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Abstract 

Sfakia lies wilhin a narrow coastal zone at the southwestern foothills of the Lejka 
Ori Mt. Here a segment of the South Cretan margin is preserved onshore, a struc­
ture that represents a neotectonic structure with continuous activity since the Upper 
Miocene. This segment is characterized by a steep, E-W striking and south facing 
morphological escarpment that constitutes numerous E- Wand ESE- WNW striking 
normal faults. Since the Late Miocene, marine sequences of Tortonian, Early Plio­
cene and Lower Pleistocene age were deposited along the coastal zone. Since the 
Middle Pleistocene multiple, coalescent alluvialfCms covered both the alpine base­
ment and the marine sediments. Fault-kinematic- and stratigraphic data combined 
with recently published palaeobathymetfy reconstructions allow us to make relable 
estimates ofboth the uplift rates offault blocks in the study area and the period that 
the faults that demarcate them were active. The results show that the study area is 
experiencing uplift already since the Middle Pliocene and that the uplift rates of the 
mountainous parts are higher than those of the coastal zone. The general uplift of 
the coastal zone seems to be controlled by offihore normalfaults. south ofSfakia. 
Key words: active crustal deformation, normal fault, extension, Pleistocene, Lejka 
Ori, Sfakia. 
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Introduction 

jve extensional tectonics in the Aegean is accommodated by normal faulting and regional uplift 
ducing new topography at rates higher that those of erosion and deposition (Leeder and Jackson 
13). The lateral extent of the normal faults and their associated tilted fault blocks perform a 
lor control on the distribution of sedimentary facies in these extensional basins. This control is 
re obvious where the nonnal faults occur near sea level, which provides a reference point for 

vertical motions of footwalls and hanging walls (e.g. Goldworthy and Jackson 2000, 
'\.gostino et a1. 200 I). The island of Crete is one of the best examples to examine the upper 
,tal defonnation of the outer Aegean domain as the geological data show evidence of a multi­
~e tectonic evolution of the island, since the Upper Oligocene (e.g. Fassoulas et af. 1994, ten 
~n and Postma, 1999a, 1999b; Fassoulas, 1999, 2001, Peterek and Schwarze 2004, van 
lsbergen et al. 2006). 

:te occupies a fore-arc position above the north-vergent subdnction zone of the Hellenic Arc 
rlg which the Africa plate is consumed under the southern edge of the Eurasian plate. Between 
Upper Oligocene and Lower Miocene, the collision of the Apulian micro-continent culminated 
:he stacking of a thick (> 10 km) pile of nappes (Bonneau 1984). The lowennost units were 
ied at a depth of about 20-30 km and were overptinted by HP-LT metamorphism (Siedel et af. 
:2, Jolivet et al. 1994,1996, Kilias et al. 1996, Fassulas et al. 1994). In response to roll-back of 
SUbduction zone (Thomson et af. 1999) and the continuous underplating (Jolivet et af. 1996), 
high pressure rocks were uplifted and, within a very short time span, exhumed along low-angle 
mal or detachments faults during N-S extension. The rapid uplift of the lower metamorphic 
pes is constraint by geochronological data (Thomson et af. 1998, 1999) and sedimentary rocks 
vfiddle Miocene age, which unconformably overly the high pressure rocks (Meulenkamp 1979). 

er the Middle Miocene, Crete was transforn1ed into a mosaic of asymmetrical horsts and 
bens due to both temporally and spatially different modes of vertical movements (Meulenkamp 
d. 1988). The Neogene to Quatemary sedimentary record provides clear evidence of repeated, 
matic changes in the paleogeographic configuration. In most cases these changes coincided 
h major tectonic events, although different ideas exist about the evolution of the stress field 
ing that period. The complex interplay of tectonics and sedimentation resulted in a large variety 
sediment types and in rapid lithological changes in both a lateral and vertical sense 
~ulenkamp 1979, ten Veen and Postma 1999a, 1999b, Fassoulas 1999, 2001, Peterek and 
lwarze 2004). 

st of the research concerned with the Neogene and Quaternary structural evolution of Crete 
,tsed on the extensional basins of central and eastern parts of the island (e.g. ten Veen and 
tma 1999a, 1999b, Fassoulas 1999, 2001). However, research focusing on the Quaternary 
lutian of those areas is limited to the Messara and Ierapetra basins (e.g. ten Veen and Postma 
'9a ten Veen and Kleinspehn 2003, Peterek and Schwarze 2004), due to the absence of 
1plete sedimentary records in other areas. Our study focuses on the Sfakia region south of the 
ka Ori massif, where a segment of the South Cretan margin is preserved in a nan'ow coastal 
n. Unexpectedly, the Midle Miocene to Holocene evolution of this segment has been 
racterized by multiple phases of normal faulting and episodic sedimentation. On the basis of 
ative ages derived from synrift sediments, detailed mapping of the normal faults and on 
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recently published chronometric data we describe the tectono-sedimentary evolution for the Sfakia 
segment of the South Cretan margin and present new long-term rates of tectonic uplift for the area. 

2. Geological Setting 

Westem Crete is mainly fonned by the Lefk.a Ori (White Mountains), which reach a maximum 
height of 2452 metres. The Lefk.a Ori consists predominantly of carbonate rocks with intense 
karstic erosion, which is mainly fault-controlled. The highlands of Omalos and Askifou are 
characteristic karst fonl1s that are covered by Quaternary continental deposits. The southern flanks 
of the Lefka Ori are drained by numerous streams that run through deep north-south trending 
canyons at Samaria, Tripiti, Klados and Imbros that extend southwards towards the sea. 

DAIiUVial 

rn Frangekaslele Fm 

+ In'brcsFm 

Skaleti Fm 
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Figure 1 - a) Geological map ofthe study area modified from I.G.M.E. (1982,1987). b) The 
Sfakia coastal zone represents an onshore segment of the South Cretan margin (modified 

from Alves et al. 2007) 

Within the Lefka Ori the lowennost Plattenkalk unit is underlain by the lithologically equivalent 
Trypali unit. Until recently, the Trypali unit was described as a massive complex of dolomitic and 
calcite marbles with partially tectonic breccia formations, aged Upper Triassic (Pomoni and 
Karakitsios 2002). Furthermore, Krahl and Kauffman (2004) revealed that the Trypali unit is a 
sequence of carbonate breccia, cherty marbles, meta-siliclastic sediments and massive marbles of 
Upper Triassic to Upper Cretaceous in age. This sequence is tectonically overlain by nummulite­
bearing plated marbles of the Plattenkalk unit (Alexoponlos et af. 2000). Along the westem flanks 
of the Lefk.a Ori, the Plattenkalk nnit is overlain by mica scist, quartzite and some marble 
intercalations that define the Phyllites - Quartzites unit. At the southeastern foothills of the Lefk.a 
Ori, the Tripolitza and the Pindos unit are overlain the previous nnit (Karakitsios 1979). 

Deformation of the Plattenkalk and Trypali units was attributed to subduction related processes 
(Fassoulas et aZ. 2004). Variations in the magnitude and style of deformation were lithology­
driven. Large, open to tight folds deform the entire stratigraphic section. In places these folds 
appear to be overturned, locally inverting the stratigraphy and fonning large synclines and 
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anticlines, with fold axes trending east-west and axial planes dipping gently northward. The age of 
folding is constrained to the Late Oligocene - Early Miocene, as the detachment faulting 
separating the lower units from the non-metamorphosed upper nappes, clearly overprinted the fold 
structures (Fassoulas et af. 2004). 

Since the Middle Miocene, continued exhumation of the metamorphic rocks of the lower units and 
the uplift of the Letka Ori, seems to be accompanied the fonnation of E-W, NW-SE and NE-SW 
high-angle normal faulting. These faults also formed a series of asymmetrical Neogene basins 
within which thick sedimentation occurred. To the east of the study area, fluvio-lacustrine to 
shallow marine sedimentation occurred in the Plakia Basin (Meulenkamp 1979, Angelier 1979). It 
is suggested that these deposits are Upper Seravallian - Lower Tortonian in age and beLong to the 
Tefelion Group (Meulenkamp 1979). 

3. Lithostratigraphy of Neogene and Quaternary deposits 

Between Chora Sfakion and Skaloti, the southern foothills of Letka Ori and the narrow coastal 
zone are covered by Neogene to Lower Pleistocene marine deposits. These in turn are partly 
covered by Middle (?) Pleistocene - Holocene alluvial fans. These post-alpine deposits overlie the 
alpine basement with an angular unconfonnity. 

Three main marine sequences can be distinguished based on lithostratigraphy mapping. In 
stratigraphic order these are: the Skaloti Fonnation, the Chora Sfakion Fonnation and the 
Frangokastelo Formation. The Skaloti Fm occupies a vast area at the eastern part of the coastal 
zone, south of the Skaloti village. In several pLaces the basinal sediments of this fonnation 
unconfonnably overlie the high pressure rocks of the Phyllite - Quartzite Unit. At the western end 
of the outcrop, several small syn-sedimentary normal faults dipping to the south separate the 
basinal series from the metamorphic rocks. The southwestern border of the outcrop is a normal 
fault striking NW,SE that separates this sequence from another marine series, the Frangokastelo 
Fm. This f~lUlt describes the geomorphology of this area, separating the small hills that are built up 
by the marine sediments of the Skaloti Fm, from the flat area that built up by the Late Quaternary 
alluvial fans and the Francokastello Fm. The Skaloti Fm. consists of sands, conglomerates, marls 
and shallow marine limestones building a continuous series of ~ 170 m thick with bedding that is 
slightly inclined to the south. Based on a specimen of Cfypeaster that has not been observed in the 
Pliocene, van Hinshergen et af. (2006) placed the shallow marine deposits of Skaloti Fm. in the 
Upper Miocene Tefelion Group of Meulenkamp (1979). Our analysis of calcareous nannofossils 
strongly supports the fact that deposition occurred within a shallow marine environment during the 
Tortonian and thus corroborates the prev ious age estimates. 

The Chora Sfakion Fm. is observed immediately northeast of Chora village and comprises a 5 m 
thick sandy deposit of Lower Pliocene age, which overlies coarse conglomerates of unknown age 
or marbles of the Plattenkalk Unit. It has been suggested that this small outcrop of deep marine 
deposits is Lower Pliocene in age (van Hinsbergen 2004) and is equivalent to Finikia group of 
Meulenkamp (1979). 

The Frangokastelo Fm. occupies the central part of the coastal zone. According to Sissingh (1972), 
this fonnation comprises two distinct sedimentary sequences. First, immediately east of 
Frangokastelo, a coastal cliff exposes a 35 m thick marine sequence comprising blue-green clays 
and limestones. Second, close to the village of Agios Nektarios, a sequence comprises of 
limestones with pebbles, both rounded and angular, with intercalations of clays and clayed marls 
(Meulenkamp 1969, Sissingh 1972, Driever 1984). According to Meulenkamp (1969) both 
fonnations have features that are very different from other marine formations outcropping to the 
east of the study area or to the central and northern parts of the island of Crete. Although the 
stratigraphic position of the fonnation is uncertain, it has been tentatively placed in the Middle 
Pliocene by Meulenkamp (1969). The same outcrops were dated Late Pliocene by Hinsbergen et af. 
(2006). 
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Due to uncertainties regarding the age of the Frangokastelo Fm., we made an attempt to date these 
marine sequences using calcareous nannofossils. Our results show that both outcrops of the 
Frangokastelo Fm are much younger than previous age estimates. The sequence close to Agios 
Nektarios is assigned to the Lower Pleistocene [biostratigraphic zones MNN19c and MNNI9d 
which provide an age range of 1.66-1.25 Ma (Lourens et af. 2004)]. In comparison, the sequences 
close to Frangokastelo is assigned to biostratigraphic zones MNN19d and MNN1ge, providing an 
age range of 1.62-0.97 Ma (Laurens et aZ. 2004)]. Thus, the data strongly suggest a Early 
Pleistocene age for the Frangokastelo Fm. The deposition of the blue-green marls took place under 
open marine conditions. The Agios Nektarios sequence has low-angle dips to the east, whereas the 
bedding of the Frangokastelo show dips to the west. 

Marine sediments are not only found in the foothills of the Lefka Ori, but also occur in the main 
mountain zone at altitudes in excess of 1000 m. These sediments occur as isolated outcrops of 
lithified limestones and conglomerates with shallow marine faunas, which are separated from the 
Plattenkalk and Trypali units by nonnal faults. Van Hinsbergen (2004) proposes that these marine 
sediments closely resemble those exposed in southwestern Crete and probably correspond to the 
Serravalian - Tortonian Topolia Fm. of the Prina Group (Meulenkamp 1979). Alexopoulos and 
Marcopoulou-Diakantoni (1996) described also Lower Pleistocene marine fauna in a residual 
outcrop a few km northeast ofImbros (Imbras Formation). 

The alluvial fan zone occupies essentially the whole of the coastal piedmont between Chora 
Sfakion and Skaloti, and comprises multiple coalescent fan complexes which together fonn an 
extensive bajada (Fig. I). Those fan systems occupying the western half of the piedmont are 
classically telescopic in planfonn, with low gradient distal segments nested within increasingly 
steeper medial segments. In comparison, the eastern piedmont fans display both limited telescopic 
segmentation and radial segmentation. hTespective of the style of segmentation, all fans share two 
distinctive attributes. First, the fan head zone is pennanently entrenched. Second, with the 
exception of the youngest fan deposits and recent channel fills, an immature soil has fonned on the 
majority offan surfaces (Nemec and Postma 1993). 

The exposed marine sequences located stratigraphically beneath the earlier stages of the fans have 
been assigned to Biozones MNN 19c-e (1.66-0.97 Ma). Consequently, the basal debris flow 
deposits are likely to have been emplaced no earlier than the later part of the early Pleistocene. 
Optically Stimulated Luminescence dating of coarse silts and fine sands provide maximum ages of 
c.143 ka BP for the stage 2A surfaces of the Sfakia fan and c.94 ka and c.70 ka for the basal and 
middle stage 2C of the Patsianos fan (Pope et aZ. in press). Besides, archaeological data strongly 
suggests that the stage 3 mudflows exposed within the distal portion of the Patsianos fan were 
emplaced during the pre-historical period [5.5 to 3.0 ka BP (Sphakia Survey 2002)]. Finally, 
Venetian aIiefacts contained within the stratigraphically higher fine-grained hyperconcentrated 
flows suggest that these deposits were emplaced c.1.0 ka BP (Pope and Wilkinson unpublished 
data). 

3.1. Geometry of Normal Fau Its 

3.1.1. Sfakia Fault 

The morphology of the study area is dominated by a morphologically well-expressed fault scarp 
(tenned the Sfakia Fault), which fonns a steep south-facing escarpment (Fig. 2). The fault 
represents the eastern onshore segment of the South Margin Fault that fonns the southwestern 
coastline of Crete (Fig I). The length of this fault is more than IS km with its western tip close to 
Ano Roda1<ino. Two segments can be recognized: First, a 7 km long western segment between 
Chora and Agios Nektarios village. Second, a 8 km eastern segment between Patsianos and Ano 
Rodakino. The segment between Agios Nektarios and Patsianos looks to represent a significantly 
bend of the Sfakia fault. 
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Figure 2 - The Sfakia fault expressed as a steep south-facing, morphological discontinuity 
striking E-W and separating a narrow coastal zone from the eastern foothills of the Leika 

Ori massif. View to the east 

The main feature of the hanging wall of the western segment is the presence of thick alluvial fans, 
which cover the metamorphic rocks of the Phyllite-Quartzite Unit. The gravels of the younger 
alluvial fans have been deposited over the high-pressure rocks of the Phyllites - Quartzite Unit in 
the hanging wall of the fault and the marbles of the Plattenkalk Unit that form the footwall. These 
gravels are unfaulted and therefore most probably seal the Sfakia fault. On the contrary, the debris 
flows of the first stage of the westernmost fan (Sfakia fan) that has been deposited directly above 
intensely fractured marbles of the Plattenkalk Unit have small internal faults that are parallel to the 
strike of the Sfakia fault. If such faults were not produced by gravity sliding, it is possible that they 
reflect fault activity dnring deposition. Studies of the kinematics of the individual faults that 
formed within this segment indicate an N-S to NNE-SSW direction of extension (Fig. 3, locations 
2-4). 

The eastern segment of the Sfakia fault is more linear than the western and its damage zone is 
noticeably wider, retlecting the presence of intensely faulted carbonate breccias of the Trypali unit 
along its trace. Two parallel faults define the thickness of the damage zone. The southem one is a 
low-angle normal fault with an eroded fault scarp juxtaposing the Phyllites - Quartzite Unit and 
the Trypali Unit. The northern one is a high-angle normal fault that juxtaposes the latter unit and 
Upper Cretaceous marbles of the Plattenkalk Unit. The difference in the dip angle of these two 
faults is believed to owe to antithetic block rotation of the southern fault block. The analysis of the 
slickenside lineations of both faults indicates the predominance of N-S directed extension (Fig. 3, 
location 1). At the western tip of it (or what) (location 5 in Fig. I), where two faults strike NW-SE 
and NNE-SSW, fault kinematic data indicate NE-SW extension (Fig. 3). 

3.1.2. Frangokastello Fault 

The Frangokastelo fault is observed in the hanging wall of the Sfakia fault, northeast of 
Frangokaste]o. The position of the fault is marked by a morphological discontinuity running NW­
SE that separates the Skaloti fm in the northeast from the Frangokastelo Fm in the southwest. Its 
presence is also reinforced by borehole data from the Eggion Veltioseon Service of the Chania 
Prefecture. Fault displacement at the Frangokastello Fault led to the creation of the 
accommodation that was filled by the Frangokastelo Fm. Close to the expected trace of the fault; 
high-angle normal faults offset the Skaloti Fm beds and tilted pebbles and gravels beds within 
conglomerate units, reveal its normal character. 

The topography of the hanging wall of the fault is flat where thin alluvial deposits unconfonnahly 
overlie the Early Pleistocene marine deposits of the Frangokastelo Fm. The Patsianos fan formed 
at the mouth of the Kalliktatiko gorge and shows evidences of marine and aeolian sands 
interfingering with the alluvial deposits. The maximum ages provided by OSL dating of those 
sands are c.94 ka and c.70 ka. 
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Figure 3 - Fault-slip analysis (PIT method, program Tectonics FP 1.159) performed on 
kinematic data. Numbers represent the measurements localities, which can be seen in figure 
1. The locations 7 and 8 are north of the Anopolis settlement, northwest of Chora. Number 
11 shows all the measurements that were used to calculate the mean stress axes of number 

12. 
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3.1.3. Patsianos Fault 

The Patsianos fault is a distinctive structure on the footwall of the Sfakia fault running parallel to 
the Kallikratiko gorge. It strikes N-S and has an high-angle dip to the east. It is a normal right-slip 
fault that has caused the subsidence of the eastem fault block by 300 m, as shown by the offset of 
the tectonic contact between the Trypali and Plattenkalk Units. The fault truncates the E-W and 
NW-SE trending faults that are observed at the southern tip of it. The analysis of the fault­
kinematic data indicates an NW-SE directed extension (Fig. 3, location 10). 

3.1.4. Faults on the Footwall of the Sfakia Fault 

On the footwall of the Sfakia fault a series of parallel nornlal faults can be observed up to the north 
of Anopolis (NOT ON TI-IE MAP), striking NW-SE to WNW-ESE and having high-angle dips to 
the south fOllTling southwest facing, 40-100 m high escarpments. At their base, these escarpments 
show fault planes with slickensides and juxtaposition of thin collouvial wedges. Il is interesting to 
note that their throw seems to decrease towards the south-east, where these faults tend to link with 
the Sfakia fault. In the hanging wall of these two faults, antithetic faults were formed at 50-200 m 
distance from those. These have higher dips than the main faults and demarcate small hanging­
wal1 grabens. The presence of deep valleys normal to these grabens allows to see that the rocks 
between the antithetic faults is intensevely ti-actured by near vertical small faults, as if the grabens 
had been formed by collapse. The study of the fault-kinematic data sho~:s that they are either pure­
normal or normal-left-slip faults (Fig. 3, locations 7-9). 

4. Uplift Rates 

Stratigraphic and tectonic data emerging from our research coupled with recent palaeobathymetric 
reconstructions (cf. van Hinsbergen et af. 2006), allow us to reconstruct the post-Early Miocene 
geological history of the Sfakion coastal piedmont. 

The Upper Miocene sediments that are found at altitudes of ~200 m at the eastern domain of the 
coastal zone, unconformably overly metamorphic rocks of the Phyllites - Quartzites Unit. 
Furthermore, van Hinsbergen et at. (2006) proposed that given the relationship between depth 
and %P [fraction of planktonic foraminifera among the total foraminiferal population (cf. van der 
Zwaan et al. 1990)], the deposition depth for tbis formation is 59 tn. The Lower Pliocene sands of 
the Chora Sfakion were deposited at a depth of 800 m according to the method of van Hinsbergen 
et of. (2006). By comparison, the Frangokastelo Fm. fonned at depths of 500-750 m based upon 
the method of van der Zwaan et af. (1990). Today these fOffilations are found at altitudes of ~50 

and 120 m, respectively. The presence oftbe Early Pleistocene (Calabrian) marine fossils nOltheast 
of the Imhros settlement at attitudes of 1000 m (cf Alexopoulos and Marcopoulou-Diakantoni 
1996), indicates that the mountainous domain has been uplifted ~ 1100 m since the Calabrian given 
that these organisms lived in waterdepths of 30-100 m. This gives an uplift rate of 80cm!ka for this 
fault block. 

It is interesting to note that the Skaloti Fm contains the oldest marine sediments, yet appears to 
have been uplifted just 300 111 to reach its present position. In comparison, YOLluger formations 
appear to have beeu uplifted by more than 600 111. This suggests that following the deposition of 
the Skaloti Fm, suhsidence of the study area during the latest Miocene - Lowest Pliocene was of 
the order of 700 m, and was coincident with activity along the Sfakia Fault (Fig. 4A-B). This in 
turn led to the exposure of the fault scarp where the sands of Chora Sfakion Fm. were deposited on 
the alpine basement (Fig. 4B). During the Middle Pliocene to Early Pleistocene, gradual uplift of 
the order 50-300 m occurred, after which the Frangokastelo Fm. was deposited (Fig. 4C). 
Although the sediments at Imbros and Chora Sfakion were both deposited on the footwall of the 
Sfakia fault, differential uplift (600 - 900 m uplift at Chora and 1100 m uplift at 1mbros) probably 
reflects the accumulated otlsets of the NW-SE faults ohserved in the nOl1h of the Sfakia fault. 
Moreover, comparison of the Lower Pleistocene sediments indicates that deposition of the 
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Frangokastelo Fm occurred at depths of 500-750 m, while sedimentation at Imbros occurred at 
deptbs of 30-100 m (Fig. 4C). Consequently, at the time of deposition there was a height 
difference of 400-720 m. However, their present height difference is 900-950 m, indicating that 
this difference has increased by 180-500 m after the Early Pleistocene (Fig. 4D). The lowest value 
of this difference (180 m) can be explained by activity of the NW-SE faults between the outcrops 
of the Early Pleistocene marine deposits alone. For the highest value (500 m) displacement on the 
Sfiaka fault must have occurred too. 
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Fig. 4 - Schematic cross sections representing the evolution of the study area after the
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Useful uplift estimates can also be based on the uplift rates of [he Sfakia fault blocks from the Late 
Pleistocene onward. According to van Hinsbergen et 01. (2006) the deposition of the Fragokastelo 
Fm took place at depths of 500 - 750 m, whereas today it is found al altitudes of LIp to 120 m. This 
suggests that the uplift rate of the hanging wall of the Sfakia fault is 46 - 64 cm/ka since the Early 
Pleistocene. This means that the hanging wall is uplifted with a rate that is 112 to 4/5 of the rate of 
footwall uplift. The difference between the uplift rates is due to the presence of the fo',!lLs that are 
located in the north of the Frangokastelo Fm, including the Sfakia fault. Therefore, rh'e whole 
study area has experienced uplift since the Middle PJiocene, but an increase in the rate of uplift is 
observed between the southern coastal regions and the northern mountainous areas of the Lefk.a 
Ori massif. This increase is moslly due to the NW striking faults, and much less due to the Sfakia 
fault, at least for the period after the Middle Pleistocene, as the materials of the alluvial fans seem 
to seal this fault. Such suggestions of uplift rates have been proposed for central Crete, where 
some parts have been uplifted 1000-2000 m since the Late Pliocene (Meulenkamp et 01. 1994). 

5. Discussion - Conclusions 

The study area is characterized by the presence of a steep soutb-facing morphological 
discontinuity striking E-W that separates a narrow coastal zone from the eastern foothills of the 
Lefl(a Ori massif. This steep escarpment is interpreted as a normal fault that represents the eastern 
and onshore segment of the south fault margin of Lefk.a Ori mountain range, As testified by (post­
alpine) marine sediments deposited on the hanging wall, the Sfakia Fault is a major and long-lived 
neotectonic structure that invoked the subsidence of the Skaloti Fm and which became active after 
the Tortonian and remained active until the late Pleistocene. 
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The Sfakia Fault and other faults, found both in the footwall and hanging wall, show that the 
deformation was caused by extension in a N-S to NNE-SSW direction, i.e., normal to the long 
axes of the arc and parallel to the main direction of the compression stresses in that part of the 
outer Aegean Arc. Although, the majority of faults are nOlmal, some faults (e.g. the Patsianos 
Fault) exhibit a significant horizontal slip component, which may indicate the presence of wrench 
tectonics. Alternatively, it is possible that such faults are formed by the same tectonic regime 
responsible for differential uplift parallel to the mean strike of the South Cretan Margin, including 
the Sfakia Fault. It is clear that most faults in the southeastern foothills of the Letka Ori Mountain 
have kinematic data indicative of N-S to NNE-SSW extension at least from the Late Pliocene to 
the present. This observation is consistent with the results of Papazachos and Papazachos (2000) 
and Doutsos and Kokkalas (2002) who suggested NNE-SSW extension in central western Crete. 

As far as the palaeogeographic evolution is concerned, the stratigraphic data show the deposition 
of marine sediments during the whole post nappe extension until the Lower Pleistocene. After the 
Lower Pleistocene a significant proportion of the hanging wall of the Sfakia fault was emerged and 
deposition of the first alluvial fans commenced. Nemec and Postma (1993) described the 
development of the alluvial fans in three stages concurrent with profound climate changes during 
the Quaternary: an earlier Late Pliocene to Late Pleistocene stage, a mid-Pleistocene stage and a 
later Holocene stage. The presence of Lower Pleistocene marine deposits underlying the alluvial 
fans proves that the oldest stage of the alluvial fans development took place sometime in the 
Middle Pleistocene, while the second stage of the Sfakia fan deposition is tentatively dated to 
around l43ka (Pope et af. in press). 

The evolution that is described in the previous section shows that after the Upper Miocene the 
study area is progressively sliced into numerous faults blocks (Fig. 4) as if the area suffers 
gravitational collapse. The nOlmal faults that define the numerous fault blocks cause N-S 
extension while the general uplift of south-western Crete is due to offshore normal faults, in the 
south of the study area. This collapse seems to be caused by compression perpendicular to the arc 
taking place in the medial and lower crust from the intense resistance of the subducted plate (Le 
Pichon et al. 1982, 1995, Mascle et af. 1998, Peterek and Schwarze 2005). 

6. Acknowledgments 

The authors wish to express thanks to the reviewers for their constructive comments and 
suggestions. We also thank Alexopoulos Apostolos (University of Athens) for briefing Emmanuel 
Skourtsos on the geology of Crete, Andrew Murray (University of Aarhus) for undertaking the 
OSL analysis. Permission to undeltake fieldwork in Crete was granted by the Institute for 
Geological and Mineral Exploration. Richard J.J. Pope also acknowledges the University of Derby 
and the British Society for Geomorphology for providing funding towards the fieldwork. 

7. References 

Alexopoulos, A., and Marcopoulou-Diakantoni, A., 1996. La presence du Calabrien au plateau 
Impros (Crete occidentale, Grece) et sa signification pour l'evolution tectonique de Crete, 
Rev. Paleobiol., 15(2),349-355. 

Alexopoulos, A., Hang, H., and Krahl, J., 2000. First Nummulites from the "Plattenkalk" sequence 
in the Lefka Ori, west Crete, Ann. Geol. Pays Hell., 38, I 17-121. 

Alves, M. T., Lykousis, Y., Sakellariou, D., Alexandri, S, and Nomikou, P., 2007. Constraining 
the origin and evolution of confined turbidite systems: southern Cretan margin, Eastern 
Mediterranean Sea (34°30-36°N), Geo-Marine Letters, 27,41-61. 

Angelier, 1., 1979. Recent quaternary tectonics in the Hellenic arc: Examples of geological obser­
vations on land, Tectonophysics, 52, 267-275. 

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



D' Agostino, N., Jackson, J.A., Dramis, F., and Funiciello, R., 2001. Interaction between mantle 
upwelling, drainage evolution and active normal faulting: an example from the central Ap­
ennines (Italy), Geophys. 1. Int., 147,475-497 

Bonneau, M., 1984. Corellation of the Hellenic nappes in the south-east Aegean and their tectonic 
reconstruction. In J.E. Dixon and A.H.F. Robertson (eds), The geological evolution o/the 
Eastern Mediterranean, Geological Society of London, 517-527pp. 

Doutsos, T., and Kokkalas, S. 200 I. Stress and deformation patterns in the Aegean region, Journal 
o/Structural Geology, 23,455-472. 

Driever, B., 1988. Calcareous nannofossils biostratigraphy and paleoenviromental interpretation of 
the Mediterranean Pliocene, Ultrecht Micropal. Bull., 36, 248. 

Fassulas, C., 1999. The structural evolution of central Crete: insight into the tectonic evolution of 
the south Aegean (Greece), Journal o/Geodynamics, 27,23-43. 

Fassoulas, C., 2001. The tectonic development of a Neogene basin at the leading edge of the active 
European margin: the Heraklion basin, Crete, Greece, Journal o/Geodynamics, 31,49-70. 

Fassoulas, c., Kilias, A., and Mountrakis, D., 1994. New data about the pre-Oligocene structural 
evolution of Crete (Greece), Bul!. Soc. Geo!. Greece, 30(2),67-81. 

Fassulas, c., Rahl, J.M., Ague, J., and Henderson, K., 2004. Patterns and conditions of deforma­
tion in the Plattenkalk nappe, Crete, Greece: A preliminary study, Bull. Geol. Soc. Greece, 
36,1626-1635. 

Goldsworthy, M., and Jackson, J., 2000. Active normal fault evolution in Greece revealed by geo­
morphology and drainage patterns, Journal 0/ the Geological Society, London 157, 967­
981. 

van Hinsbergen, D., and Meulenkamp, J., 2006. Neogene supradetachment basin development on 
Crete (Greece) during exhumation of the South Aegean core complex, Basin Research, 18, 
103-124. 

Institute of Geological and Mineral Exploration [LG.M.E.], 1982 Geological map 0/ Sellia 
(J :50000 scale), Institute of Geological and Mineral Exploration, Athens. 

Institute of Geological and Mineral Exploration [LG.M.E.], 1987. Geological map 0/ Vr;sses 
(J .'50000 scale), Institnte of Geological and Mineral Exploration, Athens. 

Jolivet, L., Goffe, B., Monie, P, Truffet1, c., Patriat, M., and Bonneau, M, 1996. Miocene de­
tachment in Crete and exhumation P-T-t paths of high pressure metamorphic rocks, Tecton­
ics, 15, 1129-1153 

Karakitsios, V., 1979. Contribution a ['etude geologique des Hellenides Etude de la region de Sel­
lia (Crete moyenne-occidentale, Grece). Les relations lithostratigraphiqueset structurales 
entre la serie des Phyllades et la serie de Tripolitza, These 3eme cycle, University Pierre et 
Marie Curie, Paris. 

Krahl, J., and Kauffman, G., 2004. New aspects for a palinspastic model of the External Hel­
lenides on Crete, Proceedings 0/ the 5th international Symposium on Eastern Mediterra­
nean Geology, Thessaloniki, April 2004, 119-122. 

Le Pichon, X., 1982. Land-locked oceanic basins and continental collision: the Eastern Medittare­
nean as a case example. In K. Esu (ed.), Mountain building processes, Academic Press, 
London, 201-211. 

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



Le Pichon, X., Chamot-Rooke, N., Lallemant, S., Noomen, R., and Veis, G., 1995. Geodetic de­
termination of the kinematics of central Greece with respect to Europe: Implications for 
eastern Mediterranean tectonics, Journal QfGeophysical Research 100(87), 12675-12690. 

Leeder, M.R., and Jackson, J.A., 1993. The interactiou between normal faulting and drainage in 
active extensional basins, with examples from the United States and central Greece, Basin 
Research, 5,79-102. 

Lourens, LJ., Hilgen, F.J., Laskar, J., Shackleton, N.J., and Wilson, D., 2004. Chapter 21: The 
Neogene period. In F.M. Graistein, J.G. Ogg and A.G. Smith (eds), A Gelogical Time Scale 
2004, Cambridge University Press, Cambridge, 409-440pp. 

Masc1e, J., and Chaumillon, E., 1998. An overview of Mediterranean Ridge collisional accretion­
ary complex as deduced from multichannel seismic data, Geo-Marine Letters 18,81-89. 

Meulenkamp, J. E., 1979 Field guide to the Neogene ofCrete, Puplications of the Department of 
Geology & Paleontology Series A, No 32, 32. 

Meulenkamp, J. E., M. J. R. Wortel, W. A. van Warne!, W., Spakman, E., and Hoogerduyn Strat­
ing, 1988. On the Hellenic subduction zone and the geodynamic evolntiol1 of Crete since 
the late middle Miocene, Tectonophysics, 146,203-215. 

Meulenkamp, J. E., van der Zwann, G. L., and van Wamel, W. A. 1994. On late Miocene to recent 
vertical motions in the Cretan segment of the Hellenic Arc, Tectonophysics, 234,53-72. 

Nemec, W., and Postma, G., 1993. Quaternary alluvial fans in southwestern Crete: sedimentation 
processes and geomorphic evolution. In M. Marzo and C. Puigdefabregas (eds), Alluvial 
Sedimentation. Special Publication of the International Association of Sedimentologists, 17, 
235-276pp. 

Papazachos, B. c., Papaioannou, C. A., Papazachos, C. B., and Savvaidis, A. S., 1999. Rupture 
zones in the Aegean region, Tectonophysics, 308, 205-221. 

Peterek, A., and Schwarze, 1, 2004. Architecture and Late Pliocene to recent evolution of outer­
arc basins of the Hellenic subduction zone (south-central Crete, Greece), Journal ofGeody­
namics, 38, 19-55. 

Pomoni-Papaioannou, F., and Karakitsios, V., 2002. Facies analysis of the Trypali carbonate unit 
(Upper Triassic) in central-western Crete (Greece): an evaporite fonnation transformed into 
solution-collapse breccias, Sedimentology, 49, 1113-1132. 

Pope, R., Skourtsos, E., Wilkinson, K., Murray, A., Triantaphyllou, M., and Ferrier, G., in press. 
Clarifying stages of alluvial fan evolution along the Sfakian piedmont, southern Crete: new 
evidence from analysis of post-incisive soils and OSL dating, Geomorphology. 

Sissingh, W., 1972. Late Cenozoic ostracoda of the south Aegean island are, Utrecht Micropal. 
Bull., 6,187. 

ten Veen, J.H., and Kleinspehn, K.L., 2003 Incipient continental collision and plate-boundary cur­
vature: Late Pliocene - Holocene transtenstional Hellenic forearc, Crete, Greece, Journal of 
the Geological Society, 160, 1-2l. 

ten Veen, J. H., and Postma, G., 1999a. Neogene tectonics and basin fill patterns in the Hellenic 
outer-arc (Crete, Greece), Basin Research, 11 (3),223-241. 

ten Veen, J. H., and Postma, G., 1999b. Roll-back controlled vertical movements of outer-arc ba­
sins of the Hellenic subduction zone (Crete, Greece), Basin Research, 11(3),243-266. 

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



Thomson, S., StOckhert, B., and Brix, M., 1998. Thermochronology of the high-pressure meta­
morphic rocks of Crete, Greece:lmplications for the speed of tectonic processes, Geology, 
26(3),259-262. 

Thomson, S., Stbckhert, B., and Brix, M., ]999. Miocene high-pressure metamorphic rocks of 
Crete, Greece: rapid exhumation by buoyant escape. In U. Ring, M. T. Brandon, G. S. 
Lister and S. D. Willett (ed.), Exhumation Processes: Normalfaulting, Ductile floy!' and 
Erosion, Special Puplications 154. Geological Society of London, 87-I07pp. 

Van Der Zwann, GJ, Jorissen, FJ., and De Stigter, RC, 1990. The depth dependency of plank­
tonic/benthonic foraminiferal ratios: constraints and applications, Marine Geology, 95, 1­
16. 

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




