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Abstract

In the present study, geomorphological, geological data and morphotectonic analy-
sis were combined in order to investigate the relation between the tectonic activity
and the geomorphology in the Heraklion basin (Crete). GIS techniques were used
for mapping the various topographic, geological and tectonic features of the study
area. The digital elevation model (DEM) of the study area was created. The slope
angle and aspect maps were derived from DEM and combined with fault system ori-
entation. The influence of tectonism on the development of drainage system was ex-
amined by the comparison of fault and stream directions. Moreover, geomorphic in-
dices are useful tools in evaluating tectonic activity, relating the sensitivity to rock
resistance, climatic change and tectonic processes with the production of a certain
landscape. The applied geomorphic indices, in the present study, are the mountain
front sinuosity index (Swp and the valley floor width to valley height ratio (Vy). The
fault zones of the study area are generally oriented N-S, NE-SW, NW-SE and E-W.
According to the morphological analysis, steep slopes and sudden changes corre-
sponding to the azimuth of the slope direction, are mainly related to N-S, NNE-SSW
and NNW-SSE oriented faulting. The main channel directions of the drainage system
are mainly controlled by faults striking N-S. The E-W, NE-SW and NW-SE general
trending fault systems affect the low order streams. The Syr and Vyvalues are low,
implying that the tectonic activity influences the morphology of the study area. The
above methodology was proved successful to examine the impact of the tectonic ac-
tivity in the study area.
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Mepitnyn

2T0Y0G TG TAPODOOS EPYOTIOS EIVOL VO, GOVOVOGEL TO. YEWAOYVIKG, OEOOUEVO. UE TNV
HLOPPOAOYIKI] KO HOPPOTEKTOVIKY OVAAVDON LE TTOXO Vo kaBoplotel 11 exidpach e Te-
KTOVIKNG OTHYV OLOUOPPOON TOV ETIPAVELAKOD aVvOoylDPOv VLo TUNUO. THS AEKAVHS TOV
Hpaxieiov amnv Kpnmy. To Lewypagixa Zvotiuazo [IAnpopopiav ypnoyomoinBniay
VIO, VO ATEIKOVIOTOVV TO. TOTOYPOPIKG, YEWAOVIKG KoL TEKTOVIKG OEOOUEVA THG TEPLO-
xns. Apyixa dnuiovpynBnke T0 WnELaKo HOVIELO DWOUETPWY KOl GTHV GUVEXELD, TEPOE-
KOWav amo o0T0 0 YOPTHS KAIOEWY K01 O YOPTHS TPOTAVATOAMGUOD KOl COVODATTHKOY
UE TO TEKTOVIKO ovaThuo. TN meployxns. H emidpoaon tov textoviouod otyv avimroln
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7OV VIPOYPAYIKOD AIKTOOV EKTIUNONKE, AauPAvovTag vTOWILY TOV TPOTAVATOAGUO TWV
PHYHGTOVY Kol TV peudtwv. Emmpocbeta oro whaioio tne mapodoag epyacios mpoo-
oopioTnray 000 UOPPOTEKTOVIKOL OEIKTES e 0TOY0 va. allodoynbel n tektoviky dpa-
otnpiotnTo. ¢ mEpLoxns. Avtol aviigroyovy otov dcikty evBLYPOUUIGNHS TOD OpEOD-
YPOPIKOD UETMTOD (Smy) KO TTOV OEIKTH AOYOL TAGTOVS KOIAAIOS TPOS VWO KOIAGAOS
(Vy. Ta pnyuoza g mepioyns mopovaialovy yevikd mpooovotoliouo B-N, BA-NA,
BA-NA ka1 A-A. Ao v poppoloyikn avelvoon mpokdTTel 0TI 01 ATOTOUES KAIOELS
KxaBwmg ko1 o1 awotouss Hetaforés mpooavatodiouod cyetiovion ue ta pRyuoTa o1ed-
Bvvong B-N, BBA-NNA ko1 BBA-NNA. Ot kopiot kAddor tov vdpoypapikod o1ktdov
mBavov eAéyyovrou amo ta pryuate. yevikng oievfvvons B-N. Ot deiktes Swr kar Vi mo-
PovaIAlovY YOuUNAES TIES, PEYOVOS TOD OEiYVEL OTI 1] HOPPOLOYVIO THG TEPLOYNS EXEL
ennpeaotel o pueydio Pabuo arod v textoviky dpaotnpiotnta. H mopomdve uebo-
doloyio. avaivong amodeiynre exituyne orovg aTo)ovs mov £dcae 11 Tapovow. Epyacic.
Aéeig kierdra: Mopgotexrovikoi deixreg, 211, pryuo.

1. Introduction

The wide area of Heraklion city is located in the Heraklion basin (Figure 1A), comprising a large
Neogene basin (900 km?) in central Crete. The Neogene deposits of Heraklion basin overlie
basement rocks of the Upper Nappes (Gavrovo-Tripolis, Pindos and the heterogeneous Uppermost
Unit). The Upper Nappes are separated from the HP-LT metamorphic rocks of the Lower Nappes
(parautochtone Plattenkalk and Phyllite-Quarzite units) by the Cretan detachment (Zachariasse et
al., 2011; Kokinou et al., 2012). This fault (or faults) is in many places exposed with a sense of
shear either to both S and N (Kilias et al., 1994; Fassoulas, 1999), or dominantly top-to the north
(Jolivet et al., 1996).

The evolution of a complex landscape is the result of the interactions involving climate, tectonic
and surface progress. Therefore the study of the geomorphological features such as the drainage
may assist in understanding the landscape evolution and recognize active tectonic movements
(Riquelmea et al., 2003; Malik and Mohanty, 2007; Bathrellos et. al., 2009, Kamberis et al., 2012).

Figure 1 - A: Map of Crete showing the study area, B: Elevation map of the study area.
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Several studies have proposed that the investigation of geomorphological features and geomorphic
indices such as the mountain front sinuosity (Sms index) and the valley floor width to valley height
ratio (Vr index) provide useful information regarding the influence of tectonics on landscape
evolution (e.g. Bull and McFadden, 1977; Rockwell et al., 1984; Keller, 1986; Burbank and
Anderson, 2001; Theocharis and Fountoulis, 2002; Silva et al., 2003; Tsodoulos et al., 2008).

The main scope of the present study is to combine geomorphological, geological data and
morphotectonic analysis in order to investigate the relation between the tectonic activity and the
geomorphology in the Heraklion basin (Crete).

2. Geology of the Study Area

The Heraklion’s basin comprises an almost flat area (maximum elevation at 296m) with the
exception of some hilly areas, showing an extended development of the drainage. The rivers of the
basin flow from South to North into Aegean Sea (Figure 1B).

The geological map (Figure 2) of the study area was created, based on the existing geological map
(IGME, 1:50,000) and field observations.

The Heraklion’s basin is mainly filled by fluvial and marine sediments of Holocene, Pleistocene,
Lower-Middle Pliocene, Upper Miocene, Cretaceous — Middle Eocene and Upper Triassic-Upper
Jurassic (Figure 2). The Holocene sediments (al) mainly comprise fluvial and closed basin deposits,
situated in the western part of the city, on either site of the drainage network. Pleistocene—
Holocene sediments (Qs) are generally located across the coastline, comprising of undivided
marine terraces and coastal sands. The Pleistocene Heraklion formation (Pt) consists of marine
bioclastic limestones, sandstones with cross-bedded conglomerates and marls. The majority of the
basin’s interior consists of Lower-Middle Pliocene sediments (P1.m), comprising of white marls or
marly limestones, grayish clays with brown, often thin bedded intercalations, white beige
fossiliferous marls, laminated marls or diatomites and bioclastic limestones. The base of this
formation consists in general of an unsorted “marly breccia”. It overlies unconformably the Upper
Miocene formation (M.k), consisting of bioclastic, reef limestones, marls or marly limestones
(M.m) and gypsum (g). In the eastern part of Heraklion are situated Cretaceous—Middle Eocene
(Ks-Ek) limestones, grey to black, medium-thick bedded to massive bituminous locally
microbreciatted and dolomitic in the upper members. Finally the oldest formation of this area is
the Triassic—Upper Jurassic (Ts-Js.Kd) limestones, dolomitic limestones and dolomites. They
constitute the base of the external zones tectonic nappe resulting in a local mylonitization at their
base due tectonism. They are karstic, mainly in the upper members.

The map and the rosediagram of Figure 2 show that the fault zones of the study area are oriented
NE-SW to NNE-SSW, NW-SE to NNW-SSE and E-W.

3. Methodology
3.1. Geographic Information System (GIS)

According to Goldfinger et al. (1994), shaded relief plots, contour plots, and wire-frame plots
comprise the main tools to render the topography of an area. Detailed faulting tectonics and pattern
deformation is better determined based on shaded relief plots (Oguchi et al., 2003). According to
Kennely (2008), the illumination angle is also important for combined interpretation. Tectonic
geomorphological interpretation is also supported by 3D view (Figure 3, Smith and Clark, 2005).

Digitization techniques and GIS were applied for mapping representation of the data. The digital
elevation model (McGullagh, 1998; El-Sheimy et al., 2005) was created by the digitization of the
topographic map contours (1:5,000 scale maps), while the cell size of the digital elevation model
was 4 m. A spatial database was created and ArcGIS 9.3 software was used to process the
collected data. This study was carried out using topographic maps of a scale of 1:5,000, published
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by the Hellenic Army Geographical Service (H.A.G.S.). A Digital Elevation Model (DEM) was
created by digitizing the contours with 2 m intervals and triangulation points of the above
mentioned topographic maps.

GIS systems can generate many useful derivative datasets from topography. Two useful products
for tectonics are slope and aspect maps. A slope map (Figure 4) assigns colours to the slope angle
of each pixel of the elevation grid. This type of image may illuminate tectonic activity not apparent
otherwise, and can be used to isolate ranges of topographic slope angles for statistical treatment,
predictive capabilities of slope stability, or outcrop exposure. Similarly, an aspect map assigns
colours to the azimuth of the slope direction (Figure 5). Both of these plots can be used for either
topography or subsurface horizons to illuminate trends associated with deformation (Evans, 1972;
Moellering and Kimerling, 1990; Brewer and Marlow, 1993). For the production of the slope
angle layer, the DEM of the study area was used. The slopes were grouped in six classes: (i) < 50
(very gentle slopes), (ii) 5 — 100 (gentle slopes) (iii) 11 — 200 (intermediate slopes), (iv) 21 — 300
(moderately steep slopes), (v) 31 — 400 (steep slopes), and (vi) > 400 (very steep slopes) (Figure 4).
As the aspect is the slope direction for a terrain, the aspect map was created from the DEM. The
azimuth of the slope direction was grouped in nine classes: (i) -1o flat, (ii) 337.5 — 22.50 north,
(i) 22.5 — 67.50 northeast, (iv) 67.5 — 112.50e¢ast, (v) 112.5 — 157.50 southeast, (vi) 157.5 —
202.50 south, (vii) 202.5 — 247.50 southwest, (viii) 247.5 — 292.50 west, (ix) 292.5 - 337.50
northwest .

3.2. Geomorphic Indices

Geomorphic indices are useful tools in evaluating tectonic activity, relating the sensitivity to rock
resistance, climatic change and tectonic processes with the production of a certain landscape. The
most useful indices are the mountain front sinuosity (Smr index; Bull and McFadden, 1977) and the
valley floor width to valley height ratio (Vrindex; Bull, 1977, 1978).

Figure 2 - Geological map of Heraklion (according to the geological map of IGME, Vidakis
et al., 1996). The rose diagram (upper right) presents the orientation of the main faults.
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Figure 3 - 3D Topographic visualisation of the study area. Black lines correspond to faults.

Figure 4 - Slope map of the study area.

Mountain front sinuosity is determined by measuring the length of the mountain front along the
foot of the mountain Lmf and the straight line length of the mountain Ls. So, the mountain front
sinuosity Smf = Lmf/Ls is achieved (Bull and McFadden, 1977). The balance between erosion that
tends to produce asymmetrical or sinuous fronts and tectonic forces that tend to create a straight
mountain front coincident with an active range-bounding fault is presented by the above
mentioned index. On the most tectonically active fronts, values of Smf approach 1.0, whereas Smf
increases if the rate of uplift is reduced and erosional processes begin to form a front that becomes
more irregular with time. Smf values lower than 1.4 indicate tectonically active fronts (Rockwell
et al,, 1984; Keller, 1986; Burbank and Anderson, 2001) while higher Smf values (>3) are
normally associated with inactive fronts in which the initial range—front fault may be more than
1Km away from the present erosional front (Bull and McFadden, 1977).

XLVII. No1 - 289




Figure 5 - Aspect map of the study area.

In this study, fronts are defined by a major fault bounded topographic range fronts with
measurable relief exceeding two contour intervals (4m) in 1:5000 maps, which is the working
scale used. The application of the Smf index was utilized in seven discrete segments (Figure 2),
corresponding to major fault zones in the study area and taking into account similar geological and
morphological characteristics especially concerning the drainage network. For the separation the
following criteria were applied (Wells et al., 1988): a) intersection with large in scale cross—cutting
drainage, relative to the front, b) abrupt changes in lithology (as it occurs in the western and
eastern segments), ¢) changes in hill front orientation.

The Vf index reflects the difference between V-shaped valleys that are down cut in response to
active uplift (low values of Vf) and broad-floored valleys that are eroding laterally into adjacent
hill slopes in response to base level stability (high values of Vf) (Bull, 1978). The ratio of valley
floor width to valley height (Vf) may be expressed as:

Equation 1 - Ratio of Valley Floor Width to Valley Height

2xT7f,
(Eld _Esc)+(Erd _Esc)

Vf =

Where Vi, is the width of valley floor, Eig and E.q are elevations of the left and right valley divides,
respectively, and Esc is the elevation of the valley floor (Bull & McFadden, 1977). Comparison of
the width of the floor of a valley with its mean height provides an index that indicates whether the
stream is actively down cutting or is primarily eroding laterally into the adjacent hillslopes. The
index reflects in this way differences between broad —floored canyons (U—shaped) with relatively
high values of Vrand V—shaped canyons with relatively lower values (Keller, 1986).
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4. Results and Discussion

Morphological analysis of topographic features is often used for tectonic and structural studies.
Digital elevation models (DEMs) and DEM analysis methods are used for fault recognition as
about 90% of fault geomorphic indices can be defined quantitatively. At this point we have to
mention that lithological contacts and intersection of bedding and topography, glacial features and
wind erosion may also appear as lineaments in the derivative maps extracted from DEMs. So the
use of indicated methods of DEMs analysis without geological data does not permit us to
determine the fault morphology.

Slope and aspects superimposed by the faults and the drainage system are shown in Figures 4 and
5 respectively. The relief of the study area is mainly smooth with slopes ranging between 0 and
20°, while prevailing aspects are east, west, north and northwest. It is obvious that steep slopes
(>30°) are mainly related to N-S, NNE-SSW and NNW-SSE oriented faulting. Additionally
sudden changes corresponding to the azimuth of the slope direction are generally in agreement
with the presence of steep slopes in the vicinity of the pre-mentioned faulting.

The influence of tectonism on the development of drainage system was examined by the
comparison of fault and stream directions. As it is presented in Figures 4 and 5 the main channels
of the drainage system of the study are parallel and generally oriented N-S. This direction is
probably related to N-S, NNE-SSW and NNW-SSE oriented faulting. Regarding the low order
streams of the drainage system, they develop directions mainly E-W, NE-SW and NW-SE. These
stream directions have affected from E-W, NE-SW and NW-SE trending fault systems.

The values of the Smrand Vrindex were calculated for each front of the study area along with their
trend and length (Table 1). Fronts were generally selected to be near or in the vicinity of major
faults and/or near to rivers or streams. Fronts (1) and (2) are located in the western part of the
study area in the vicinity of Giofyros river, while their lengths are 6.186 and 1.838Km respectively.
Front (1) is partially parallel to faults trending mainly N-S to NNW-SSE while front (2) is sub-
parallel to a fault trending NNE-SSW. Both fronts are mainly located in the Lower-Middle
Pliocene (P1.m) and Pleistocene sediments. The value of the Swr corresponding to fronts (1) and (2)
is 1.17 and 1.36 respectively, while the average value for V¢is 0.32 and 0.076.

Front (3) is located between Giofyros and Knossanos rivers being partially parallel to faults
trending N-S to NNW-SSE and crosses the Upper Miocene formation (M.k) and the Lower-
Middle Pliocene sediments (PL.m). It is 5.513Km long. The value of the Sn¢ is 1.26 while the
average value for Vris 0.45.

Front (4) is almost parallel to Knossanos river trending N-S to NNW-SSE and it is 7.6Km long. It
crosses the Triassic—Upper Jurassic (Ts-Js.Kd) limestones, the Upper Miocene formation (M.k)
and the Lower-Middle Pliocene sediments (Pl.m) and finally the Pleistocene sediments (Pt.m). The
value of the Sy is 1.13 while the average value for V¢is 0.56.

Front (5) is located between Knossanos and Karteros rivers trending N-S to NNE-SSW and
crosses the Cretaceous—Middle Eocene (Ks-Ek) limestones, the Upper Miocene formation (M.k)
and the Lower-Middle Pliocene sediments (Pl.m). It is 6.64Km long. The value of the Sy is 1.1
while the average value for Vris 0.34.

Front (6) is almost parallel to Karteros river trending almost N-S and it is 5.75Km long. It crosses
the Upper Miocene formation (M.k), the Lower-Middle Pliocene sediments (P1.m), the Pleistocene
— Holocene sediments (Qs) and the Holocene sediments (al) . The value of the Sy is 1.04 while the
average value for V¢is 0.42.

Finally, front (7) is parallel to faults trending mainly E-W and it is 9.372Km long. It crosses the
Cretaceous—Middle Eocene (Ks-Ek) limestones, the Upper Miocene formation (M.k), the Lower-
Middle Pliocene sediments (Pl.m) and the Holocene sediments (al). The value of the Smf is 1.26
while the average value for Vfis 0.44.
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Table 1Values of geomorphological indices for the fronts (1-7) shown in Figure 2.

Front Front Front Average
Num. Location Bounding rocks | trend | length (km) | Swmr Vi
1 Giofyros Pl.m, Pt, al N-S 6.186 1.17 0.32
. NNE-
2 Giofyros Pl.m SSW 1.838 1.36 0.076

Between Giofyros

3 and Knossanos MKk, Pl.m N-S 5.513 1.26 0.45
4 Knossanos T-Js.kd, Mk, N-S 7.6 1.13 0.56
Pl.m, Pt.m

Between

5 Knosanos and Ks-E.k, Mk, NNE- 6.64 1.1 0.34
Plm SSW

Karteros
6 Karteros M.k, PLm, al, Qs N-S 5.75 1.07 0.42
7 Giofyros-Karteros Ks-E.k, Mk, E-W 9.372 1.26 0.44

Pl.m, al

The Smf values along the different fronts in the study area are generally varying between 1.07 and
1.36. As already mentioned, Smf values lower than 1.4 near or in the vicinity of faults, indicate
tectonically active fronts (Rockwell et al., 1984; Keller, 1986; Burbank and Anderson, 2001). The
fronts generally cross Miocene - Pliocene sediments, showing approximately the same resistance
to the erosion. The low Smf values (close to 1) indicate that the area is affected by tectonic activity
rather than erosion processes.

Similarly, Vf index values are low ranging between 0.076 and 0.56. According to Silva et al
(2003) values of Vf < 1.0 express the develop of V-shaped valleys indicating tectonic activity.
Both index values suggest that the involved fault systems fall under the category of Class-I,
representing high tectonic activity.

5. Conclusions

In the present study morphological and geomorphotectonic analysis are combined in order to
determine the impact of the tectonic activity in the Heraklion area.

DEM analysis methods are used for fault recognition but the use of these methods without
geological data does not permit to determine the fault morphology. The analysis of the
morphological features indicated that steep slopes (>30°) and sudden changes corresponding to the
azimuth of the slope direction are mainly related to N-S, NNE-SSW and NNW-SSE oriented
faulting.

The comparison of the fault and stream directions suggests the influence of the tectonic activity on
the drainage system. The main channel directions of the drainage system are mainly related to
faults striking N-S, NNE-SSW and NNW-SSE. The E-W, NE-SW and NW-SE trending fault
systems controls the low order streams. Geomorphic indices, used in the present study, are the
mountain front sinuosity index (Smr) and the valley floor/width ratio index (Vy). The S and Vr
values are low, indicating that the active tectonism influences the geomorhological evolution of
the study area.
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