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Abstract

The E-W striking, S-dipping, 17-km long Sfakia fault is located in the south-western Crete which is
considered as a paradigm of coastal uplift and spectacular gorge formation in Greece. This fault was formed
in Pliocene times (~ 3-5 Ma) because of crustal extension in the N-S direction. Its activity continued until
mid-Upper (?) Quaternary where seismic faulting may have switched to the synthetic, offshore fault about 4-
6 km to the south. Our work presents new data on the tectonic geomorphology of this area which is
characterised by the competition of uplift due to the Sfakia fault and of regional uplift due to plate
convergence. Field investigations by our team showed that small streams and gullies eroding the mountain
front have stopped incising and that the coastal plain is uplifted above present-day sea level from 0.2-12 m
depending on location. The morphotectonic indices along the fault (hypsometric integral, drainage basin
asymmetry, ratio of valley floor width to valley height (Vr), mountain front sinuosity, mean slope of
triangular facets) have been calculated using the ArcGIS software. Our work shows that the tilt direction of
footwall catchments changes along the footwall which is clear evidence for lack of a bell-shape, cumulative
uplift pattern along an active normal fault. We also compare our results with several morphotectonic indices
of the Psathopyrgos normal fault inside the Gulf of Corinth, a well-known Quaternary rift.

Iepidinyn

To pfyno tov Zeokiov pe punkog 17 km Bpioketor ot votodvtikny Kpnm ko Bempeitar wg mpdTumo
TOPAKTIOG avodov Kot Beapatikod oynuaticpov eapayyiov otnv EAAGoa. Avtd to priypa Eexivnoe v
Aettovpyia Tov oto [TAedkavo (~ 3-5 Ma) Aoym ¢ €KTaong ToL YNiivov eAolov pe katevbvuven B-N. H
dpaotnpOTTé VT cuveyiotnke UEypl To néGH T0v TeTapToyevohg OOV N GEIGLIKT OPAoT) UETOPEPONKE
0TO GEWOUIKO, GLVOETIKO, TOPAKTIO pRypa mtepimov 4-6 km votwo. Ze avtn Vv €pguva Tapovoidlovtal véa
dedopéva Yo TNV TEKTOVIKN YE®HOPPOAOYID TNG TEPLOYNG OOV YopuKTNPILETOL OO TOV OVTAYWOVICUO TNG
avooov g ENpdg AOYm Tov PRYUATOS TOV XPaKi®mV Kol TNG YEVIKOTEPTG avOd0L AOY® TNG GUYKALGNG TOV
mhokov Aepikng kot Evpacioc. To otabepd Tépoyog TOv PRYUOTOS TOV XQOKI®V OTOTEAEITOL OO
acPeoctoABovg kol pdppopo Kot yopoktnpileror amd empnkelg kowddeg wor Pabi eapdyyw. To
KaTEPYOUEVO TUNUO amoTeAEital Kupimg amd adrovfilakd puridia. H épevva mediov amédeiée OTL o pkpd
pEpaTo Tov dfpdvove To PETOTO TOL Povvoy €govv cTapathoel TNV Katd Pdbog Sdfpmon kot eniong M
nopdKTio Ted1dda eivar avoyouévn endve ard TNy Tapovca otddun 6dhaccog omd 0.2-12 m avaroya pe ™
0éon. O poppotektovikoi Ogikteg Kotd URKog Tov prypHotog (YWoueTpikd oAoKAp®o, AGULUUETPi
Aekdvng, Adyog mAATOVG KOLAdOG TPog VYOS, AoviéAmon 6tovg Tpdmodeg Tov Povvav, péon KAion tov
TPLYOVIKOV TPOVOV) VTOAOYioTNKAV HE TNV ¥pnon tov Aoyiopwkol ArcGIS. Emiong éywve ovykpion tov
OTOTEAEGUATOV TOV LOPPOTEKTOVIKAOV OEIKTOV UETOED TOL PNYHOTOC TOV ZOOKI®V HE TO KOVOVIKO Pyl
tov Yabomvpyov oto Avtikd dkpo tov Kopivbiarxod KoAmov. Ot 61601 6€ vt TNV €pgLVA €ivat o) va yivel
oUYKpLoN 1TNg emidpoong Tev puludv olicOnong oAicHnong oto «yTioWo» NG YE®UOPPOAOYiHG TOL
ot1afepov Tépayovs Kot B) va yiver aE0AGYNOT TG «TEPLOYIKNGY OVOYMONG LE GUYKPLoT TV 0e00UEVOV
omd To oTAfEPA TEUAYT TOV KOVOVIKOV pNYHATOV.
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1. Introduction

The Sfakia fault is located in the south-western Crete which is considered as a paradigm of
coastal uplift and spectacular gorge formation in Greece (Figure 1; Pirazzoli et al., 1982; Fassoulas,
2001; Peterek A, and Schwarze J. 2004; Fassoulas and Nikolakakis, 2005). This fault is E-W
striking, S-dipping, 17-km long and it was formed in Pliocene times (~ 3-5 Ma) because of crustal
extension in the N-S direction. The onset of its activity is marked by the deposition of the Chora
Sfakion formation (Lower Pliocene; Skourtsos et al., 2007) which is found on the hangingwall of
the fault. Its activity continued until mid-Upper (?) Quaternary where seismic faulting may have
switched to the synthetic, offshore fault about 4-6 km to the south. Recent estimates of footwall
uplift due to co-seismic slip along the Sfakia fault are of the order of 0.8 mm/yr (Alexopoulos and
Markopoulou-Diakantoni, 1996; Skourtsos et al., 2007) and is comparable to other normal fault data
for central and eastern Crete (Caputo et al., 2006). In addition, the Early Pleistocene, marine
sedimentary formation of Fragokastelo has been uplifted at about 0.4-0.6 mm/yr (Skourtsos et al.,
2007). Fragokastelo is located in the hangingwall of Sfakia normal fault and if Sfakia was active
during Middle-Late Quaternary this formation should be subsiding or be at least stable below sea
level. This uplift can be explained by offshore seismic activity on synthetic normal fault(s) and/or
regional uplift due to plate convergence along the Hellenic Arc. All over south Crete, one sees
uplifted marine terraces and other shoreline features (Wegmann et al., 2006). Our work presents
new data on the tectonic geomorphology of this area which is characterised by the competition of
uplift due to the Sfakia area faults and of regional uplift.
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Figure 1: The study area of south-western Crete including the Sfakia normal Fault (thick white line with
ticks on the downthrown side). Other normal faults are shown with their names printed, as well. Thin white
lines show river catchments, main rivers and streams. Numbers indicate catchment number. Background
image is a shaded relief model of Crete produced from a 20-m DEM mosaic. Illumination is from the North.

The footwall area of the Sfakia fault comprises mainly limestone and marble of the Plattenkalk and
Trypali units and is characterised by the occurrence of rectilinear valleys and deep gorges (Figure 1). The
western hangingwall area is dominated by alluvial fans along the mountain front (Nemec and Postma, 1993).



To the east there is an extensive outcrop of basement (phyllites) near the village Skaloti (IGME, 1982;
Figure 2) with an estimated thickness of about 400 m. Phyllites are tectonically overlain the Plattenkalk
rocks which reach 1000 m in thickness (IGME, 1982) so the existence of phyllites on the hangingwall area of
the Sfakia fault indicates significant vertical displacement (throw) of this fault. A complicating factor for
calculating throws is the existence of the Fragokastelo normal fault (Skourtsos et al., 2007) which runs
oblique to the Sfakia fault and terminates against it (Figure 1).

Field investigations by our team showed that small streams and gullies eroding the mountain front (Figure
2) have stopped incising and that the coastal plain is uplifted above present-day sea level from 0.2-12 m
depending on location. The morphotectonic indices along the fault (hypsometric integral, drainage basin
asymmetry, ratio of valley floor width to valley height (Vr), mountain front sinuosity, mean slope of
triangular facets) have been calculated using the ArcGIS software. We also extended our GIS analysis to the
greater western Crete area using an elevation data set of a mosaic of six 1:50000 maps sheets of the Greek
Army from where we built a 20-m Digital Elevation Model (DEM). The normal faults of the greater area
have been extracted by use of the DEM mosaic products (relief, slope map) and satellite images from the
Landsat 7 ETM+ sensor. In this paper we will present our results for the Sfakia area only. We also compare
our results with morphotectonics of active normal faults inside Quaternary rifts in mainland Greece such as
the Gulf of Corinth. In particular we have analysed the Psathopyrgos fault (Tsimi et al., 2007) which is an
active fault on the western Gulf of Corinth area and its footwall uplift rate has been recently determined at
1.8 mm/yr (minimum estimate; Palyvos et al., 2007). The objective is a) to compare the effect of variable
slip rates on footwall geomorphology and b) to evaluate the contribution of regional uplift by comparing data
from footwall areas of comparable normal fault systems.

Figure 2. Field photograph of the fakia muntain frnt near the village Skaloti. Black arrows show the
position of the fault scarp. Note that the face of the scarp is eroded indicating fault inactivity. Rocks on the
foreground are mica schists of the phyllite unit. Photograph taken on 30 May 2007. View to the west.



2. Materials and Methods

The main data set, which we used, is a Digital Elevation Model (DEM) with resolution 20 x 20 m. From
those data we produced slope maps, shaded relief maps and TIN models of the landscape. The software that
was used was ArcGIS ™v.8.1 for Windows. We digitized on-screen a) the boundaries of catchments (287), b)
the courses of streams c) the boundaries of triangular facets developed on the footwall area of the Sfakia
faults and d) the traces of normal faults as mapped by Skourtsos et al., (2007) and by our own field work.
Several faults were located precisely by collecting fault plane coordinates using field GPS. The calculated
morphometric indices of this study are the following:

e Hypsometric curve and hypsometric integral (HI; Figure 3)

H —H .
HI — mean min (1)
H max H min
Where Hpean, Hnax and Hpin are the mean, maximum and minimum elevation, respectively.
e Drainage basin asymmetry (AF; Figure 4)

AF =100* (A%t) @)
Where Ar is the size of area in the right sub-catchment of main river and At is the area of whole
catchment.
e Ratio of valley floor width to valley height (V; Figure 5)
2V,

V = 3
(hl _h3)+(h2 _hs)

Where V¢ is the width of the valley floor, h; and h; are the elevations of the right and left drainage
divide and h; is the elevation of the valley floor.

3. Results and Discussion
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Figure 3: The map indicates the spatial distribution of the Hypsometric Integral based on DEM elevations of
catchments. The Sfakia area catchments are indicated by numbers 18 to 44. The light grey color means low
topography and the dark grey color means high topography. The white lines are the normal faults (ticks on
the downthrown side). Note in the Sfakia fault area that the size of catchments decreases to the east.
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Figure 4: The map indicates the spatial distribution of the drainage basin asymmetry. The light color
indicates values larger than 50% and means catchment’s tilt to the left of the flow direction. Dark grey color
indicates catchment’s tilt to the right of the flow direction. The Sfakia area catchments are indicated by
numbers 18 to 44. The white lines are the normal faults.
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Figure 5: Graph showing the distribution of the ratio of valley floor width to valley height (Vr). The square
points indicate values at 300 m distance from the Sfakia Fault while circles indicate values at 500 m distance
and triangular points indicate 1000 m, respectively. The grey color means that the lithology of the valley is
limestone. The white color means that the lithology of the valley is alluvial fan, scree or talus. The position
of the Sfakia fault was determined by the break in morphological slope.



Our results on the distribution of the morphotectonic indices along the Sfakia Fault include:

a) High values of the H.I index are mapped on the western end of the fault (0.64). Low values (H.I <
0.4) are mapped on catchments that are cut by the fault.

b) The Asymmetry map reveals strong tilt to the east and moderate tilts to the west. The AF index
reaches 0.86 (Sfakia gorge catchment 21; west part), 0.74 and 0.71 (catchments 26 and 28; middle),
0.81 and 0.79 (catchments 31 and 37; east). A drastic change in the tilt direction occurs in the middle
of the fault. AF values for catchments 26 and 28 (see above) indicate tilt to the east but the
neighbouring catchment of Asfendou (Figure 4, number 29) shows AF=0.21 indicating strong tilt to
the west. It is notable that this switch in tilting directions occurs almost in the middle of the fault
where one would expect the opposite behaviour if a typical displacement-length relationship was
established as in the Psathopyrgos fault case (Tsimi et al., 2007).

c¢) The Vr ratio (Figure 5) ranges from 0.08 to 2.02, both values characterising limestone-incised
valleys. Vr values below 1 are characteristic of active regions; however, we suggest that such values
can be sustained along inactive normal faults if the area is undergoing uplift due to regional
processes such as plate convergence and/or the migration of fault activity is relatively new (let’s say
100000- 300000 years). An interesting point to be further investigated is that the Vr ratio does not
increase with distance from the fault scarp as is the case with active faults such as the Heliki Fault in
the Gulf of Corinth area (Verrios et al., 2004). This may be due to either a) incorrect positioning of
the fault scarp on the DEM image b) stop of tectonic activity (i.e. footwall uplift) resulting in
termination of down-cutting and c) contribution of regional uplift which does not necessary follows
the same pattern as the fault-specific uplift.

We also compared our findings to the results we obtained from the morphotectonic analysis of the
Psathopyrgos normal fault in the western Gulf of Corinth area (Tsimi et al., 2007). Our results are
comparable because both footwall areas were studied from 1:50000 scale digitised DEMs. For this purpose
we summed several key observations along one graph (Figure 6). Figure 6 shows the distribution of three (3)
indices along strike of the two faults, namely the H.I index, the mean slope angle of catchments and the A.F
index. Psathopyrgos shows high values of H.I (>0.5), and a switch in A.F about 5 km to the west of the
origin the section. Sfakia shows both high and low H.I values along strike. However, Sfakia show opposite
behaviour in terms of tilt direction of the footwall catchments. In Figure 6b we see that catchments from
distance 0 to 8500 m along strike show high values of AF indicating tilt to the east, while from distances
8500 to 17000 m the tilt direction switches to the west. This result is inconsistent with an isolated fault
growth model where footwall basin asymmetry follows the cumulative displacement which has elliptical (or
bell-shaped) geometry (Schlische et al., 1996). This change in tilt direction occurs in the centre of the fault
with a converging mode and it can be regarded as evidence for fault inactivity. If large earthquakes (M>6)
had recently occurred along the Sfakia fault then the footwall uplift would be greater in the centre and less at
fault tips so the tilt direction would diverge at fault centre. On the contrary, this diverging asymmetry is what
we observe in Psathopyrgos where the tilt direction agrees with the long-term slip distribution along the fault
(Tsimi et al., 2007; Figure 6). Both faults show a similar distribution of slope angles of catchments.

In terms of comparing the effect of long-term (100000 to 1 million years) uplift rate on the present-day
morphotectonics of both normal faults we note the following: a) H.I values along Psathopyrgos (fastest
uplift; 1.8 mm/yr) are greater than 0.5 whereas H.I values along Sfakia range from 0.25-0.64. In addition, the
range of H.I values along the Psathopyrgos fault is small as they range from 0.50-0.65 while along Sfakia
they range from 0.25-0.64 b) The spread of AF values is again larger for Sfakia (0.21 to 0.86) than for
Psathopyrgos (0.39-0.61). We think this difference is not due to the uplift (slip) rate difference (1.8 vs. 0.8)
but to the combination of a) regional uplift pattern and b) normal fault activity migration to the south. This
hypothesis may be supported by the fact that AF values in the western part of Sfakia are generally greater
than those from the eastern part (Figure 6) and numerous field observations by us (i.e. Figure 2) and other
workers that the Sfakia mountain front is not actively incising. Fault migration to the south would imply that
the Sfakia fault now constitutes the footwall area of the active fault(s) so the present-day uplift pattern would
depend on the exact location of the active fault, its geometry and its distance. We also suggest that the effect
of regional uplift along Psathopyrgos (if any) is negligible.
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Figure 6. Diagram indicating variation of three (3) indices along strike Top) Psathopyrgos Fault Bottom)
Sfakia Fault. Slope values are mean slope angles of catchments in radians. Note that the Psathopyrgos
section is oriented east-west but the Sfakia section is west-to-east.

Conclusions

Our work presents new data on the tectonic geomorphology of the Sfakia area (western-south Crete)
which is characterised by the competition of uplift due to the Sfakia area faults of the order of 0.8 mm/yr and
of regional uplift. The main morphotectonic indices along the Sfakia fault (hypsometric integral, drainage
basin asymmetry, ratio of valley floor width to valley height (Vr)), have been calculated using the ArcGIS
software. We found that a) the basin asymmetry factor does not follow the long-term slip profile along strike
(Figure 6), instead it shows a converging tilt in the middle b) Vr ratios while remaining low do not increasing
upstream as do in other normal faults (Helike). This evidence suggests that the Sfakia normal fault is
inactive. We also observe that high uplift rates on footwall areas of normal faults tend to produce catchments
with hypsometric integral values > 0.5 and that a component of regional uplift would tend to disturb the bell-
shape profile of isolated footwall geometry and produce highly asymmetric catchments. Finally, low Vr
ratios (< 0.5) developed on carbonate rocks can still survive along inactive normal faults.
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