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ABSTRACT

In this study we used digital elevation models, tectonic data and field observations in order to
recognize significant landforms related to erosion processes induced by the Neogene and Quaternary
tectonic uplift of Crete. Gorges, as well as river and marine terraces were recognized in all study areas,
whereas flat erosion surfaces and hanging valleys were observed in few cases. Riverbed profiles in the
areas of Samaria, Zakros and Heraklio, where old normal faults are responsible for rock uplift, indicate
very mature erosion style, although nick points and recent incision occur due to later fault reactivations.
In the area of lerapetra, Cha gorge developed as a result of the lerapetra active fault, while the existence
of several nick points, waterfalls and very steep profile indicate a very young erosion style. River and
marine terraces occur in several altitudes representing older stands of sea or local base levels. How-
ever, lack of dating and differential uplift rates of tectonic blocks do not permit correlation between
different areas. We believe that the flat erosion surfaces and the hanging valleys should be of the same
late Miocene age as is the initiation of the big normal faults, thus dating the initiation and development
of the majority of the gorges, and consequently the intense incision period, as Pliocene. An exceptional
case is the Cha gorge that should have been developed in Pleistocene-Holocene times due to the age of
the active fault. Since Messinian, estimated total uplift rates for the area of Samaria are 11.9 cmy/ka, for
the area of Heraklio 7.1 cm/ka and for the area of Zakros 10.8 cm/ka. We further suggest that tectonic

uplift is the result of isostatic rebound of lithosphere due to upper crust thinning.

1. INTRODUCTION

It is generally known that landscape in active
orogens is shaped mainly by two factors, tectonic
activity and surface eroasion (Skinner et al. 2004).
Depending on the tectonic regime or the climate
features one of these factors becomes prominent
in landscape evolution.

Crete is part of the Hellenic orogen built mainty
in late Cenozoic imes (Bonneau 1984) by the same
processes that are active today; the African — Eur-
asian plate convergence. It is thus being actively
deformed as a result of the African plate subduc-
tion south of the island, as well as of the Anatolian
plate extrusion (Meijer & Wortel 1997). Shortterm
GPS velocities have revealed approximately 36
mm/year total convergence between African and
Cretan coastlines (Mc Cluscky et al. 2000).

The neotectonic record has determined suc-

cessive extensional periods all over Neogene and
Quaternary times (Angelier et al. 1982, Fassoulas
2001), while only short periods of localized com-
pressional tectonics have been recorded (Mercier
et al. 1987, ten Veen & Kleinsphen 2002). Since
late Serravallian times, gravitational collapse of the
nappe pile resulted in the exhumation of deep
crustal rocks (Fassoulas et al. 2004, Rahl et al.
2005). Extensional tectonics resulted in numer-
ous, multi-directional, normal faults that have frag-
mented and shaped the island. Its elongated shape
is attributed to the arc parallel and arc — normal
extension (Mercier et al. 1987) during the Neo-
gene times. Furthermore, focal mechanism analy-
ses of south Aegean and Cretan sea have docu-
mented only crustal extension on shore, while com-
pressianal ar strike-slip movements are concen-
trated offshore, either south of the island on the
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Figure 1. General geologic map of Crete based on the map of Creutzburg et al. (1977). Rectangles indicate study areas.

lower crust or northwards in the descending plate
(Taymaz et al. 1989, Benetatos et al. 2004).

In Crete tectonic uplift has been documented
for large areas of the island, although the whole
island is under extensional regime. Meulenkamp
et al (1994) have reported extensive rock uplift in
central Crete during Pliocene times based on the
depositional characteristics of the Heraklion ba-
sin sediments. All over the island a series of geo-
morphological studies based on terrace analyses
(Fleming 1978, Pirazzoli et al. 1996, Lambeck 1395,
Price et al. 2002) documented tectonic uplift even
in Quaternary times.

An explanation for this complex tectonic situa-
tion can be found in the sedimentary flux that en-
ters in the subduction zone. Underplatting of a large
amount of sedimentary flux under Crete may ac-
count for prism overgrowth and consequently for
the gravitational collapse leading to upper crustal
extensional thinning (Raht et al. 2005).

Thus, Crete is uplifted and horizontally
stretched since late Miocene times building finally
high mountainous areas with many summits ap-
proaching 2,5 km height and deep valleys that can
sunk undersea in depths of about 3km as is the
case of the Gavdos graben. This is a feature which
is unique for non-volcanic islands (Rackham &

Moody 1996). Intense uplift should have affected
the erosion of mountainous areas forming land-
scape that reflect the vertical changes all over the
island. Some of those are obvious when visiting
the southwestern Crete, where numerous gorges
run over the mountains. Furthermore, stream ac-
tivity and erosion style should have also been
adapted to the temporal and other changes of the
uplift, recording those on the Cretan relief.

In this paper we examine the response of
Cretan landscape to the long- term tectonic uplift
of the island. We use modern surface (GIS based)
models and river profile analyses, erosional fea-
tures, neotectonic data and field observations to
comment on the influence of local tectonic history
in the erosion processes and the landscape de-
velopment of the island, and to qualitatively ap-
proach vertical differentiations along the island.
For these purposes topographic maps on the scale
of 1:50000 with 20 meters isograds were used, as
well as former tectonic studies and fault analyses.

2. GEOLOGICAL AND TECTONIC SETTING

The island of Crete is mainly built by a series
of nappes emplaced over each other during the
late Cenozoic times (Bonneau 1984). All over its
extend three units i.e. Plattenkalk, Phyllites-quartz-
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Figure 2. A., 3 D DEM of Crete, (no vertical exaggeration). B. The large post Upper Miocene normal fault zones in
Crete based on Angelier et al. (1982), Papoulia et al. (1996) and Fassoulas (2001). C. A combination of DEM and
the fault map of Crete to demonstrate the individual tectonic blocks.
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ites and Tripolitza, crop out building the mountain-
ous areas (Fig 1), whereas later Neogene sedi-
ments of various ages-and origin occurin the tec-
tonic basins (Meulenkamp et al. 1979).

Plattenkalk and Tripolitza nappes comprise km-
thick carbonate sequences, highly karstified, sepa-
rated by the impermeable Phyllite-quartzite rocks,
which however have a variable thickness ranging
from zero to several hundreds of meters. Thus,
individual and inhomogeneous hydrogeologic con-
ditions appear along the island, governing the water
activity.

It is well documented (Angelier et al. 1982,
Mercier et al. 1987, Meulenkamp et al. 1994,
Fassoulas 2001) that neotectonic faulting in South
Aegean is not only responsible for shaping the
coasts of the island, but also for fragmenting crust
into grabens and horsts initiating the first basins
and mountains in the area. In most cases bound-
ary conditions are characterized by normal fault-
ing of various orientations (Fig. 2 B, C). Contribu-
tion of strike slip faulting in the formation of Messara
basin is still controversial (ten Veen & Kleinsphen
2002, Ring & Reischmann 2002, Peterek &
Schwarze 2004).

Asymmetric or symmetric extensional basins
were initially formed in middle Miocene times over
low-angle detachment faults that resulted to the
exhumation of the lower crust (Fassoulas et al.
1994, Ring et al. 2001, Seidel 2003). Thereafter,
temporal and spatial variations in stress fields re-
sulted in multi-orientational basins that were filled
by Neogene and Quaternary sediments (Angelier
etal. 1982, Fassoulas 2001). The first neotectonic
basins were orientated in an east-west orienta-
tion as a result of an arc-normal stretching in Late
Mocene times that also accounts for the elongated
shape of the island. In the upper Miocene times
north-south trending normal faults resulted in north-
south orientated basins and thus to an arc-parallet
stretching that attributed to large-scale features
as the northwestern peninsulas.. Later stress
changes resulted in younger depressions as the
Spili and lerapetra grabens, where active faulting

occurs (Angelier et al. 1982, Fassoulas 2001,
Doutsos, & Kokkalas 2001, Monaco & Tortorici
2004).

Basin development is extending further south
of the island of Crete till the European back-stop.
Geophysical tomographies have documented that
large depressions as the Gavdos graben, the
Ptolemeous trough etc., are actually extensional
basins located on the European crust rather than
the plate boundaries (Bohnhoff et al. 2001). Verti-
cal displacement in between Gavdos graben and
Lefka Ori Mountains in southwestern Crete is
reaching a magnitude of 5 km indicating both ver-
tical subsidence and uplift. Outcrops of Neogene
sediments in high altitudes (800m) point alsoto a
large, post Miocene vertical uplift of certain areas
of the island (Papapetrou-Zamani 1965).
Meulenkamp et al (1994) suggested two periods
of post-Miocene upliftin the area of Heraklion ba-
sin, based on the depositional features of Pliocene
marls. The first and most intense was recorded in
early Pliocene times with rates that reached tem-
porarily 125 cm/ka, whereas the second was re-
corded in late Pliocene/Pleistocene times.

The extended sea terraces of southwestern
coasts recorded important sea level changes in
the order of several meters in Quaternary and Ho-
locene times making the study of short term uplift
in the areas possible (Fleming 1978 , Lambeck
1995).

The most recent and outstanding feature of
rock uplift is however, the 9 meters rise of the
coast in southwestern Crete as a result of either
the earthquake of 365 AD with magnitude of 8,2
(Stiros 2004), or the early Byzantine Paroxism
Phase (Price et al. 2002). The uplifted notches of
this event can be traced allover the southern coast
up tothe area of Messara in central Crete (Pirazzoli
etal. 1996; Photo 1a).

The neotectonic studies and terrace analyses
have indicated that Crete is not reacting generally
as a dipole, where western Crete is uplifted and
eastern Crete is subsided (Fytrolakis 1980), butis
separated into tectonic blocks which have been
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Photo 1. a. Present day and older notches at the area of Plakias (distance between notches is “80cm.). Higher one
is attributed to the 365 AD earthquake; b. The area of Almiros gorge in Herakio showing the FES and the gorge exit
(view to the west), ¢. The exit of Samaria gorge in Agia Roumeli beach (view to the north). Hanging valley (HV) and
Holocene marine terraces (MT) are marked; d. Marine terraces (MT) in Zakros area (view to the north); e. River
incision in the aggradational terrace of 70 m in Samaria gorge; f. Cha gorge and lerapetra active fault (view to the
gast).

displaced and activated independently to each  of central Crete.

other through time, giving rise to differentially up-

lift or subsidence rates all over the island 3. METHODS AND RESULTS

(Papanikolaou 1988). In a smaller scale, Fassoulas The response of Cretan landscape to the con-
(2001) proposed a model for secondary basin tinuous uplift of Crete was approached in this study
development through time in the Heraklion basin  using GIS software (ESRI-ARCGIS) to develop a

Wnoiakn BiBAI0BAKN "OedppacTog” - TuRua Mewloyiag. A.MN.O.



206

“Aradaina

Figure 3. DEM of Samaria area and Lefka Ori Mts (no vertical exaggeration), showing hydrographic network,
landforms and faulting of the area. FES, flat erosion surface; HV, hanging valley; MT, marine terraces; lines, normal

faults, gray line, active fault.

reliable digital elevation modet (DEM) and conse-
quently 3D images of certain areas of Crete using
different software tools (such as shading, 3D ana-
lyst etc.). Corrected and complemented topo-
graphic maps ofthe H.M.G.S., ata scale of 1:50000
with contour interval of 20 m (which is the highest
analysis used world-wide for such scales;
Pazzaglia & Brandon 2001) were used as the base-
ment to produce DEMs.

The resolution of these digital models limits
the detailed approach of topographic data, how-
ever, on the other hand enables a thorough recog-
nition of past structures and features, smoothing
the recent and small scale erosion features. We
worked initially with the digital models analyzing
certain topographic features, as watershed areas,
riverbed profiles and the coastal area morphol-
ogy, combining structural and topographic data,
and finally incorporating field observations to check
and testify laboratory results.

For this purpose we focused our study to cer-
tain areas of the island using as criteria the oc-
currence of long stream systems, the presence
and age of large-scale fault zones, and the proxim-
ity to the coastal zone. The areas include the
Samaria National Park territory in southwest
Chania Province, the Heraklion area at the eastern
slopes of Psiloritis Mountains, the lerapetra gra-

ben and the Zakros coastal zone at the eastern
part of the island (Fig 2).

The westernmost locality, Samaria area, is
located at the southern part of Lefka Ori Moun-
tains, the largest mountainous area in the island
with several summits over 2 kms ast. The famous
Samaria gorge is drained by a stream initiating at
the high topographic levels of Lefka Ori, mouthing
at the southern coast near Agia Roumeli village
(Fig 3). Lithologies include mainly the Plattenkalk
unit (Fig. 1). The coastal zone in the area is domi-
nated by east-west trending normal faults that have
created the steep slopes of Lefka Ori and the deep
graben structures between Crete and Gavdos. The
age of this graben is considered to be middle Mi-
ocene (Angelier etal. 1982, Bohnhoff et al. 2001),
whereas fault activity appears diachronous, as
seismicity is still present in the area (Papoulia et
al. 1996)

The second, study area, Heraklion area repre-
sents the transition zone from Psiloritis Mountains
to the Heraklion basin in central Crete (Fig. 4).
Several streams spring out from the mountains
entering to the lowland area, continuing their way
to the northern coast towards the gulf of Heraklio.
in few places streams have developed gorges,
such as the Almiros gorge to the north, Gonies
gorge in the middle and Kroussonas gorge to the
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Figure 4. DEM of Heraklio area and Psiloritis Mts (no vertical exaggeration), showing hydrographic network,
landforms and faulting of the area. FES, flat erosion surface; lines, normal faults.

south. The transition zone is formed by a series of
north-south trending normal fautts of late Miacene/
Pliocene age (Fassoulas 2001). Rocks cropping
out in the area include the carbonate series of the
Tripolitza nappe, the underlying carbonates of the
Plattenkalk unit and also the Miocene and Pliocene
sediments of the Heraklion basin.

lerapetra graben is characterized by the pres-
ence of the northeast-southwest trending lerapetra
active fault (Angelier et al. 1982, Papoulia et al.
1996), which forms the vertical cliffs at the west-
ern Thripti mountains (Fig 5). An impressive and

very narrow gorge develops from the fault scarp
upwards to the Thripti mountains, while, thick allu-
vial fans (screes) cover in several places the fault
scarp. Again, Plattenkalk carbonates appear in the
area covered by a thin sequence of Phyllite-quartz-
ite rocks and Tripolitza carbonates (Fig. 1). Early
Miocene and Quaternary sediments are filling the
lerapetra graben (ten Veen 1998).

Finally, in Zakros area, large north-south trend-
ing normal faults, probably of late Miocene/Pliocene
age (Fassoulas 2001), fragment and lower down
the relief towards the Lybian sea (Fig. 6). Main

Thripti Mts | g"

Figure 5. DEM of lerapetra area and Thripti Mts (no vertical exaggeration), showing hydrographic network,
landforms and faulting of the area. FES, flat erosion surface; HV, hanging valley; grey lines, lerapetra active fault.
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Figure 6. DEM of Zakros area and Sitia Mts (no vertical exaggeration), showing hydrographic network, landforms
and faulting of the area. MT, marine terraces; lines, normal faults, dashed line, possible active fault (Papoulia et al.

1996).

lithologies comprise the Tripolitza carbonates and
the purple phyllites of the Phyllite-quartzite nappe
(Fig. 1). Local streams initiated in the Sitia Moun-
tains form a gorge (Deads gorge with Nekropolis
inside) at the lower topographic block, mouthing
atthe Zakros gulf and the adjacent Minoan palace.

3.1 Landforms

Two kinds of surface features have been rec-
ognized by the analyses of 3D DEMs and field ob-
servations in the study-areas. These concern di-
rect basal level indications, such as flat erosional
surfaces (FES) and hanging valleys, or indirect
basal level indications related to sea level changes,
like marine terraces and notches.

Erosional surfaces in the Mediterranean area
and Crete are well known for the Mio-Pliocene time
interval (Delrieu et al. 1993 and references therein)
related with the sea level fall in the Mediterranean
basin. In Crete, Mio-Pliocene erosion has also
been recorded with high incision magnitude in
evaporite beds, but has lasted only for 100.000
years (Delrieu e al. 1993) meaning that only river
incision may had been produced. In the study ar-

gas the most outstanding FES (paneplane?) is rec-
ognized in the Heraklion area. The flat surface oc-
curs at about 340 meters asl., on top of Mesozoic
and of late Tortonian limestone (Fig. 4, Photo 1b).
The adjacent Almiros gorge has been incised un-
der this surface into the Mesozoic limestone.

Another, nevertheless not so well preserved
FES occurs in the area of the lerapetra graben on
the Mesozoic limestone of Thripti mts. This sur-
face stands out at about 560 meters asl. and Cha
gorge has also been incised under this surface
(Fig. 5). Furthermore, two hanging valleys (one
related with Cha stream and the other one with the
nearby Kavoussi stream) can be recognized in
the area at the same altitude, indicating that ear-
lier erosion in the streams had reached basal level
before the initiation of the present day Cha and
Kavoussi gorges.

In the area of Samaria (Fig. 3) a FES occurs at
the altitude of 630 meters and a hanging valley is
preserved above the entrance of the gorge at a
lower altitude in respect to the others (140 m.).

Aggradational and degradational marine ter-
races were recognized in several areas both from
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DEMSs and field observations. Although marine ter-
races are related either to global sea level changes
or local rock uplift, the rate of generation (and pres-
ervation) of new terraced landscape, reflecting the
uplift rate pattern is balanced by the rate at which
terraces are eroded by channels or by hill-slope
processes (Anderson et al. 1999). In the study
areas two factors have counteracted for their pres-
ervation; the lithology of bedrock, which is lime-
stone everywhere, not permitting fast mechanical
erosion, and the low precipitation rates (especially
for central and eastern Crete).

In the area of Samaria marine terraces occur
in several aititudes with the lower of them standing
approximately 2,5 meters over the sea level, being
formed in late Holocene times (Price et al. 2002,
Pirazzoli etal. 1996). Earlier degradational terraces
occur at 300 and 120 meters asl (Fig. 3). The last
one is maybe comparable with the hanging valley
at the entrance of Samaria which occurs at 140
meters asl (Photo 1c). Terraces in the area of
Zakros are more and better preserved than other
places shaping a coastal zone in the form of suc-
cessive stairs (Fig. 6; Photo 1d). Aggradational
terraces rich in late Pleistocene mammal fossils
occurin the lower levels (lower than 70m; Lax 1996),
whereas, degradation terraces occur in higher
levels. These widest terraces occur at 70, 170,
210 and 310 meters asl, marking successive sea
level stands.

3.2 River activity

Climate in Crete is characterized as typical
Mediterranean with a wet season accumulated
mainly in winter months (Pennas 1977). The
abrupt relief changes, as well as the geographical
position of the island account for the high discrep-
ancies in precipitation distribution along the is-
land. Generally, precipitation decreases from north-
west to southeast, ranging from 1200 mm in west-
ern Crete to 500 mm in eastern Crete (Pennas
1977).

This type of climate was established in
Pliocene but Mean Annual Temperature (MAT) and
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average precipitation were higher than in our days
{5° C and 400 — 1000 mm more per year; Brown &
Lomolino 1998). Regardless the short, although
dramatic climate change in Messinian, similar to
present day temperatures and quite higher pre-
cipitation (maybe at about 1000 mm more) oc-
curred during fate Miocene times in Crete (Sachse
etal. 1999, Zidianakis et al. 2004).

Supposing quite higher precipitation rates in
former times, erosion should have been also more
intense than present. The occurrence of manly
carbonate rocks in the mountainous areas ac-
counts for intense karstic erosion and the forma-
tion of the main landscape features of the island
{gorges, caves, plateaus). In places where imper-
meable rocks crop out (as is the case of western
Chania territory) deep valleys have been formed.
The vertical uplift is indicated by the intense river
incision all over the island, but is better exposed in
the abundant gorges. These valleys develop nor-
mal to the large fault zones as a result of footwall
uplift in respect to the present mean sea level
(Fassoulas et al. 2004)

Analyses of the riverbed profiles in the most
characteristic of these gorges were demonstrated
using DEMs and field observations. In most cases
the rivers/streams drainage old valleys that later
were affected by normal fault activity. A consider-
able bending of stream direction is observed on
the topography, mainly at the hangingwalt where
rivers are reorientated parallel to the direction of
the newly formed basins. This is more evident at
the Psiloritis eastern Slopes. Running eastwards
Agia Irini, Gonies and Almiros streams drainage
old, hanging valleys that were formed by late Mi-
ocene normal faults (Fassoulas 2001). Entering in
the hangingwall of the north-south trending faults
the streams turn northwards running off towards
the Cretan sea (Fig. 4). The same happens in
lerapetra grabben by the initially westwards run-
ning streams that turn northwards entering in the
hangingwall, passibly due to higher displacements
atthe northern part of lerapetra fault (Fig. 5). Inthe
area of Samaria the hangingwall is under the sea
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Figure 7. Riverbed profiles of gorges in study areas. RT,

river terraces; triangles indicate gorge exits (mouths);

arrows show nick points; straight lines, the fault trace; grey straight lines, active fault trace.

level, however this pattern occurs also undersea
with both the Aradaina and Samaria streams that
initially run southwards turning submarine west-
wards, and forming canyons in the Gavdos gra-
ben (T. Tselepides, Hellenic Center Marine Re-
search, personal communication). Only in Zakros
stream this pattern is not so well developed, al-
though bending and reorientations occur (Fig. 6).

Riverbed profiles were plotted against main
fault traces in order to examine possible interac-
tions between tectonics and erosion (Fig. 7). In
most cases profiles exhibit a concave inclination
that trend asymptotic to the basal sea level. Only
Zakros stream in the area of Zakros depict an al-
most straight profile indicating probably a con-
stant uplift rate for the upstream area. In the other

cases long erosional records with minor or major
changes along profiles are indicated. In Almiros
stream in the area of Heraklion the profile is subdi-
vided into two parts by the western fault present-
ing a nick point at about 200 meters. However,
erosion in the lower part has already reshaped the
profile into a typical concave one indicating a long
duration of incision. No river terraces were ob-
served in the gorge.

Nick points occur mainly in the profiles of
lerapetra area and secondary in Samaria area;
however, overall profiles are quite different among
them. Riverbeds in Samaria area present a simi-
lar, very gentle inclination and almost along half of
their profiles appear nearly horizontal. Gorges’ exits
appear at the present sea level (Photo 1c¢), and
some of them (e.g. Aradaina) continue directly
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under sea. This style indicates old erosion pro-
cesses and deep river incision (exceeding in places
800 meters in depth) that have managed to smooth
the riverbed parallel to the present basal plane.
However, erosion in the area has been affected by
repeated uplift phases as is indicated by the sev-
eral nick points and aggradational terraces exist-
ing mainly in Samaria gorge (Fig. 3). Most of these
preserve coarse, well stratified fluvial sediments
that were later degradated and incised by the river
activity. The highest appears at an aititude of about
570 meters, the next at 330 and 300 m and finally
the lower one at 70 meters. The latest and most
outstanding terrace extents from the narrowest
part of the gorge, the famous Portes to the coast
and at this part the river has incised about 6-8
meters in depth (Photo 1e).

Cha gorge in the area of lerapetra develops at
the footwall of the lerapetra active fault and its exit
appears as a thin V-shaped valley just on the fault
scarp (Photo 1f). The gorge is very narrow at the
exit (about half a meter) and its sides are about
200 meters high, while its riverbed is very irregu-
lar and very steep in parts forming repeated wa-
terfalis of three to fifteen meters high, small la-
goons and vertical cliffs. Even at its exit, at the fault
scarp, a small waterfall of about 4 meters develops
towards the hangingwall.

The older tectonic blocks, such as the coastal
area of Samaria which exposes an overall fault dis-
placement of 5 km and a total uplift of at least of 630
meters (Fig 3), show thus a very mature erosion
profile with nick points related possibly to later re-
activation of several onshore and most important,
off shore faults. Younger tectonic blocks (recog-
nized by the ages of the main bounding faults) as is
the case in the areas of Heraklio and Zakros, present
on the other hand rebirth processes. In these areas
total uplift is at least 340 and 310 meters respec-
tively. Finally, the most recent tectonic blacks as is
the case of the active lerapetra graben indicate
very young erosional profiles and initiation of deep
river incision. Hanging valleys in close proximity to
the present coastal area at 560 meters altitude, as
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well as the early Miocene age of the filling sedi-
ments indicate however that uplift in the area should
have initiated quit earlier, possibly in late Miocene-
Pliacene times.

4. DISCUSSION

4.1 Gorge development

Earlier studies have indicated that gorges, and
thus river incision in Crete appear in the footwall
of normal faults zones, which are responsible for
large vertical displacements (Fassoulas et al.
2004). The age and activity history of these fault
zones (Angelier et al. 1982, Fassoulas 2001) have
amore direct influence to the style and the magni-
tude of erosion, than the accumulative precipita-
tion in each area. This imply that Samaria and the
nearby gorges should have been initiated much
earlier than the other gorges studied in this work,
and were probably fully developed in Pliocene times.
Later tectonic reactivation should account for the
minor nick points and subsequent river incision in
the area. The Almiros and Zakros gorges, as well as
all the gorges of the island that are related with late
Miocene/Pliocene north-south trending faults should
thus have been initiated and been developed in
Pliocene times, resulting in a rebirth of landscape
and riverbed profile. The Cha gorge, which is re-
lated with the late Pliocene - Pleistocene lerapetra
fault (Fassoulas 2001) is thus one of the youngest
features in Cretan landscape, being in a youth stage
and still developing continuously.

intense gorge development should thus have
happened in Pliocene times, a period where large
vertical movements in the area of Crete have been
recorded. Meulenkamp et al (1994) argue for an in-
tense subsidence period in the Messinian/Pliocene
boundary that may have reached a magnitude of
1000 m, followed by two intense uplift periods in
Pliocene times. The most rapid uplift occurred in
garly Pliocene times reaching a rate of 125 cm/ka.

In Crete compressional tectonics take place
in the lower crust, while in the upper crust exten-
sional tectonics prevail (Taymaz et al. 1989,
Benetatos et al. 2004). This extensional regime
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Figure 8. Simplified model for isostatic response of lithosphere to crustal thinning caused by normal faulting.

act to compensate the sedimentary flux
underplatting in the subduction zone and to attain
a balanced wedge shape (Rahl et al. 2005). Thin-
ning of crust and the resulting negative load on
Earth’'s crust can induce regional isostatic re-
sponse of lithosphere and thus uplift of the flanks
of the grabens (Masek et al. 1994). Footwall uplift
in Cretan grabens can thus be interpreted as the
result of the isostatic rebound of lithosphere due
to the thinning of crust. In the area of Samaria and
the adjacent Gavdos graben vertical displacement
along the coastal zone faults, only based on the
topography, is probably exceeding 5 kms. In simi-
lar cases, numerical models (Burbank and Ander-
son 2001) predict that uplift of the flanks is about
20% of the fault vertical displacement. Applying to
Samaria area graben about 1 km uplift of footwall
can be inferred (Fig. 8).

4.2 Erosion record
The study of both river and marine related fea-
tures on the Cretan landscape indicated that sev-

eral successive phases of stable sea level peri-
ods were alternated with periods of intense sea
level changes. Coming to recent times, in Pleis-
tocene and Holocene many terraces and old sea
level stands are preserved in coast lines all over
Crete (Pirazzoli et al. 1996, Price et al. 2002).

It is well known (Holmes 1957) that marine
terraces are formed by wave cutting, degradation
and aggradation processes under long periods of
stable sea level stand. Thus, both FESs, hanging
valley levels and marine terraces represent peri-
ods of stable sea levels stands, following either
periods of high rock uplift rates or global sea level
changes. In the area of Samaria, the lower most
terraces that exist at altitudes not higher than sev-
eral meters were dated as late Holocene (Pirazzoli
etal. 1996, Price et al. 2002), whereas, in the area
of Zakros only terraces in altitudes lower than 70
m contain late Pleistocene mammal fossils (Lax
1996). These facts indicate that the higher ter-
races occurring in several places along Crete
should be linked to pre Pleistocene rock uplift or
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Figure 9. Diagram showing main erosion surfaces in study areas and possible correlations in respect to altitude.
Dark lines present FES; dark grey lines, marine terraces; light grey lines, river terraces. Number in boxes indicate total

uplift rates since Messinian.

sea level changes or both. However, sea level
records during the late Tertiary times (Prentice &
Matthews 1988) show that sea level was never
higher than present. This implies that presence of
marine terraces at high altitude is the result of
differential rock uplift.

The most pronounced stable erosion period
was recognized at the boundary of Miocene-
Pliocene all over the Mediterranean (Delrieu et al.
1993). This period with more humid and tropical
climate than today, was accompanied by intense
erosion that predates the Messinian Salinity cri-
sis and the dramatic climate changes in the Medi-
terranean basin. The dramatic fall of regional sea
leve! in such a short period of a few hundreds of
thousands years (Krijgsman et al. 1999) can not
account for the intense river incision and gorge
development, as this requires high precipitation
and longer time for kartsic erosion to operate.
However, it could have resulted to the submarine
continuation of Samaria and other gorges of the
area in great depths in the Gavdos graben, where
only soft, Neogene sediments occur.

We suggest that large FESs, as well as hang-
ing valley stands should be related to the late Mi-

ocene intense erosion period and that the initia-
tion of gorge development should postdate the
Messinian Salinity Crisis. This is documented by
the fact that in the area of Heraklio FES degrada-
tion has been developed both on the Mesozoic
and the late Tortonian — Messinian limestone, as
well as by the later river incision and gorge devel-
opment under the FESs.

In the absence of marine and river terrace
dating, no direct correlation among them can be
made. Only in Samaria area some river terraces,
such as those existing at 570m and 300 m could
be correlated with the marine terraces of 630m
and 300 m occurring at the coastal zone. Also, the
hanging valley at 140 m and the marine terrace at
120 m should represent an erosion phase related
probably with the Pleistocene interglacial periods.
In addition, as differential uplift has been the case
for most of the study areas, it is also impossible to
reconstruct a detailed uplift or/and erosional path
either for each tectonic block or for the whole is-
land (Fig. 9). However, taking the assumption that
most of the extended FESs and the hanging valley
stands have been develop in the late Miocene time,
and considering a global fall for the late Tortonian
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time (6 ma) of about 86 meters (Prentice &
Matthews 1988, May et al. 2002}, a total uplift rate
since that time can be approached. Thus, for the
Samaria area a rate of 11,9 cm/ka has been esti-
mated, for Heraklio area 7.1 cm/ka and for lerapetra
area 10,8 cm/ka. These rates are similar with the
long term uplift rates of Heraklion basin sediments
suggested for the Pliocene period by Meulenkamp
etal. (1994).

5. CONCLUSIONS

A combination of digital elevation model analy-
ses, neotectonic data and field observations of
certain tectonic blocks all over Crete was per-
formed to recognize significant landforms related
to the tectonic uplift of the island. The effect of
river incision was studied in the deep gorges that
developed in the footwall of large normal faults,
while marine erosion was recognized in nearby
coastal areas.

River profiles appear to be directly dependent
to the age and tectonic history of the fault zones
that have formed the uplifted tectonic blocks. Old
fault zones of late Miocene age have produced
mature erosion profiles that lie asymptotically to
the basal, sea level plane. Later reactivations have
attributed to the formation of nick points and ac-
tive incision processes. Samaria area gorges
belong to this case having been initiated probably
in late Miocene/Pliocene times and developed fully
in the Pliocene. Younger fault zones of late Mi-
ocene/Pliocene age created river profiles that show
rebirth of the landscape (as is the case of Aimiros
in Heraklio), or long term, continuous uplift that
has not been reshaped by erosion yet (Zakros
case). These gorges were probably initiated and
developed in the Pliocene. In cases of active faults
(Cha gorge) profiles are in a youth stage with sev-
eral nick points as a result of the recent reactiva-
tion.

Extended, flat erosional surfaces were recog-
nized in the areas of Heraklio, Samaria and
lerapetra, associated in few cases with nearby
hanging valieys at the same altitudes. These land-

forms depict the late Miocene (Tortonian/
Messinian) erosional period that was followed by
the dramatic sea level fall of the Messinain salinity
crisis and the fast crustal uplift of early Pliocene.
Gorges developed under these surfaces as a re-
sponse of the landscape to the differential uplift of
Pliocene and later periods. Total uplift rates since
the Messinian period were roughly estimated at
11.9 cm/ka for the area of Samaria, 7.1 cm/ka for
the area of Heraklio and 10.8 cm/ka for the area of
Zakros.

The differential uplift of the footwall in the nor-
mal fault zones of Crete is probably the result of
isostatic response of lithosphere to crustal thin-
ning of the upper crust.
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NEPIAHWH
H ANTAMOKPIZH TOY ANATAY®OY ZTHN TEKTONIKH ANYWQ2ZH THZ KPHTHZ

X. ®acgourac & M. NikoAokdkng
Mouaeio duowns lotopiag, Mavenatiuo Konmg, A. Kvwoou, &1409, HpakAgto.

2NV £pYA0ia auTr) XpNOoWonow Upe Ynglakd HovieAa avayAuQou, TEKTOVIKA dedopéva kabme kal
gTolXE(a UTAIBPOU e JKOTIO VA avayvwp{TOUNE OTLAVTIKES LOPPES TOU avayAlpou Tou Tipokaiolval
AGyw ™G €viovng DidBpwong katd m dlapkela Twv Neoyevwy Kal TETAPTOYEVWV TEKTOVIKWY aVUPOE-
wv Mg Kprimg. dapayyta, notdples kat Bardgaieg avapabuides avayvwpiomkay o€ OAEQ TIG TIEPIOXES
LEAETNG, EVW € OPIOUEVES TIEPUTTWOELS DIAYVWOTNKAY EMPAVELES ETUMEDWANS KAl KPERATTES KOL-
AAdeq. Ta mpogiA Twv pePdTwV OTIC MEPLOXES TQ 2apaplds, S Zakpou kal Tou HpakAeiou, omou n
TEKTOVIKT| QvVUYWOT fTay anoteAEaa AWy KAvOVIKWY pryuatwy, avepwyouy £va oAU wpLuo aTadio
d1ABpwaMg, av KaL 0€ OPLOPEVES MEPUTTWOELS TTAPATErBNKay anpeia kaprnmg kat katd fadog didpwan,
méavov we arnoTEAEOUA POTPATWY EMAVAdPATTNPLOTIONTEWY TWV PNYHATWY. 2NV TIEPLOXT ™S lepa-
TETPAg Omou To Gapdyyl Tou Xa avarrigoetal omy KUpoAetia ndvw oty EMPAVELd TOU EVEPYOU
PAYLATOC, TO TIPOPIA TOU PEHATOC Eivat € OTADIO VEATITTAC HE EVTOVA OMHEIQ KAUTC, LKPOUQ Katappd-
KTEQ Kat Evtovn kAian. MapdAAnAq, Motduleg kal Baragaieg avapaduideg andbeong eupavilovial ge
dLagopeg reploxE urodelkvuovTag Maralég B€oelg Tou Baatkou erunedou 1 e atadung me 6drac-
oag. H anouoia 6pwe AETTOPEPWY XPOVOAOYNOEWY, KaBWE Kal 1) BIAPOPIKI TEKTOVIKA aviywar Twv
ETUPEPOUC TEKTOVIKWY TEUAXWY DEV ETUTPETIEL TIPOG TO TIAPGY GUTYXETIOUO HETAEL TWY DLaQOpwY BETE-
wv. TlgTeloulle WS OTL oL ETUPAVELES ETUMEDWANC KAl OL KPEUATTES KoAAdeQ npénet va eivat dlag
Avw Melokavikig nAlkiag onwe eival kat Ta peyaAa priyHata nou npokdAeaav ) oxeTIk aviywan. H
gvaptn mge éviovng BlaBpwTikAg dladikagiag mou drnuoupynae my MAELOVOTNTA TWV Gapayywyv 6a
NPENEL guven e va EAape xwpa ato MAeiokavo. EEaipean anoteAel n meptoyn Tou ¢apayyou Tou Xa
TOU GUUPWVA We Trv NAIKIa Tou evepyou pryuatog Ba npenet va €haBe xwpa ato MNAegTokavo/
OAGkawvo. Ot extioupevol pubpoi GuvoAlKnS aviywong and To Meomvio kat Enerta eivat yia v nepioxt
me 2auapdc 11,9 em/ka, yia mv neptoxn Tou HpakAelou 7,1 cm/ka kat ywa mv neploxn me Zakpou 10,8
cm/ka. H textovikr] avigwarn TgTeloupe GTL Eivat TO anOTEAETUA TG {J00TATIKAG Enavagopag mg
MBG0PaIpag rou TIPOKAAEITaL artd v AEMTUVAN ToU Avw GACLOU.
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