger, Late 
Miocene half-grabens. 

Episode 1: late Middle Miocene - Middle/Late Miocene transition: 
compression 

Serravallian 

The Males Formation in the Goudouras and Ierapetra Basins represents mature 
fluvial sediments with well-rounded conglomerates, sandstones and clayey marls. The 
composition is dominated by whitish limestone pebbles derived from the Pindos Series. 
A general fining trend from east to west is in agreement with the observed paleocurrent 
directions to the west (Fortuin, 1977; Peters, 1985; Meulenkamp and Hilgen, 1986). 
Towards the top of the Males Formation, shallow marine, sandy to gravely deposits of 
the Parathiri Member (Fortuin, 1977) onlap over Males flood plain/coastal sediments. 

Fine-grained, fluvio-Iacustrine equivalents of the Males Formation are found in 
south-central Crete near the villages of Viannos and Skinias. These deposits have been 
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incorporated in the Viannos Fonnation (Meulenkamp, 1979) and are reported from the 
northern and eastern part of the Iraklion Basin (Enclosure 2). The Viannos Fonnation 
is generally fine grained and consists of channel sandstones, silts and clays. 
Paleocurrent directions point to SW-W (Fig. 7). Near Viannos a general fining upward 
trend of the succession is apparent from the transition from braided to meandering 
fluvial and lacustrine deposits. Near the village of Kandaros, just west of Viannos, the 
fluviolacustrine sequence of the Viannos Fonnation is capped by sheet sandstones with 
paleocurrents to the east and west. Locally, macrofaunal remains have been found 
including large specimens of Ostrea indicating deposition in estuarine to shallow 
marine environments. Tidally influenced deposits have been found north of Tefeli (Fig. 
7). The northernmost exposure of the Viannos Fonnation, near Gonia, to the west of 
the present Iraklion Basin, consists of fluviolacustrine sands with some calcareous, 
intercalations. These deposits were overthrust by whitish, presumably Pindos 
limestones during episode 2. 

The westerly paleocurrent directions in the Males Fonnation suggest that rivers 
were confined to an approximately 20 km wide, E-W trending valley parallelling the 
modem south coast from Goudouras to south-central Crete (Fortuin, 1978; Fig. 7). The 
origin of the river valleys may have been related to the broad basement folds which 
fonned earlier during N-S compression (Meulenkamp et ai., 1988). 

The southern margin of the landmass was characterised by an E-W ridge (anticline, 
see Fig. 7) which must have had a steep relief relative to the basin as can be deduced 
from the breccia intercalations in top of the Males Fonnation in the northern part of the 
Ierapetra Basin (Postma et ai., 1993a). In the Goudouras Basin (Tripoiitza) limestone 
breccias intercalated within the Males lithofacies are common and point to pronounced 
reliefs also in the north. Paleocurrent readings suggest an axial basin fill by the Males 
fluvial conglomerates (NW) and a transverse infill by the breccias (SW). 

The absence of marine, Serravallian deposits in the present-day Cretan Sea supports 
the notion of a continental hinterland to the north of Crete (Southern Aegean Landmass 
of Meulenkamp and Hilgen, 1986; their figure 6A) with deposition of alluvium in front 
of it. The suggested depositional front is in agreement with observations on terrigenous 
deposits along the southern boundary of the Southern Aegean landmass (Fig. 7). The 
presence of deep marine, blue clays of late Serravallian age on the island of Gavdos (de 
Stigter, 1989) illustrates that for that period a deeper marine environment existed SW 
of present-day Crete. The blue clays alternate with massive turbiditic sandstone beds 
and are confined to fold-related basins (de Stigter, 1989). A marine transgression is 
reflected by the transition from the Males Fonnation into the Parathiri Member in the 
Ierapetra Basin (Fortuin, 1977) and by the Kandaros sheet sandstones overlying the 
Viannos Fonnation in the Iraklion Basin. Paleocurrent directions in both the shallow 
marine Parathiri Member and the Kandaros sandstones indicate that this transgression 
originated from the south to southwest. 

In conclusion, we suggest that the orientation of the NlOOE to N130E folds and of 
some pre-existing faults (see previous section) detennined the position of the Males
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Viannos fluvial systems (Fig. 7). The upward fining and the marine transgression from 
the south are probably related to progressive folding, basin floor tilting and 
differentiation of reliefs. This means that the separation of the southern and northern 
Aegean areas in response to SSW-ward arc-migration (see sections below) and the 
subsequent formation of the Cretan Sea had not yet started in this episode. 

Middle-Late Miocene transition (culmination ofcompressional tectonics) 

Northwest of the Iraklion Basin, near Gonia, well-stratified breccias are in erosional 
contact with deposits of the Viannos Formation. The occurrence of the breccias is 
bounded to the north by a steep reverse fault with a N100E orientation; clast 
imbrication indicate paleocurrents directions towards the south. Exotic blocks of white 
limestones, which presumably belong to the Pindos Series, are associated with the 
breccias. Few observations have been made on approximately N-S slickensides at the 
base of these blocks, suggesting that the blocks slid to the south, probably governed by 
reverse faulting in north. The composition of the breccias consists of dark and light 
limestone clasts of the Tripolitza Series and clasts derived from the Ultra Mafic (UM) 
Series. The presence of the latter clasts suggests that the breccia deposition reflects an 
early stage in the unroofing of the nappe pile. 

East of Profitas Illias, in the northern part of the Iraklion Basin, large masses of 
brecciated Tripolitza and Pindos material and breccias have slid over the Viannos 
Formation. These mass-slide deposits are probably cannibalistic, since patches of 
stratified breccias are associated with exotic blocks of dominantly Tripolitza and 
Pindos lithologies. Both first and second generation breccias are present. Shear planes 
within the Profitas Illias block comprise NW-SE striae and internal slump heads 
suggest a SE direction of slumping. The base of the exotic block(s) contain some rip-up 
clay pebbles, whereas beneath the block, the clays of the Viannos Formation are 
strongly deformed. 

Further south, near Tefeli, blue-grey clays of the Skinias Formation directly overlie 
coastal sandstones of the Viannos Formation. This succession reflects the continuation 
of the marine transgression which started in the latest Serravallian and is comparable 
with the Males-Parathiri succession found in the Ierapetra Basin. Just south of Tefeli, 
pebbly mudstones (initiated by sliding) occur in the basal part of the Skinias Formation, 
while in the vicinity of Martha a few conglomeratic interbeds (channels?) and sand 
bodies have been observed. Along the road between Skinias and Martha, Hummocky 
Cross Stratification (RCS), indicating a shallow marine environment, was observed. 

In the southern part of the Ierapetra Basin, immature dark-blue micritic limestone 
breccias appear above the transition from brackish to open marine deposits in the 
Parathiri Member (Fortuin, 1977, 1978; Postma et al., 1993a). In the northern part of 
the basin these breccias occur in the top of the Males succession. The deposits of the 
Males formation, including those of the Parathiri Member, are widely covered by a 
series of slides, slumps and debris-flow deposits containing exotic large Tripolitza 
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blocks and Mithi, Males and brecciated Tripolitza limestone material (Breccia Series 
of Postma et al., 1993a). Slickensides along the Kritsa Fault Zone in the northern part 
of the Ierapetra Basin (Fig. 8) indicate reverse, left-lateral oblique motions towards 
SSW (Postma et al., 1993a). The latter authors suggest that the deposition of breccias 
is related to the reverse faulting along the Kritsa Fault Zone. Tripolitza limestones 
overlying Males conglomerates on the peninsula of Vrionisi (Gulf of Merabellou, 
Ierapetra Basin) show slickensides indicating sliding from north (NOISE) to south. The 
Mithi and Males Formations and underlying basement are increasingly folded towards 
the Kritsa Fault Zone. The chaotic and cannibalistic appearance of the breccia deposits 
and the deformation of underlying deposits indicate significant slope instability and 
gravitational sediment transport to the south. 

The Breccia Series occurs also east of Ierapetra near the village of Vainia 
(Enclosure 2; see also Fortuin, 1977). The deposits comprise Tripolitza breccias which 
interfinger with the whitish Males conglomerates and slides and large blocks (lOrn) 
of crushed and brecciated Tripolitza limestones. The latter overlie the Males Formation, 
resembling the situation in the northern part of the Ierapetra Basin. 

In the Goudouras Basin, the fluvial deposits of the Males Formation are truncated 
by chaotic, cannibalistic mass-flow deposits (Fig. 5). These deposits reflect the 
composition of underlying units and contain white components derived from the Males 
Formation as well as dark breccia clasts. Paleocurrents in the mass-flow deposits are 
towards S-SW. Males-type deposits are found overlying the mass flow deposits, 
suggesting an interfingering of both lithologies and severe periods of tectonic 
instability at the close of the Males river period. 

To conclude, the deposition of the Breccia Series reflects the effects of the 
culmination of transpressional (cf. Fortuin and Peters, 1985) or compressional 
tectonics. For central and eastern Crete in general, this culmination is expressed by 
reverse faulting, thrusting (Vrionisi peninsula) and mass-displacement of exotic blocks. 
These processes significantly influenced the sedimentary patterns during the Parathiri
Skinias transgression as is evidenced by the intercalation of immature deposits. The 
effects of tectonic instability were largest close to the reverse faults such as near Kritsa 
and north of Gonia (Fig. 8), while further south of these reverse faults the ongoing 
transgression was interrupted by large supply of exotic blocks as can be seen in the 
southern part of the Ierapetra Basin. The features as described here in a N-S transect 
show the effects of differential vertical movements (uplift and subsidence) and basin
floor tilting related to progressive folding and reverse faulting. 
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Episode 2: early Late Miocene: Development of arc-parallel half
grabens in response to inception ofroll-back 

The results of the kinematic reconstructions, presented in Chapter 4, suggest that 
for the earliest Tortonian extensional deformation occurred along N130E and NI00E 
faults in an orthorhombic fault system. Part of this suggestion is based on data from the 
Ierapetra Basin. In the Kalamavka valley, for example, faults within the Stratified Prina 
(SP) Series suggest active growth faulting along these faults during the earliest 
Tortonian. Moreover, the typical wedge-shape of the SP Series-Kalamavka Formation 
is attributed to deposition in an expanding half-graben which was controlled by normal 
faulting along the N130E trending Ayios Nikolaos Fault Zone (Postma and Drinia, 
1993). The wedge-shape is formed by a ca. 50-m-thick, condensed marine succession 
overlying the Breccia Series in the south, and an up to 1000-m thick series of 
continental and marine deposits overlying the Breccia Series in the north (Fig. 4). The 
condensed marine succession consists of shallow marine sandy facies which are largely 
reworked by gravitational processes, and deep marine marls. Going north, near 
Kalamavka, the succession is approximately 600 m thick, gravelly in the lower part and 
sandy in the upper part. The gravelly lower part (Stratified Prina Series, of Postma et 
al., 1993a) consists of coarsening to fining upward sequences which are attributed to 
episodic infill of coarse-clastic, deltaic deposits. Fine-grained turbiditic upper part, the 
Kalamavka Formation (Fortuin, 1977) record deposition in a deep basin. The deep
water deposits of the Kalamavka Formation resemble those described from deep-water
fan-delta systems (Postma and Drinia, 1993). Still further northeast, near Pirgos, the 
Breccia Series are covered by a thick series (up to 600 m) of stream-dominated alluvial 
fan deposits. In the area north of Kalamavka channelised, massive boulder 
conglomerates are associated with slump deposits, turbiditic deposits and olistholiths, 
interpreted as being deposited in a slope to base-of-slope environment (Postma and 
Drinia,1993). 

In the Sitia Basin deposits belonging to the earliest Tortonian are most probably 
represented by continental deposits which were previously seen as the continental base 
of the Skopi Formation (Gradstein, 1973; see next section). Since an angular 
unconformity exists between the continental base and the shallow marine upper 
deposits (see next section), we assign the continental base to a new stratigraphic unit: 
the Roussa Limni Formation, following W.J. Zachariasse (pers. comm., 1992). The 
formation is named after the inhabited village of Roussa Limni along the north coast 
(Encl. 2) and includes continental conglomerates and (pebbly) mudstones laid down 
in an alluvial fan (braidplain) environment. Paleocurrents are directed towards SW. 
Clast composition shows predominance of both Tripolitza and PQ-derived material. 
The Roussa Limni deposits can 15e traced as far south as the Sykia area and are here 
supposed to be the lateral equivalents of the Fothia Formation of Fortuin (1977). The 
latter formation covers wide areas of the Fothia Basin along the south coast of E. Crete 
(Fig. 9). Both the Roussa Limni and Fothia Formations have an angular relationship 
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Fig. 10. Photograph A) and drawing B) ofunconfonnities between the Lithines and Fothia Formations 
and the Fothia ilnd Skopi Formations, west of Lithines. The Lithines Fm. overlies Mangassa flysch and 
forms a paleorelief for the Fothia Fm. Shallow marine deposits with breccia intercalations (Skopi Fm.) 
truncate the tilted Fothia Fm. 
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with the Lithines Formation (Fig. 10). The sediments of the Fothia Formation are in 
general somewhat less well- rounded compared to the Roussa Limni clastics, and 
contain some intercalations of breccias and breccio-conglomerates. Paleocurrent 
directions vary between SE and SW. Both the Roussa Limni and Fothia Formations 
show a fining upward trend related to a transition from massflow (and mudflow) 
dominated, alluvial fans towards deposition in a braided river environment. 

North of the line Pilalimata - Skhinokapsala, a series of NlOOE faults mark the 
transition from a relatively thin pile of breccious Fothia deposits north of these faults, 
near Lithines and a thick series of conglomeratic Fothia deposits to the south of these 
faults, near Skhinokapsala. Just NW of Pilalimata, a closer examination of the faults 
learns that a series of closely spaced NlOOE faults make up a staircase morphology 
with N-tilted fault blocks This geometry suggests that fault-block subsidence and 
accommodation space must have been largest to the south. The erosion of the relatively 
higher fault blocks and the deposition of the erosional products to the south is 
suggested by the fact that Ultra Mafic and Lithines clasts occur in the Fothia deposits 
NW of Pilalimata, whereas west of Lithines the Fothia Formation overlies the UM 
Series and the irregularly distributed Lithines Formation. The northern block is uplifted 
relative to the southern block resulting in the erosion of upper basement units and the 
Lithines Formation and subsequent incorporation of erosion products in the Fothia 
Formation on the southern block. Some of these N1OOE faults can be identified in the 
area between Pilalimata and Goudouras. Fothia type deposits, however, are not present 
in this area. Fault throw along the N020E faults north of Pilalimata during episode 4 
(see section below) can be held responsible for differential vertical motions which 
resulted in the uplift of the eastern area and the subsequent erosion of the Fothia-type 
deposits. 

Later (re)activation of the above mentioned N100E faults is suggested by the 
juxtaposition of immature breccious deposits of the basal parts of the Fothia Formation 
and conglomeratic, more mature deposits from higher stratigraphic levels of the 
formation. The juxtaposition of Fothia deposits against younger Neogene deposits in 
the area between Pilalimata and Ay. Fothia, indicates that NlOOE fault were reactivated 
in later periods also. 

In the area around Vainia, the Fothia Formation overlies the dark Tripolitza breccia 
which are present in the top of the Males Formation (see above) and reaches a 
thickness of maximally 600 m. Paleocurrent directions are towards S-SW 
predominantly (Fortuin, 1977). The Fothia Formation is equivalent to the SP Series and 
the Kalamavka Formation of the Ierapetra Basin (Postma et ai., 1993a). 

A progressive deepening can be inferred from the successions of all locations 
studied. In the northern part of the Ierapetra basin this drowning is inferred from the 
transition of coarse clastic, deltaic deposits (SP Series) to deep marine turbiditic marls 
(Kalamavka Formation). In the Sitia and Fothia basins, the transition from proximal 
alluvial fans to stream dominated braid plain deposits and eventually brackish/shallow 
marine deposits represents the drowning of the basin. 
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Thick series of alluvial fan conglomerates and breccio-conglomerates cover the 
immature breccia deposits of episode 2 west of Gonia (Fig. 9). These alluvial fan 
deposits show paleocurrent directions to S-SE and the enormous thickness suggests the 
infilling of a considerable, probably fault-bounded, depression. The depositional setting 
is comparable to that of the SP Series and the Fothia Formation on eastern Crete. Both 
the SP Series, the Fothia Formation and the fanglomerates near Gonia overlie breccias 
and exotic blocks of episode 2. A more precise correlation of these alluvial fan deposits 
is not possible. 

In the area between Skinias, Martha and Tefeli (Fig. 9) the clays of the Skinias 
Formation were deposited in open to deep marine environments (> 200 m) as indicated 
by diverse deep marine benthos associations. It is inferred that the deep marine marly 
clays of the Skinias Formation overlie the transgressive, sandy, shallow-marine series 
onlapping the Viannos Formation, although the stratigraphic relationships between the 
two units are obscured by many faults and rapid lateral facies changes. The deep 
marine marly clays are assigned to the early Tortonian, which is based on the presence 
of lower dextral N. acostaensis (W.J. Zachariasse, pers. comm, 1997). They contain 
turbidites with rip-up clay clasts and flute-clasts in their base indicating current 
directions to the south. Fault control on the deposition of the Skinias Formation has not 
become evident from our observations. 

Deposits belonging to the earliest Tortonian have not been found on Gavdos and 
may have been eroded before the deposition of marine sediments during episode 3 (see 
next section). This is substantiated by the paleosols on top of the late Serravallian blue 
clays (Postma et al., 1993b). 

In conclusion, we found that eastern Crete is dominated by coarse grained alluvium, 
the southern part of the Ierapetra Basin shows a transition from deltaic to deep marine 
deposits in a thinning wedge, and in the southern part of the Iraklion Basin, deep 
marine clays are present. Based on this distribution of sedimentary facies and the 
control of NIOOE faults in the Fothia Basin and ofN130E faults in the Ierapetra Basin 
(Postma et at., 1993a) we infer an approximately WNW-ESE trending half-graben 
system for the earliest Tortonian (Fig. 9). The proposed master fault zone of the half
graben the Ayios Nikolaos FZ (cf. Postma et al., 1993) can only be found in the 
northern part of the Ierapetra Basin and is, as demonstrated in this section, not the only 
fault responsible for accommodating basin subsidence. For instance, the NI00E faults 
in the Fothia Basin were evidently indicated as master faults along which major 
subsidence occurred and accommodation space was created. The deep marine parts of 
the half-graben system can be found in the southern part of central Crete (Skinias and 
Martha) and in the southern part of the Ierapetra Basin (Fig.9); it is not clear if these 
parts of the basin were connected. Perpendicular to the WNW-ESE trend of the deep 
half graben basins, the existence of a series of progressively uplifted fault blocks is 
clear from syn-sedimentary fault growth and a sediment wedge of southward 
prograding deltas of the SP Series and the alluvial fan deposits of the Fothia Forrnation. 
The deposits of the Roussa Limni Formation are more mature and much thinner 
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developed than those of the Fothia Formation and are interpreted as the more proximal 
fluvial systems feeding the Fothia alluvial fan (Fig. 9). The southwesterly paleocurrents 
in the Roussa Limni deposits suggest that the drainage area of the rivers must have 
been larger than the present-day distributional area suggests. The present Ornos 
Mountains (Enclosure 2) were probably not yet formed. Drainage was towards the 
hanging wall basin, implying that footwall uplift and fault-block tilting, which would 
have led to an oppositely trending drainage, did not occur. 

Episode 3: Late Miocene - development oforthogonal half-grabens in 
response to radial tension 

A reconstruction of the early to middle Tortonian basins shows a laterally highly 
variable facies distribution, which resulted from the intemction of changes in sea-level, 
sediment supply and paleorelief, which were all governed by fault-block tilting. The 
activity along N100E and N020E faults gave birth to an "egg-box" morphology and the 
relative importance of either one direction determined the shape of the small, 
orthogonal half-graben basins. 

Early to middle Tortonian 

During the early to middle Tortonian the Sitia Basin was controlled by N020E 
faults, which are observed at numerous localities. At the NW margin of the Sitia basin, 
in the strip from Skopi to the north coast (Fig. 11), breccias with a predominance of PQ 
clasts and Tripolitza blocks overlie basement rocks and the Roussa Limni Formation 
(Fig. 11). To the west and higher up the basement, large (up to 1000 m3) blocks of 
brecciated Tripolitza material are present. In cross sectional view the breccias display 
an eastward (i.e. basinward) thickening wedge shape. The breccias have a cavernous, 
crystalline matrix and contain reef fragments. Paleocurrent directions are between NE 
and SE. The breccia wedges suggest severe eastward tilting of basement blocks, most 
probably accomplished by fault displacement along the N020E faults at the eastern 
margin of the basin. Continuous tilting is evidenced from a series of five prograding, 
coarse clastic (braid?) delta sheets alternating with floodplain fines, overlying the 
breccias. The floodplain deposits show occasionally caliche and rootlets; field 
observations suggest an angle of approximately 3 0 between the lower- and uppermost 
delta sheets. The deltaic deposits are covered by and transitional with sandy to clayey 
upper shelf deposits. Similar breccias and overlying deltaic to shallow marine deposits 
have been reported from the area around Petras (Fig. 11; Encl. 2). The described 
deposits belong to the Skopi Formation (Gmdstein, 1974). Halfway Toplou and Petras, 
in the northeastern part of the basin, a thick pile of floodplain deposits, with minor 
intercalations of coarse clastics overlies the alluvial deposits of the Roussa Limni 
Formation. The floodplain deposits are succeeded by patchreefs and sandy and clayey 
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shelf deposits. These are in tum succeeded by a series of 5 prograding, coarse-clastic 
fan deltas (Toplou Formation of Gradstein and van Gelder, 1973), incorporating both 
Gilbert-type deltas and deltas with a shoal-water profile (cf. Postma, 1990). The fan 
delta deposits are alternating with upper shelf sandstones and clays. Eastward, the fan 
deltas are transitional to braided river deposits of the Kastri Formation (Gradstein and 
van Gelder, 1973). 

In the southern part of the Sitia Basin, west of Lithines, several coarse clastic 
wedges pinch out towards the east. The wedges are interpreted as prograding wave
reworked deltas, according to the presence of wave produced structures and preserved 
gravel beaches associated with the coarser beds. Figure lOB shows the angular 
relationship of the Lithines Formation, the Fothia Formation and the Skopi Formation. 
The latter formation comprises gravelly beach deposits which are capped by breccious 
deposits from a wave-cut platform. Large parts of the southern basin are characterised 
by the presence of these deltaic deposits overlain by upper shelf sandstones. The 
angular unconformity between the Skopi and Fothia deposits of about 6° resulted from 
eastward tilting and progressive onlap of the Skopi Formation over the Fothia 
Formation. However, at the eastern margin of the Sitia basin, east of Sykia (Fig. 11; 
Encl. 2), the transition from the Roussa Limni to Skopi deposits seems to be 
conformable. This asymmetric geometry of stratal patterns (cf. Leeder and Gawthorpe. 
1987) is explained by syn-sedimentary, eastward tilting of the basin floor 
accommodated along N020E faults bordering the basin to the east (Encl. 2). To the 
northwest of Sykia, a coastal sequence is juxtaposed against a N020E fault plane of 
Tripolitza limestone which shows abundant Lithophaga boreholes, and overlies a 
downfaulted block of the same Tripolitza limestone. A transition from coarse breccias 
and boulder conglomerates to low- and high-angle laminated and cross-bedded 
conglomerates and sandstones reflects the drowning of the Tripolitza cliff coast. Fault 
activity here is most probably synchronous with or just prior to establishment of marine 
conditions (Skopi Formation), regarding the boreholes on the fault plane. Fault offsets 
along the western boundary of the Sitia Basin are only small « 10 m). Regarding the 
stratal geometries and the fault offsets, we infer that the eastern boundary faults are 
synthetic faults, whereas the western boundary faults are antithetic faults. 

In the Skopi and Toplou areas, west and east of the N020E half-graben respectively, 
faulting along similar trending faults did not occur. The deltas prograded from a 
paleorelief basinward, although eastward hanging-wall tilting influenced the delta 
sheets near Skopi. The Kastri-Toplou depositional system was confined to a narrow 
depression which coincides with an anticlinal axes in the basement (see Fig. 7), and 
was formed by the break-up and denudation of these open folds, as discussed earlier. 
The situation is comparable with the depression east of Sykia, where deltaic boulder 
conglomerates with Tripolitza and PQ clasts form the feeder system of the laterally 
equivalent deep-water delta deposits which form the axial fill of the N020E trending 
graben (Figs 11 and 12A). The delta-to-submarine fan deposits are referred to as the 
"green conglomerates" by Gradstein (1974), since they contain abundant green, 
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igneous pebbles derived from the nearby exposed PQ Series. The absence of coarse 
deltaic deposits north and south of the depression suggests that they stemmed from a 
nearby exposed source area. The fold related depression east of Sykia (antecedent 
valley in Fig. 11) formed the local entrapment of these deposits. Roberts and Jackson 
(1991) described similar features for half-grabens in central Greece, which illustrate 
how drainage and geomorphology is related to the lithology of the footwalls. 
East of Vainia, in the eastern part of the Fothia Basin, the upper half of the Fothia 
Formation consists of large slabs of dark, locally brecciated Tripolitza limestones, well
sorted stratified breccias and poorly sorted breccias (Postma et al., 1993a, their Figure 
9). All components are derived from the Tripolitza Series. Faults (NIOOE) within these 
exotic blocks and underlying marly Fothia deposits show slickensides indicating 
displacement towards the SW. Slumpfolds in the top of Fothia succession suggest the 
same sense of movement. We interpret these features as resulting from a new tectonic 
pulse along the NI00E faults bounding the Fothia Basin to the north. Early to middle 
Tortonian activity of N020E faults, which are present in this area, has not become 
clear. 

In the Ierapetra Basin only 50 m of marly and sandy shelf deposits were laid down 
north of the Makrilia FZ (Fig. 11) and ca. 400 m of deep-basin muds and turbidites 
accumulated south of the fault. Reconstructions of the paleobathymetry (Postma et ai., 
1993a) show that basin subsidence south of the Nl DOE trending Makrilia Fault Zone 
(MFZ) must have been in the order of 400 m and considerably less north of it. Based 
on the distribution of sedimentary facies we infer that activity along the MFZ, which 
continues just south of Vasiliki, played a major role in the separation of the northern 
and southern Ierapetra Basin (Fig. 12A). Biostratigraphic data, however, do not allow 
to date the dissimilarities in stratigraphy and sedimentology at both sides of the fault 
precisely. The intercalation of sandy turbidites in the deep marine Makrilia deposits in 
the southern part of the basin implies an east-dipping paleoslope for the early to middle 
Tortonian. This paleoslope may have been formed in response to basin-floor tilting 
along the N020E faults east and west of the Ierapetra Basin (Fig. 12A). The sandy 
(turbiditic) middle part of toe Makrillia Formation, may correlate with the (fan) delta 
deposits in the Sitia Basin (Postma et ai., 1993a). 

In the Iraklion Basin, both Nl DOE and N020E faults controlled the facies 
distribution (Chapter 4). Also, the Iraklion Basin shows a wide variety of sedimentary 
facies due to the interaction of the two fault directions. Along the southern faulted 
margin of the Psiloritis Mountains, in the vicinity of Zaros, the Ambelouzos Formation 
(Meulenkamp et at., 1979) comprises fluvio-deltaic deposits with coarse, scouring 
conglomerates, sands and clays in fining upward sequences. The deltaic deposits are 
overlain by sandy, shallow marine deposits which are occasionally associated with 
Porites patchreefs. The faunal content consists of diverse gastropods and molluscs and, 
at some levels, of abundant Heterostegina sp. East ofZaros and east of the N020E fault 
(Fig. 11 the same transition is observed. In contrast, however, the base comprises 
alluvial fan units with boulder conglomerates alternating with red silts and sands 
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comprising plant remains, rootlets and calcretes. Paleocurrent directions are directed 
towards the SE. The above mentioned deltaic deposits occur laterally of the alluvial fan 
facies and both facies are overlain by shallow marine deposits. The lateral facies 
changes and the presence of the alluvial fans were controlled by the interaction of 
NI00E and N020E faults, which determined the local variation in accommodation 
space and basin depth. For instance in the area between Zaros and Ag. Varvara thick 
clastic wedges developed at the intersection of the two fault directions (Fig. 12 A). 

Further south, north of Ag. Deka, shallow marine sandy deposits and associated 
reefs overlie fluviolacustrine deposits. The latter are generally finer grained as 
compared to the continental deposits in the area to the north. Associated fines with 
rootlets and paleosols fit within a floodplain (deltaplain) environment. Locally, lignite, 
peat and bituminous shales point to the presence of lagoonal or swamp-like conditions 
(Fig 12 A) 

Across the Messara plain, east of. Matala (Fig. 11) the base of the Ambelouzos 
Formation overlies the Pre-Neogene basement. The lowermost units consist of fining
upward sequences with coarse conglomerates followed upwards by sand and silts with 
plant remains. The majority of the clasts resemble the underlying flysch deposits, 
although minor amounts of ophiolitic pebbles (UM Unit) occur. These deposits have 
paleocurrent directions between NE-NW and were deposited in a fluvial environment 
as interpreted from upward fining sequences of conglomerates to marls and the highly 
variable paleocurrent directions. Upward, the fluvial deposits grade into silts and 
sandstones with Pecten, Clypeaster, Lithothamnium and Ostrea, and some 
conglomeratic channel fills. Paleocurrents readings in the conglomerates point to the 
NE, whereas low-angle foresets show unidirectional paleocurrents towards the west. 
This opposite trend in paleocurrent directions can be ascribed to the interaction 
between stream flow and wave action in the distributary channels within a deltaic 
environment. The top part of this shallow marine unit often consists of thick oyster 
beds covered by silts and muds with abundant calcretes. We infer that faultblock tilting 
along the NI00E faults south of the Psiloritis Mountains was responsible for the 
development of the hanging wall-sourced fluvial and deltaic systems in the 
southernmost part of the basin (Figs. 11 and 12A). 

In the more eastern parts of the Iraklion Basin, the occurrence of the fluvial to 
shallow marine facies is more patchy. In a section taken south of Tefeli, an angular 
unconformity was observed between northward tilted deposits of the Skinias Formation 
and the Ambelouzos Formation (Fig. 13). Further south at section Kastellios Hill (Fig. 
11), the transition between the Skinias and Ambelouzos Formations is marked by the 
presence of calcretes in the Skinias Formation, indicating the presence of an erosional 
unconformity and paleosol formation. The overlying Ambelouzos Formation shows a 
transition from estuarine clays and conglomerates to shallow marine sandstones 
associated with abundant oysters. The position of the Kastellios Hill section close to 
a NlOOE fault suggests that northward fault-block tilting led to the uplift of the 
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Fig. 13. Angular unconformity between the northward tilted deposits of the Skinias Formation and 
the Ambelouzos Formation. Approximate width is 5m. Picture taken just south of Tefeli. View direction 
isSW. 

northern block relative to the southern block as illustrated by tilted and subaerially 
exposed Skinias deposits (Fig. 13). 

In the Metochia section on Gavdos island (Fig. 1), the basal part of a deepening 
sequence consists of a paleosol, overlain by estuarine type sediments and bioturbated 
shallow marine sands. These deposits are overlain by an alternation of deep marine 
(850 m) laminites and marls, which contain dextrally coiled N. acostaensis at their base 
(Postma et aI., 1993b), indicating an early Tortonian Age (Zachariasse and Spaak, 
1983). Recent magnetostratigraphy, biostratigraphy and cyclostratigraphy of the 
Metochia section (Krijgsman et aI., 1995) indicate an age of 9.7 Ma for the base of the 
marl succession. 

Summarising, the generation of a new fault group, the N020E faults, caused a 
dramatic change in the distribution of land and sea. Whereas in earlier periods a 
northern hinterland (Southern Aegean landmass) with non deposition existed, this 
landmass broke up along Nl DOE and N020E faults in the course of the Tortonian (Fig. 
12A). During the early Tortonian, the sea slowly invaded Crete through the complex 
horst and graben morphology, resulting in the deposition of a thick, "cyclic", sequence 
of fluvial, brackish and marine strata. Subsidence during this period has been 
recognised allover Crete (Drooger and Meulenkamp, 1973) and the continental to 

159 



Chapter 6 

marine transition has been reported from many stratigraphic sections in Crete. As 
illustrated for the Sitia Basin, half-graben morphology and infill are also controlled by 
antecedent valleys, which formed local drainage and entrapment areas. 

Seismic profiling just north of Crete show that both Late Miocene and Pliocene 
sediments are affected by approximately N-S extensional faulting, while younger 
deposits onlap (Mascle and Martin, 1990). This suggests a main phase of basin creation 
at some time during the Late Miocene. The northern continental margin of Crete is a 
typical rifted margin composed of tilted blocks and half-grabens and the main structural 
directions are similar to those on onshore Crete in the Neogene grabens. 

Middle to late Tortonian 

In the middle to late Tortonian, NlOOE and N020E faults were still of considerable 
importance and controlled the distribution of sediments. In the Iraklion Basin and in 
the Ierapetra Basin, two deep-marine hanging-wall basins south of NlOOE oriented 
fault zones can be identified. In the Iraklion Basin a transition is observed from the 
shallow marine deposits of the lower part of the Ambelouzos Formation towards deep 
marine blue-grey clays belonging to the upper part of the Ambelouzos Formation (see 
Fig. 3 for stratigraphy). This transition from shallow to deep marine is typically marked 
by a highly fossiliferous sandstone bed with H eterostegina sp. In the vicinity of Kastelli 
the basin deepening trend, which started in the early Tortonian and which is reflected 
by the transition from continental to shallow marine deposits, continued and the basin 
reached depths of 500 to 900 m, based on planktonlbenthos ratios (W.J. Zachariasse, 
pers. comm., 1997). At some levels thin sandy turbiditic beds are intercalated. The 
marls show a distinct cyclic bedding with laminites (sapropels) and bioturbated marl 
layers. The cyclicity correlates with the astronomical precession cycle (Hilgen et ai., 
1995; Krijgsman et at., 1995), This high-resolution stratigraphic control reveals a 
middle to late Tortonian age for the deep marine Ambelouzos deposits starting at 8.3 
Ma and continuing to the Tortonian - Messinian transition (7.24 Ma) in the Kastelli 
area (Fig. 3). 

In the southern part of the Ierapetra Basin, south of the Makrilia FZ, the middle part 
of the Makrilia Formation is dominated by sandy and gravelly high-density turbidity 
current deposits (Fig. 4). The upper part consists predominantly of marls and is 
assigned a middle Tortonian Age based on the presence of Globorotalia menardii form 
4 and sinistrally coiled Neogloboquadrina acostaensis (Postma et ai., 1993). For the 
northern part of the basin, these authors mention that such deep marine deposits are not 
present. Here, middle Tortonian (G. menardii form 4) outer-shelf marls overlie 
homogeneous marls and calcarenites of early Tortonian Age. 

Uplifted footwalls (relative to deepening hanging wall basins) along NlOOE faults, 
can be traced from central to eastern Crete and can also be found in the southernmost 
part of the Iraklion Basin (Figs. 12B and 14). These uplifted footwalls are characterised 
by shallower marine deposits. Just south of Megalo Vrisi, the upper part of the 
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Fig. 14. Ditribution of sedimentary facies illustrating the 
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Figure 7. 

Iraklion 

Fig. 15. Ditribution of sedimentary facies illustrating the 

~ 

~ 
&
I:l 

~ 
c:,'"' 
;::: 

~ 
;;
~ 

is 
'S;
oQ 
~ 

:::s '" 
~ 

'" C5 
i2paleogeography during the late Tortonian to early Messinian. For g.

key see Figure 7. ;:::0\ ..... 



Chapter 6 

Ambelouzos Formation is characterised by a succession with sandstones with 
Heterostegina sp. alternating with inner shelf mudstones containing molluscs and 
gastropods. At the southern margin of the basin, east of Matala (Fig. 14), above the 
continental to shallow marine successions of the Ambelouzos Formation continental 
calcrete horizons are found, which probably resulted from the emergence of the area. 
The deep-marine marls of the upper Ambelouzos Formation are not present. Either the 
shallow marine deposits are the lateral equivalents of the deep marine marls in the 
deeper parts of the basin, or the deep marls were initially present in the vicinity of 
Matala, but were removed during fault-block tilting which led to uplift and emergence 
of the area. Stratigraphic data does not allow a more precise correlation of the deposits 
near Matala and those to the north, near Kastelli. 

A configuration with a shallow marine footwall area and a deep marine hanging 
wall basin can be deduced from the north - south distribution of sedimentary facies 
north and south of the MFZ in the Ierapetra Basin. South of the MFZ the upper part of 
the Makriliil Formation was deposited in upper- to middle bathyal waterdepths (Postma 
et al., 1993a), whereas south of it deposition occurred in inner-to-outer shelf 
environments. 

In the Sitia Basin the deep-marine marls belong to the Achladia Formation 
(Gradstein, 1973) which is assigned a middle Tortonian Age based on the presence of 
sinistral N. acostaensis and G. menardii form 4 (Zachariasse, pers. comm., 1996). In 
the vicinity of Petras, the basal part of the Achladia Formation consists of sandy marls 
with turbiditic sand intervals and overlies a fossiliferous sandstone sheet with 
Heterostegina sp. The basal sandstones contain several pebble lags, Ostrea and a 
diversity of Pecten indicating a nearshore to inner-shelf environment. The decreasing 
sand content upward in the succession coincides with a deepening towards deep marine 
environments. Paleowaterdepth estimates for the base of the deepening sequence 
indicate waterdepths of more that 200 m, based on deep marine benthos; the upper part 
of the Achladia Formation indicates waterdepths of up to 1000 m, based on 
plankton/benthos ratios (Zachariasse, pers. comm, 1996). Northeast of Toplou the deep 
marine Achladia marls are not present. Thick series of Heterostegina rich sandstones 
found at that locality (Fig. 14) are probably the lateral equivalent of the deep marine 
marls. This lateral change of sedimentary facies suggests the infilling and onlap of the 
earlier mentioned antecedent valleys. In the southern part of the N020E trending Sitia 
Basin only the inner shelf facies of the Achladia Formation occurs and can be traced 
until the south coast near Pilalimata. A gradual northward deepening towards a deep 
hanging wall basin is evidenced by the transition from these inner-shelf sandy marls 
in the south to deep marine marls in the northern part of the Sitia Basin. This suggests 
the northward tilt of the Sitia block, probably accomplished by N100E faults between 
the Fothia and the Sitia basin (Figs. 12B and 14). 

A shallow marine basin began to form north of Crete in the middle Tortonian 
(Meulenkamp et al., 1979; Angelier et al. 1982) which process was probably related 
to the break up of the landmass accomplished due to activity along N100E and N020E 
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nonnal faults. As has been demonstrated in Chapter 3, the N020E faults are present to 
the south and north of Crete and may have been important for establishing N-S sea 
ways. 

We conclude that continuous fault-block tilting and basin growth led to a 
configuration in which sedimentation did not keep up with subsidence and marine 
conditions became more open. The tilted block geometry is characterised by 
contemporaneous deep marine environments in the hanging wall basins and shallow 
marine deposits on the footwall areas and was accomplished mainly along NI00E 
faults. Evidences of tilting along N020E faults are not as pronounced as those for tilting 
along NIOOE faults. 

late Tortonian - early Messinian 

The late Tortonian to early Messinian period is characterised by severe fault-block 
tilting, footwall uplift and passive folding along existing and newly developed N020E 
and Nl ODE faults (Fig. 15). The increased fault-block tilting resulted in an accentuation 
of the terrain. Accentuation here is the right tenn since deep basins remained deep and 
existing fault-related highs were strongly uplifted due to tilting of large fault blocks, 
suggesting the initiation of footwall uplift. Along the NIOOE faults in the central part 
of the Iraklion Basin a series of uplifted fault-block crests fonned the most pronounced 
topographic features (Fig. 12C), which is referred to as Central Iraklion Ridge (sensu 
Meulenkamp et at., 1994). 

Block tilting is also clear from the NE part of the Sitia basin, where the top of the 
deep marine Achladia Fonnation is locally marked by the presence of a fine-grained, 
dark breccia with white calcareous matrix. The breccia is overlain by a regular 
alternation of grey marls and white calcarenites. Between the latter deposits and the 
deep marine marls a small anglular unconfonnity has become evident from large 
outcrops (Fig. 5). The grey marls are typically of the Achladia type and belong to the 
upper Tortonian based on their faunal content (sinistrally coiled N. acostaensis). The 
intercalated calcarenites are interpreted as turbidites and contain shallow marine faunal 
elements. Hemipelagic sedimentation continued throughout the late Tortonian to early 
Messinian as evidenced by the Faneromeni section (Krijgsman et at., 1994), which is 
located in the deep, central part of the basin (Figs. 5 and 15). Basin floor instability in 
that period is inferred from major carbonate slumps which are intercalated between 
marls of early Messinian Age. 

Along the eastern boundary fault of the Sitia basin, between Sitia and Sykia (Fig. 
15) debris-flow deposits with monomict, coarse conglomerates and a calcareous matrix 
occur. These conglomerates contain exotic blocks of sandy and marly deposits 
belonging to older units, dark Tripolitza fragments and abundant green serpentenitic 
fragments of the PQ Unit. The deposition of westward flowing debris flow 
conglomerates and the associated truncation of older units point to significant slope 
instability due to severe fault throw and fault-block tilting. The Faneromeni limestones 
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Fig. 16. A) Picture taken just west of Ay. Thomas to illustrate fault-block tilting and forced folding. 
B) Interpretation shows the northward tilting of the fault block with near horizontal layers of the Varvara 
Formation unconformably overlying the block. The tilted block consists of Tripolitza limestones overlain 
by flysch deposits (basement). To the south of the fault southward dipping deposits of the Viannos 
Formation are exposed. Note that the deposits of the Pirgos Member have a near horizontal dip and are 
not broken up, but folded above the fault. South of the fault, the carbonates interfinger with marly strata, 
indicating the tectonically induced platform slope. 

onlap to the east and overlie older deposits with a progressive angular unconformity 
(tapering). Near Petras, at the western side of the N020E fault zone (Fig. 15) slumped 
limestones occur in the top part of the Achladia Formation, which are also overlain by 
tapered limestones of the Faneromeni Formation. 

In the southern part of the Ierapetra Basin, the upper part of the Makrilia Formation 
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Fig. 17. Evolution of the Tortonian tilt-block half grabens in Crete following the stages described in 
Figure 14 and text. This example shows a N-S transect through the Iraklion Basin and is illustrative for 
all the studied basins on central and eastern Crete. 
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indicates shallowing, as suggested by planktonlbenthos ratios (Postma et al., 1993a). 
Sediments belonging to the late Tortonian-early Messinian are characterised by 
calcareous (biogenic) and marly sediments with abundant sponge needles. These 
deposits belong to the Ammoudares Formation (Fortuin, 1977). The Ammoudares 
sediments underwent submarine sliding and slumping. The basal part of the sequence 
still contains terrigenous clastic sediments, similar to the Makrilia Formation, although 
mixed with some biogenic material. These mixed deposits, which contain gravelly 
debris flow deposits and sandy turbidites resemble the deposits reported from the east 
side of the Sitia Basin. Upward in the sequence, a gradual change from predominantly 
lithoclastic and biogenic sands to laminated and homogeneous marls has been observed 
(Postma et al., 1993a). Marls in the lower and middle unit contain G. menardii form 
5, assigning a late Tortonian to early Messinian Age. The entry of the Messinian 
marker species G. conomiozea was observed in the upper unit (Fortuin, 1977). 

In the area north of Kastelli and south of Ay. Thomas, in the southern Iraklion 
Basin, deep- marine marls of the Ambelouzos Formation are truncated by fine-and 
coarse-grained sandstones and conglomerates filling broad channel structures (Figs. 
12C and 15). Upwards the succession is followed by alternating homogeneous and 
laminated marls with intervening bioclastic and terrigenous-clastic graded turbidites 
of the Varvara Formation (Meulenkamp et al., 1979a). The turbiditic sandstones are 
burrowed and contain faunal elements derived from the shelf such as Heterostegina sp. 
and Lithothamnium. The sedimentary facies is indicative for a slope environment. 

In the northern part of the basin the Pirgos Member of the Varvara Formation 
unconformably overlies tilted deposits belonging to the Ambelouzos Formation and 
older formations (Fig. 16). The Pirgos facies consists of pack-, grain- and rare 
boundstones with abundant Lithothamnium and other shallow marine faunal elements. 
Some coarse terrigenous intervals are present at the base of the Pirgos Member. The 
shallow marine sandstones have intercalated Porites reefs, and are overlain by 
alternating homogeneous (bioturbated) marls and laminites (sapropels). On a fault 
block crest just south of Ag. Thomas, patchreefs with Porites and Chyphastrea overlie 
northward-tilted Ambelouzos deposits in which calcretes developed in paleosols. South 
of the NlOOE fault zone, near MegaloVrisi and the area west of it, base-of-slope 
deposits of the Pirgos Member iare deposited on outer shelf marls belonging to the top 
of the Ambelouzos Formation. Above this level, the deep-water deposits of the Varvara 
Formation consist of a cyclic alternation of white homogeneous limestones and 
laminated marls. The cyclicity can be related to precession (Krijgsman et al., 1994). 
The transition from the Ambelouzos Formation into the Varvara Formation is marked 
by a change from blue grey marls to whitish limestones which reflects a relative 
decrease in terrigenous supply. The drowning of the Pirgos Member, in the northern 
areas, is marked by the (almost) disappearance of Lithothamnium and of terrigenous 
clastics. 

Radiometric dating of three ash layers in the Varvara succession at Kastelli 
(Krijgsman et al., 1995), and our recognition of one of these layers on the paleoshelf 
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near Pirgos, enabled correlation of the northern and southern fault blocks (Fig. 17). In 
the Kastelli section the three ash layers (6.941, 6.887 and 6.771 Ma, respectively) occur 
above the Ambelouzos-Varvara transition which is dated at 7.24 Ma (Hilgen et aI., 
1996) and corresponds to the TortonianlMessinian boundary. The base of slope 
deposits and the sandy and conglomeratic submarine fan deposits at the Ambelouzos
Varvara transition are thus a bracket between 7.24 and 6.941 Ma. On the northern 
block, the lowermost ash layer occurs in the Varvara marls just above the Pirgos 
Member (Fig. 17), implying that the shallow marine Pirgos Member is older than 6.941 
Ma. We infer that tilting and erosion of the northern block resulted in the deposition 
of the erosion products in submarine fans on the southern block, prior to or 
simultaneously with renewed deposition (possibly by onlap) on the rotated fault block 
(see Fig. 17).The formation of drag folds or forced folds (ef Couples et al., 1994) in 
older stratigraphic units occurred in response to local upward fault propagation and 
fault-block tilting and is a mechanically isolated feature. The Central Iraklion Ridge (cf. 
Meulenkamp et aI., 1994) coincides with the area of major footwall uplift and drag 
folding, and may have been formed, or became accentuated due to these processes (see 
discussion). 

The late Tortonian to early Messinian episode is marked by a change from 
predominantly clastic to carbonate deposition. For the Sitia Basin, Peters (1985) 
mentioned that fault-block tilting in the Messinian led to the progressive onlap of 
Porites reefs. These findings are in good agreement with those of Angelier (l975b) on 
the synsedimentary sliding and widespread tilting of late Tortonian - early Messinian 
sediments along normal faults. Moreover, the latter study and our observations 
illustrate that the intensified fault-block tilting also continued during the deposition of 
younger, but still early Messinian, reefal limestones and marls which onlap the Alpine 
basement along the basin margins (Figs. 17 and 18). 

In conclusion, we demonstrated that the continued and intensified tilting of fault 
blocks along NlOOE and N020E faults, resulted in a pattern of drowned and emerged 
blocks, which are schematically shown in Figure 12C. The types of the sedimentary 
facies, and their distribution are strongly controlled by fault-block tilting. The coarsest 
grained debris flow deposits occur adjacent to the steeper footwall slopes. The 
deposition of turbidites and debris flows seem to have been associated with steepening 
of hanging-wall slopes and the uplift of footwall areas. Intensified footwall tilting 
around the Tortonian - Messinian transition preceeded the accummulation of volcanics 
which are derived from the volcanic arc to the north of Crete. In the early Messinian 
tilted fault blocks are onlapped by mixed siliciclastic-carbonate shelf deposits, whereas 
marls accumulated in the deep basins. 
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Late Miocene half-graben kinematics - discussion 

Type ofhalf-grabens 
The lineament pattern on Crete is mainly obtained from satellite imagery (Enc!. 1) 

and shows a pattern of straight features, which are interpreted as faults (see Fig. 2 and 
Chapter 3). The satellite images show that many of the faults are straight over distances 
of up to 40 kilometres or more, which is in agreement with the surface expression of 
planar faults. The observed near-straightness of the faults over large distances is 
probably the best criterion in favour of high-angle planar faults, since it avoids the local 
surface expression of fault planes: i.e. in small outcrops listric faults may seem planar. 
The distinction between planar and listric faults may be important for determining how 
faults are accommodated at depth. From earthquake seismology (Jackson, 1987) and 
deep seismic reflection data (e.g. Kusznir et af., 1991), it became evident that planar 
faults may form where the effected strata are entirely brittle. In these cases, the brittle
ductile transition may act as a detachment. In the case of listric faults, the fault plane 
is spoon-shaped and flattens with depth due to an increase in ductility of the rocks with 
depth (e.g. Anderson, 1971; Proffet, 1977). Listric faults should curve in map view as 
well, since displacement is greatest, and nearly dip-slip at the geometric centre of the 
listric fault, whereas towards the arcuate ends of the fault, the total throw decreases as 
the relative portion of strike-slip increases (Rosendahl, 1987). The planar geometry of 
the normal faults together with the synchronism of tectonic events related to the 
formation and evolution of the Cretan half-grabens are characteristic for domino-type 
half-grabens. An expected feature of the domino-type half-graben is that as extension 
progresses, in the ideal case, all faults must experience similar amounts of displacement 
and all fault blocks similar amounts of rotation (Lucchitta and Suneson, 1993). Such 
ideal case is expected if faulting and block rotation are governed by displacement along 
the same detachment. Unlike domino-type faulting, in the case of listric faulting the 
amount of fault-block rotation can vary regionally, strata of the same age can have 
different dips, and unconformities can have different ages in each of the fault 
controlled basins (Lucchitta and Suneson, 1993). 

Arc-parallel half-grabens 
The earliest Tortonian half-graben system has formed parallel to pre-existing open 

folds and the arc's orientation of that time (see also Chapter 5). As discussed in the 
latter chapter, the parallelism suggests some kind of relationship between the formation 
of the nappe stack and its subsequent extensional break-up. The orientation of the fold 
axes varies between NlOOE and N130E (Fig. 2A) and the basin-controlling normal 
faults have orientations of both NI00E and N130E in an orthorhombic symmetry (Fig. 
2B). The orthorhombic fault symmetry has previously been misinterpreted as to 
represent curvilinear border faults (e.g Creutzburg et aI., 1977; Stefouli and Osmaston, 
1986). Misinterpreting faults that make up an orthorhombic symmetry as being arcuate 
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is mostly a consequence of trackline aliasing (Rosendahl, 1987). With regard to the fact 
that subsidence was accomplished by south-dipping NlOOE and N130E faults only, we 
suggest that the arc-parallel fault system resulted from an incomplete development of 
the orthorhombic symmetry (sensu Rosendahl, 1987) which resulted in asymmetric 
subsidence of the basin floor. This basin asymmetry which is typical for half-grabens 
is mirrored by the development of the SP Series - Kalamavka Formation (Ierapetra 
Basin) in a typically wedge-shaped geometry. 

The detachment depth of the master faults can, in our case, be inferred from the 
fault-block width. The earliest Tortonian half-grabens in the Ierapetra Basin had a fault 
block width of approximately 25 km, as suggested by the fault kinematic reconstruction 
study of Postma et ai. (1993a). The rotation of the fault blocks along the master fault 
did not result in the uplift of the footwall as demonstrated by major southward drainage 
of alluvial and fluvial systems towards the hanging wall basin. Barr (l987b) calculated 
that for the domino fault-block model footwall uplift is favoured by a large initial fault 
spacing relative to detachment depth (ratios of 1, 1,15 and 2 for initial fault dips of 90°, 
60° and 45 0, respectively). A steep initial fault-plane dip and a large physical depth to 
the detachment favour footwall uplift (Barr, 1987b). If we adopt an initial fault dip> 
60° (present day average dip of the normal faults), the ratio between fault spacing 
(block size) and detachment depth should be smaller than a value between 1 and 1,15, 
since footwall uplift did not occur. This would imply that the depth to detachment was 
equal to or slightly larger than 25 km. This value corresponds to the thickness of the 
brittle continental crust for eastern Crete, estimated to be 30 km on the basis of seismic 
refraction studies (Makris, 1982; Papazachos et ai., 1991). Hence, the arc-parallel half
graben is best explained by Basin and Range type (BR) faulting (cf. Lucchitta and 
Suneson, 1993), which is associated with high-angle, planar faults that border (tilted) 
horsts and grabens and extend deep into the upper crust. 

We postulate that the arc-parallel basin and its basin fill represent a short period 
(less than 1 Ma) of incipient half-graben evolution, as deduced from stratigraphic 
evidence. Coarse-grained sedimentary systems were developed thickly close to the 
basins border faults (e.g. Fothia Formation and SP Series), whereas the sediment 
accumulation in deeper parts of the basin decreased in a direction approximately 
perpendicular to the basin axis. Modelling studies of Schlische (1991) predict an initial 
period of relative "sediment starvation" in domino-type half-grabens. Because the 
volume of space created after each increment of extension is decreasing through time 
the basins become progressively less sediment starved. This would be true as long as 
the volumetric sedimentation rate and the extension rate do not change. The sediment 
starvation phase is regarded as being typical only for the earliest stages in the evolution 
of (domino-type) half-grabens (Schlische, 1991). Furthermore, the lack of axial 
drainage and the incipient transverse drainage are also typical for young extensional 
basins (Frostick and Reid, 1989). 

Summarizing, for the earliest Tortonian extensional basins on central and eastern 
Crete, the tilt-block geometry, as common in domino-type half-graben basins is 
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evidenced by: 1) the planar geometry of the normal faults, 2) the dip of strata towards 
the controlling fault(s), 3) active sedimentary systems along the basin-controlling faults, 
which filled the basin predominantly by a line source, and 4) the relatively sediment 
starved character of the deeper basin. We relate the approximately N-S extension 
during the earliest Tortonian to the initiation of the roll-back process of the subducted 
slab (see below). 

Orthogonal half-grabens 
The inception ofthe orthogonal faulting along NlOOE and N020E faults led to the 

break up of the earlier formed fault blocks and was accompanied by erosion, mass 
sliding and the deposition of breccias near fault-block crests and fault zones. Radial 
tension due to arc normal pull exerted on an enhanced curvature of the arc is held 
responsible for normal faulting along both fault directions (Chapter 5). The evolving 
half-graben basins were small and display highly variable basin-fill patterns due to the 
local character of sedimentary systems. The changing basin geometry, throughout the 
evolution of the half-graben basins, is reflected by the changing paleocurrent directions, 
the change in provenance and the shift between areas of deposition and non-deposition. 
All preserved distributary systems are immature and generally coarse clastic. They are 
thickest at the intersection of orthogonal faults or at the locality of pre-existing 
depressions. The composition of the supplied clastics was directly related to the 
exposed rocks in the hinterland drainage area. 

The immature basin fill is inferred to be controlled by the local tectonics which are 
characteristic for the evolution of domino-type half-grabens (Leeder & Gawthorpe, 

A 
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Fig. 19. Mechanisms afforced folding, modified after Whitjack et al. (1990). A) Drag (forced) folding 
developed in response to basement penetrating normal faulting; B) Evolution of forced folds as a result 
of upward fault propagation. 
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1987; Schlische, 1991). In such basins both footwall uplift and hanging wall 
subsidence occur simultaneously during fault movement as proposed by Jackson and 
McKenzie (1983). For the Cretan half-grabens, the observed sequence of sedimentary 
systems can be interpreted as a response to hanging wall subsidence and footwall uplift, 
mainly. Both processes are dominant over other, base level controlling mechanisms 
such as eustacy, climate, discharge and sediment yield. An additional effect of the 
combination of footwall uplift and hanging wall subsidence is the formation of passive 
folds in both syn- and pre-rift rocks. Tnese folds account for many of the observed 
angular unconformities and probably formed the steep slopes over which the erosed 
detritus reached the deeper basin (Fig. 17). These structures are also referred to as 
"forced folds" (Whithjack et ai., 1990; Couples et ai., 1994; Roberts and Yielding, 
1994) and are mechanically isolated features which formed in response to local forces 
and not by regional compression. Forced folds either form in response to frictional drag 
along a fault surface during the lateral and upward propagation of faults (e.g. Mitra, 
1993; Fig. 19A), or above the tip of a normal fault (Whithjack et ai., 1990; Fig. 19B). 
The latter folds are initially unfaulted. In both types of forced folds, synclines form in 
the hanging wall and anticlines form in the footwall. Differentiation between both types 
of forced folding is not possible for the examples shown here. 

Mechanisms for footwall uplift 
A pronounced basement anticline which can be traced from central to eastern Crete 

(Figs. 2A and 7) closely corresponds to the central Cretan fault zone along which 
important footwall uplift occurred in the late Tortonian to early Messinian period (Fig. 
2C and 15). An isostatically compensated detachment, which domed in response to 
footwall unloading, gives a possible explanation for the linkage of processes associated 
with normal faulting along NlOOE faults such as forced folding, footwall uplift and 
hanging-wall subsidence, as depicted in Figure 17 and discussed in previous sections. 
Furthermore, it explains the coincidence of anticlinal structures and fault zones. 
Simultaneously, both footwall uplift and severe fault-block rotation also occurred along 
N020E faults, suggesting that isostatic doming of the detachment played a role along 
these faults too. 

H is commonly accepted that footwall uplift provides a mechanism for deriving 
volumetrically significant detritus, which may be deposited either in the hanging wall 
or footwall lows, depending on the local drainage pattern (Leeder and Gawthorpe, 
1987; Roberts and Jackson, 1991; Leeder and Jackson, 1993). In literature, a wide 
variety of explanations for the uplift and erosion of footwall crests in extensional basins 
have been described. As an important cause for footwall uplift, Jackson and McKenzie 
(1983) mention the isostatic upwarp due to footwall unloading after the hanging wall 
has slid down the fault (cf. Heiskanen and Vening Meinesz, 1958). Wernicke and Axen 
(1988) and Wernicke (1990) mention the occurrence of both footwall uplift and 
rotation of fault blocks in the Basin and Range province (Fig. 20A) which were related 
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Fig. 20. Mechanisms for footwall uplift in extensional (half-graben) basins. A) Isostatically ruled uplift 
(isostatic rebound) of the detachment (brittle-ductile transition) in response to fault-plane unloading, 
modified from Wernicke and Axen (1988); 30 km thickness for the brittle continental crust adopted from 
Makris (1982). B) The bookshelf mechanism, modified after Mandl (1984). C) Dipping detachment 
model, modified after Axen (1988). 

doming of a regional extensional detachment in response to differential tectonic 
unloading of the footwall. This footwall uplift is expressed as folding and steep faulting 
of both the basement and sedimentary cover, forming a basement-cored anticline and 
coincident topographic high. This process is also suggested to account for the evolution 
and geometry of the "late-orogenic" (?Oligocene-Early Miocene) detachment-type 
extensional basins and core complexes in the central Aegean area (Gautier and Brun, 
1994). Armijo et al. (1996) relate the uplift of marine terraces in the Corinth Rift to 
flexural footwall uplift along the normal fault bounding the rift, and concluded that 
regional causes for the uplift of the terraces, as proposed by Collier et al. (1992) are of 
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minor importance. In the experimental study of Armijo et at. (1996), the uplift was 
reproduced by defonning a thick elastic plate model using a finite element technique. 
It showed that the uplift resulted from isostatic compensation in response to unloading 
by erosion of uplifted areas, loading by sediment deposition on the hanging-wall, and 
loading due to changing marine levels. 

The origin of asymmetrical, E-W trending open folds in the pre-Neogene nappe 
stack is probably related to the Middle Miocene compression phase (see before and 
Jolivet et at., 1996). These folds were present before the onset of isostatically 
controlled uplift in the orthogonal half-grabens along Nl00E and N020E faults, which 
occurred in the late Tortonian to early Messinian. The isostatic doming along NIOOE 
faults probably enhanced the anticlinal geometry of the basement, but detachment-type 
extension was the most important driving mechanisms. Another circumstance of the 
isostatically uplifted detachment is that, considering the transition from arc-parallel 
towards orthogonal half-graben formation, no different detachment zone is required. 

1------------11....1--_±..... ----u----------1I~ 

'15km 

15 km 

Fig. 21. Schematic model showing the effects of an isostatically uplifted (domed) detachment on fault
block width, basin depth and footwall uplift. +/- indicate areas with/without likely footwall uplift. 

A domed detachment also accounts for fault-block tilting and footwall uplift from 
a geometrical point of view, as is demonstrated by the "bookshelf' mechanism (Mandl, 
1987). The mechanism predicts that large-scale tilting of parallel normal faults in 
domino-style may result in uplift of the fault block crests, depending on the fault-block 
widthlheight ratio and the initial fault dip (Fig. 20C). A domed detachment would thus 
result in locally different ratios, and may account for areas in which footwall uplift 
occurred and areas where it did not. The geological map (Encl. 2) shows that the 
NI00E and N020E normal faults occur in zones and therefore do not exhibit regular 
spacing. A variable depth to detachment can account for the irregularly spaced faults, 
since the length/width ratio of the domino blocks, and thus fault spacing, is dependent 
on the depth to detachment (cf. Barr, 1987b). 
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The domed detachments consist of antithetic segments, dipping opposite to the 
nonnal faults which accommodate extension, and synthetic segments, dipping in the 
same directions as the faults (cf. Axen, 1988; Fig. 20C). Fault block tilting in the 
antithetic segment results in uplift of fault block crests above a horizontal reference 
level, whereas in the synthetic segment down throw of fault block crests is even greater 
than in case of a horizontal detachment. 

Summarising, the geometry of the isostatically domed detachment accounts for: 1) 
a combination of areas in which footwall crest are uplifted and areas where they are 
not, and 2) irregular spacing of faults and thus fault block width (Fig. 21). These 
geometrical effects are superimposed on, and enhanced by the effects of flexural 
footwall uplift and folding due to isostatic doming in response to fault plane unloading. 
The orthogonal half-grabens have a structural style which is common for "Highly 
Extending Terranes" (HET) according to the classification of Lucchitta and Suneson 
(1993). HET's commonly have high- to low angle faults that border tilted blocks and 
terminate downward into sub-horizontal and relatively shallow detachment faults of 
regional extent. 

Geodynamic implications 
yve tentatively postulate that extension due to the inception of the roll-back process 

resulted in the formation of ar.c-parallel half-grabens on Crete. The fragmentation of 
these half-grabens occurred in a following episode that was associated with a 
reorganization of the stress field related to the enhancement of the arc's curvature. 
Numerical modelling studies presented in Chapter 5 show that both arc-parallel and 
orthogonal half-graben formation can be attributed to deformation in response to arc 
normal pull associated with roll-back of the subducting lithosphere. The arc-parallel 
basins are fonned during a non-curved or slightly curved arc geometry, whereas the 
orthogonal half-grabens result from arc-normal pull on a curved arc geometry giving 
tensional directions roughly radial to the arc (see also Mercier et aI., 1989). The rate 
of half-graben formation and the changing half-graben styles are greatly influenced by 
the evolving curvature of the arc. 

Conclusions 
Starting from a well established tectonostratigraphic framework, it is possible to 

relate basin-fill patterns to tectonic deformation in outer arc basins in the Cretan 
segment of the Hellenic arc. We have shown that a Middle Miocene episode of 
compression-related processes, associated with nappe stacking, is followed by a Late 
Miocene extensional episode characterised by the development of two half-grabens 
systems. A domino-style of deformation for both half-graben systems is inferred from: 
1) the parallelism and planarity of normal faults, 2) the dip of strata towards the fault 
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and 3) the synchronism of tectonic events related to the evolution of the basins. 
At the beginning.of the Late Miocene, an approximately 25 Ian wide, arc-parallel 

domino-type half-graben system developed. The system is inferred to be similar to 
extensional basins of the Basin-Range (BR) type with planar normal faults that extend 
to the base of the brittle continental crust (30 km). The lifetime of the basin was too 
short for complete half-graben cycles to develop. Only the early evolutionary deepening 
phase, associated with rapid increase of accommodation space as predicted by domino
type filling models, has been recorded in the basin fill. 

Later in the Late Miocene smaller, domino-type half-grabens developed along an 
orthogonal fault system of NlOOE and N020E faults. The episode of orthogonal half
graben formation led to the fragmentation and local erosion of the previous half-graben 
fill. The half-graben evolution is characteristic for a Highly Extending Terrane (HET), 
with normal faults terminating in a relatively shallow detachment zone. The local 
doming of the detachment is suggested to be related to isostatic uplift after fault-plane 
unloading. The observed footwall uplift and related basin fill patterns are interpreted 
in terms of a combination of isostatic uplift and the geometrical evolution of domino
type half-grabens. The geometry of the domed detachment can further account for the 
variable fault-block spacing. 

The mosaic pattern of numerous small basins is postulated here to be characteristic 
for the orthogonal half-graben system. These basins are filled with coarse-grained and 
immature sediment successions of local provenance which are very thick at some fault 
junctions. 

We postulate that arc-normal pull related to the roll-back process of the subducting 
lithosphere was the most important regional process to account for the observed outer
arc extension. The arc's curvature is important with respect to rates of and changes in 
half-graben formation, whereas the kinematic evolution of the basin is strongly related 
to the local behaviour of the extensional detachment. 
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Enclosures
 

Enclosure 1. Landsat image of central and eastern Crete. Shown here is a colour composite 
image with Red == band l/band 4, Green == band 2/band 5 and Blue == band 3/band 7. The image is 
shown in false colour, i.e. colours are assigned to non visible parts of the electromagnetic spectrum. 
Besides the identification of numerous lineaments a good correlation exists between colour and 
lithology: blue (turquoise) == limestone/dolomite, red/purple == phyllite, quartzites and siliciclastics, 
greenish == flysch type deposits, and pink/yellow == marly and sandy deposits. 

Enclosure 2. Geological sketch map of central and eastern Crete, indicating the pre-Neogene 
rock units and the Neogene-Quaternary basin fill. The latter units correspond to the successive stages 
of the tectonosedimentary evolution as dealt with in Chapter 6. The map contains data from Gradstein 
(1973), Creutzburg et at. (1977), Fortuin (1977), Peters (1985) and Postma et at. (1993a) and this 
study. Structural data is completed with lineaments interpreted from Landsat images and digital 
elevation models (OEM's). 
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