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ABSTRACT: This study is an attempt to classify fourteen Late Holocene coastal alluvial fans formed by high-gradient braided streams and torrents
that discharge into the Gulf of Corinth along its northwestern coast. The morphology of the fans and their catchments is quantitatively described
through morphometric parameters estimated using Geographical Information Systems techniques. The relationships between geomorphological fea-
tures of the fans and their drainage basins were also examined. Self Organising Maps (SOM), were used in order to investigate clustering tendency
of alluvial fans according to both qualitative data and morphometric variables. The results of the analysis using the method of Artificial Neural Net-
works (ANNSs) exposed correlation relationships among these characteristics, and revealed alluvial fan types according to the predominant fan for-
mation processes.

Four morphologically different fan types were recognized based on their geomorphological characteristics. Large basins appear to produce large
gently sloping fluvial dominated fans with a rapidly shifting shoreline while torrents with small rough basins have formed steep debris flow domi-
nated fans. A strong positive relation was found between the size of the fan and the drainage basin area while the relation between drainage area and
fan slope was negative and moderately strong. The power functions that describe these relationships resemble those proposed by other authors for
arid and humid temperate regions.

Key-words: Fan deltas, geomorphology, morphometry, artificial neural networks, Gulf of Corinth, Greece.

MEPIAHYH: Zxomdg g epyociog ovtig eivart ) Ta&vopnon deKaTtessipv TapaKTiv oAALOLBLOKOV prdimy, nhkicg Avdtepov OALIKAIVOL TOV
£youv Stopopembel oTic ekPoAES yedppV pe Stakhodilopeves Koiteg KaTd unKog Tmv Bopetmv aktdv Tov dutikod Kopvhiakod kéArov. H toco-
TIKN TEPLYPOAPT TNG LOPPOAOYIOG TOV PUTIOIMV KOL TOV AVTIGTOLX®V AEKOVAOV OTOPPONG TEPIAUUPAVEL TNV EKTILNGT) LOPPOUETPIKDV TUPUUETPMV HE
m ypnon tov eoypapikdv Zvotnpdatov [IAnpopopidv. Emimhéov, eéetdotmKoy ot 6YECEIS LETAED TOV YEDUOPPOLOYIKMV YOPUKTNPLOTIKAOV TOV pl-
TV KL TOV AEKOVOV 0TOPPONG TMOV DIPOYPAPIKMY TOVG dkTOV. Xpnooromdnkay exiong, avtoopyavovpevol ydpteg Kohonen (SOM), mpo-
KeWEVOL va dtepguvnbel 1 SuvatdTnTo OpadoToNCNG TOV 0AALOLPLOKMOV PUTSI®MV TOGO HEGM TOV TOOTIKOV YOPUKTNPIGTIKOV, OGO Kol HEGH TV
popeopeTpik®dv petafintov. Ta aroteléopata g aviivong pe ™ péBodo Twv TexvNTdV veupovikdv diktdwv (ANNSs) édei&av ) cuoyétion ue-
T0ED TOV YOPUKTNPIGTIKOV VTMV KoL AViYVELGOY OLASES HAAOLPLIKOV PUTOI®MV COUPOVE LLE TIS KVUPIPYES SlEPYAGIEG GYNLATICHLOV Kot SILHOPPMCTS
TOUG.

Avayvopiotnkay TE66EPELS OPASES PLTdimV e BAoT TO YEOUOPPOAOYIKA TOVG XOPAKTNPIOTIKG. Meyaheg Aekaveg amoppong £xovv oynuaticst
UEYAANG €KTOONG KOl KPS KALoN G puidie 6T 0moio Kuptapyovv TOTAMIES S1EPYAGIES KUL TMV OTOIWV 1] OKTOYPULUT HETUTOTILETOL KUPIWG GTOV
eSO YMOPO TV eKPordV. Avtifeta pKpEG amOKPNIVEG AEKAVEG, OOV KUPLLPXOVV SlEPYasies KIvoNG VAMK®V AOY® Bopdtntac, £X0VV SoHopPo-
GEL HIKPNG £KTAOTS Kot LeyaAng Khiong puridwa. H cvoyétion peta&d g EKtaong tov pudimv Kot g EKTIoNG TV avTiGTOy v AeKovov givol Oe-
TIKT KO IGYVP1N EVA 1) GUGYETIO TNG EKTAGNG TNG AEKAVNG LE TNV KAioN ToL prtidiov elvat apvnTikn kot oYeTKA kKaAn. Ot ekbetikéc e&lodoelg mov
TEPLYPAPOVV TIG GYECELG OVTEG LOLALOVV e AVIAOYEG TOV £X0VV dlomoTmhEL Yo puridia oe Gvudpa TepPdArovTa.

AEEeIG-KAEING: JedTaiKd piTtiola, YewUOPPOLOYIa, HOPPOUETPLa, TEYVHTA VELPWVIKG dikTva, Kopivbiokog koirog, ELAdda.

INTRODUCTION

Alluvial fans are prominent depositional landforms devel-
oped where steep high power channels enter zones of reduced
stream power and serve as a transitional environment be-
tween degrading upland areas and adjacent lowlands (HAR-
VEY, 1997). Alluvial fans are subareal features, however if
they extend into water, like the fans of this study, they are
known as fan deltas. Typically, they range in scale from axial
lengths of tens of meters to tens of kilometers. Their mor-

phology resembles a cone segment with constant or slightly
concave slopes that typically range from less than 25 degrees
at the head or apex of the fan, to less than a degree at the ter-
minus or toe (DENNY, 1965; BULL, 1977). Three main factors
are necessary for optimal alluvial fan development including
topography conducive to the formation of such landforms,
sediment availability and production in the drainage basin
and a medium or mechanism for transporting sediment from
the drainage basin to the site of fan construction (BLAIR &
Mc PHERSON, 1994).

* To&wounon SeAtaikdv puTdimv cuvovalovTag T HOPPOUETPIKT GVAADGT| KoL TOL TEXVITA VEVPMVIKE dikTua: 1 TEPITTOGT TV POPEIOSVTIKOV AKTOV TOV

Kopwbakod k6ATov
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Alluvial fans of various geographical settings have been
thoroughly investigated around the world as these landforms
occur in any climatic environment like temperate mountain
regions (e.g. KOSTASCHUCK et al., 1986; GILES, 2010),
humid temperate (e.g. KOCHEL, 1990) and even humid trop-
ical environments (e.g. KESEL & SPICER, 1985). In the early
1960’s alluvial fan researchers began to use quantitative data
to determine the processes controlling fan development
(LECCE, 1990). Fan-basin relationships became a fundamen-
tal concept and several empirical models were utilized to de-
scribe the rates of change between certain characteristics of
an alluvial fan and its drainage basin. Several studies explore
the relation between the size of fans and their contributing
basins to understand the mechanisms of fan construction
(BULL, 1964, 1972, 1977; DENNY, 1965; HOOKE, 1968;
CHURCH & MARK, 1980). Other studies of fan-basin mor-
phometric relations focus on differentiation between debris
flow and fluvial dominated fans (KOSTASCHUK et al., 1986;
DE SCALLY et al.,2001; DE SCALLY & OWENS, 2004; GILES,
2010). GILES (2010) successfully proposed the use of allu-
vial fan volume to represent fan size in morphometric stud-
ies.

The aim of this study is the classification of fourteen fans,
located on the northern coast of the Gulf of Corinth in Cen-
tral Greece according to their morphological features, which
correspond to the dynamic factors affecting their formation
and evolution, utilizing morphometry and Artificial Neural
Networks (ANNs). For this purpose qualitative geomorpho-
logical observations and quantitative estimations of morpho-
metric variables as well as comparison of the distinct
parameters characteristic of the coastal fans and their catch-
ments were performed. ANNs were used in order to investi-
gate correlation relationships among morphometric
parameters and quantitative characteristics. The application
of ANNSs revealed also four fan type clusters in the data set
describing morphometric parameters of the fans and their
feeder systems. These clusters have a clear geomorphologi-
cal meaning as they correspond to particular alluvial fan

types.

ARTIFICIAL NEURAL NETWORKS (ANNs)

Artificial neural networks (ANNs) are computer based tools
which mimic the knowledge acquisition and organizational
skills of the human brain cells. They consist of numerous,
simple processing units the “neurons” that can be pro-
grammed for computation. They can be trained to store, rec-
ognize and associatively retrieve patterns or database entries
from large data sets; to solve large optimization problems; to
estimate continuous functions when the form of the function
is not known. This is why they are usually called model-free
mapping devices.

ANNS s are capable of learning; that is, they can be trained
to improve their performance by either supervised or unsu-
pervised learning. Unsupervised neural networks, used in this
paper, are trained by letting the network continually adjust

itself to new inputs. They uncover nonlinear relationships
within data and can define classification schemes that adapt
to changes in new data and finally reveal new patterns. This
is one of the reasons why numerous papers are written ap-
plying ANN in Earth sciences. Among the advantages of neu-
ral networks is that they conserve the complexity of the
systems they model because they have complex structures
themselves. They also, encode information about their envi-
ronment in a distributed form and have the capacity to self-
organize their internal structure.

Self Organsing Maps (SOM), originally introduced by
KOHONEN (1995), are unsupervised neural networks formed
from neurons located on a regular usually 2-dimensional reg-
ular planar array grid. SOM are capable of mapping high-di-
mensional similar input data into clusters close to each other,
according to their similarity relations.

SOM eventually settles into a map of stable zones, the
neighbours. Each zone is effectively a feature classifier, so
the graphical output of this kind of analysis could be charac-
terized as a type of feature map of the input space (n-dimen-
sional input data). The trained ANN represents the individual
zones by the blocks of similar color. Any new, previously un-
seen input vectors presented to the network will stimulate
nodes in the zone (cluster) with similar weight vectors. For
the interested reader SOM is thoroughly presented in
VESANTO (1999) and VESANTO & ALBONIEMI (2000). All the
calculations in this study were performed using Matlab v.7
software applying SOM Toolbox 2.0 (VESANTO, 1999).

The training process of SOM network is presented in the
APPENDIX.

STUDY AREA

The studied coastal alluvial fans are situated on the north-
western coast of the Gulf of Corinth (Fig. 1). Most of them
are relatively steep fan deltas formed by high-gradient tor-
rents of ephemeral flow that discharge into the Gulf. Since
the configuration of the studied fan deltas is the result of the
interaction between the lithology of the geological forma-
tions within the drainage basin, the climate conditions and
the tectonic regime of the broader area, the physio-geo-
graphic characteristics of both the catchment areas and the
receiving basin (Gulf of Corinth) are given below.

The basic structural pattern of the broader area of the
drainage basins was established during the Alpine folding.
The drainage basins are dominated by the geological forma-
tions of the geotectonic zones of Parnassos-Ghiona, Olonos-
Pindos, Ionian and the Transitional zone between those of
Parnassos-Ghiona and Olonos-Pindos (Fig. 2). The majority
of the catchments consist of the Olonos-Pindos zone forma-
tions which are represented by platy limestones of Jurassic-
Senonian age and flysch lithological sequences (mainly
sandstones and shales) of Upper Cretaceous - Eocene. The
easternmost basins (Eratini and part of Stournarorema) are
made up of Tithonian to Senonian limestones of the Parnas-
sos-Ghiona zone and the Transitional sedimentary series
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Fig. 1. Map of the Gulf of Corinth showing the main faults of the broader area and the location of the studied fans and their catchments. EMF and
WMF stands for east and west Marathias fault segment respectively (faults based on ARMIIO et al., 1996, Marathias fault based on GALLOUSI & KOUK-
OUVELAS, 2007).
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Fig. 2. Simplified lithological map of the drainage basins of the coastal fans under study.
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(limestones of Upper Triassic to Paleocene age and sand-
stones and shales of the Paleocene - Eocene flysch). Part of
the westernmost Varia drainage system drains flysch forma-
tions (mainly marls, sandstones and conglomerates) of the
Ionian zone. Tectonically the area is affected by an older NW-
SE trending fault system, contemporaneous to the Alpine
folding and a younger one having an almost E-W direction.

The Gulf of Corinth is an N100° E oriented elongated
graben, 150 km long which separates the Peloponnese from
Continental Greece (Fig. 1). It is a major Late Cenozoic
asymmetric graben (BROOKS & FERENTINOS, 1984; ARMIJO
et al., 1996) bounded by systems of very recent roughly E-W
normal faults, located mainly along the southern coast, in-
tersecting the structural grain of the Hellenides at almost right
angles (KOKKALAS et al., 2006; ZYGOURI et al., 2008). It is
characterized by high levels of seismicity and is currently ex-
tending at high rates. Particularly in its westernmost part,
where the study area is located, deformation rates attain a
value of 14 £ 2 mm/yr (BRIOLE ef al., 2000). Frequent seis-
mic activity in the region is responsible for numerous sub-
marine mass movements especially at the prodelta steep
slopes (POULOS ef al., 1996; HASIOTIS et al., 2006). Exten-
sion in the Gulf is accommodated by two main fault trends in
an ENE to NE and a WNW-ESE. Faults are numerous on
both sides of the Gulf. Active faulting on the southern side
has resulted in more than 950 m of Pleistocene uplift of the
mountains in the south (ARMUO ef al., 1996). However, some
of the south dipping faults located on (or near) the northern
shore are still active (MORETTI ef al., 2003). Most significant
among them are the normal faults located in the broader area
of Trizonia Island and the Marathias fault (Fig. 1). The latter
is a WNW-trending fault with a total strike length of ~17 km
and consists of two prominent segments. The existence of
striated fault planes on this strand and the capture of streams
along its trace suggest that Marathias fault is active and a sig-
nificant part of its deformation is accommodated during
earthquake activity (GALLOUSI & KOUKOUVELAS, 2007).
Tranorema and Marathias fans lie on the hanging wall of the
western segment while the fans of Sergoula and Vogeri have
been affected by the east segment of the fault. Along the
Marathias fault trace a series of earthquake triggered land-
slides are concentrated mainly at the near tip areas. The most
significant slides are those of Marathias (photo 1) at the west
fault segment and Sergoula at the east one. GALLOUSI &
KOUKOUVELAS (2007) suggest that both landslides occurred
before 1945 and reactivated between 1945 and 1969. Two of
the studied fans are the result of debris flow of these land-
slides. The fan of Marathias is developed by the debris flow
of Marathias landslide (photo 2) while Vogeri fan is formed
by the debris flow of Sergoula slide.

The climate of the study area is temperate Mediterranean.
Mean annual precipitation ranges from 800 mm near the
coastline to more than 1100 mm in the northernmost high-
lands. Rain is unevenly distributed during the year with most
of it falling during the winter months. Mean annual temper-
ature is about 16 °C. The ephemeral streams are not monitored

Photo 1. The scar of Marathias landslide. The material of this slide has
developed the debris flow dominated fan of Marathias.

Photo 3. The typical spoon-like morphology of the Sergoula landslide
and the debris flow dominated fan of Vogeri.

hydrologically and thus there are no available measurements
of water discharge and bedload transport or suspended sedi-
ment accumulation. The average mean annual discharge of
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the adjacent perennial Mornos River is 40 m*/sec and the sus-
pended sediment load (prior to regulation due to a dam con-
struction) was estimated to be 0.5-0.8 tons/yr/km? (PIPER et
al., 1990).

DATA ACQUISITION AND METHODOLOGY

This research is based on quantitative and qualitative data de-
picting the morphology and morphometry of fans and their
catchments derived from field-work and topographical and
geological maps at various scales. In order to determine the
role of the fluvial sediment supply for the evolution of the
fan deltas the correlation between geomorphological features
(expressed by morphometric parameters) of the drainage
basins and features of their fan deltas was estimated.
Drainage networks were delineated from aerial photograph
interpretation and topographic maps with a scale of 1:50,000.
The same maps, with 20 m contour lines, were used for the
measurement of the morphometric parameters of the drainage
basins.

A simplified lithological map of the area was constructed
from the geological maps of Greece at the scale of 1:50,000
obtained from the Institute of Geology and Mineral Explo-
ration of Greece (I.G.M.E.) (Fig. 2). The lithological units
cropping out in the basins area were grouped in three classes:
limestones, flysch formations (sandstones, shales and con-

TABLE 1
Morphometric parameters of the fan deltas and their corresponding
drainage basins measured and calculated for this study.

Drainage basin morphometric parameters

Morphometric
Parameter Symbol Explanation

The total planimetric area of the basin above the fan apex,

Drainage basin area (Ay) measured in km®,

Basin crest (Cy) The maximum elevation of the drainage basin given in m.
Perimeter of the drainage

basin drainage basin (P,) The length of the basin border measured in km.

Total length of the channels
vithin the drainage basin ~ |(L)

Total length of 20 m

contour lines within the

drainage basin (XL,) [Measured in km.

(Corresponds to the vertical difference between the basin

Mecasured in km.

Basin relief (R,) crest and fan apex. given in m.
Melton” s ruggedness JAn index of basin ruggedness (MELTON, 1965, CHURCH &
number (M) [Makrk. 1980) calculated by the formula: M=R, A, **
(Obtained using the equation: Sy=eXlL./Ay
e is the equidistance (20 m for the maps that were used in
[Drainage basin slope (Sy) his study).

It is given by the equation: Cir,=4nAy/P,” and expresses
Drainage basin circularity [(Cir,) [the shape of the basin.

The ratio of the total length of the channels to the total
area of the basin.

IDrainage basin density (D)

Fan delta morphometric parameters

Fan arca (Ap) [The total planimetric area of cach fan, measured in km?
Fan apex (Apy)  [The elevation of the apex of the fan in m.

The distance between the toe (coastline for most of the
Fan length (Lp) [ans) and apex of the fan, measured in m.

The mean gradient measured along the axial part of the
Fan slope (Sp) [an.

An index of concavity along the fan axis defined as the
ratio of a to b, where a is the elevation difference between|
lthe fan axis profile and the midpoint of the straight line
joining the fan apex and tee, and b is the elevation
difference between the fan toe and midpoint,

Fan concavity (Cp)

glomerates) and unconsolidated sediments. The contribution
of each one of the three main lithological types to the area of
each basin was also estimated.

The identification and delineation of the fans was based
upon field observations, aerial photo interpretation and
maps of the geology of the area at the scale of 1:50,000
(PARASCHOUDIS, 1977; LOFTUS & TSOFLIAS, 1971). Detailed
topographic diagrams at the scale of 1:5.000, with 2 m con-
tour lines, were used for the measurement, estimation and
calculation of the morphometric parameters of the fan deltas.
All topographic maps were obtained from the Hellenic Mil-
itary Geographical Service (H.M.G.S). The elevation of the
fan apex of the studied fans was measured by altimeter or
GPS. Fan deltas morphometric parameters measurement was
restricted to the portion of fan sediments above sea-level
since the entire fan delta (including the subaqueous part)
could not be measured due to the lack of detailed submarine
morphology data.

All measurements and calculations of the morphometric
parameters were performed using Geographical Information
System (GIS) functions. A spatial database derived from de-
tailed analogue maps, geometrically corrected aerial photo-
graphs and field work measurements, was constructed
utilizing GIS. Data procedure in the analytical context of GIS
provided data integration which includes a common geo-
graphical reference system, common spatial and temporal
coverage, and similar scale and quality of the data. The mor-
phometric variables obtained for each one of the fans and its
drainage basin are shown in Table 1.

Self Organizing Maps (SOM) were applied in order to in-
vestigate relationships between the parameters of the fans
under study and classification tendency. There are a number
of training parameters that need to be decided before the
training: map size (i.e. the number of map units) and shape,
neighbourhood kernel function, neighbourhood radius, learn-
ing rate and the length of training. The quality of the SOM
obtained is evaluated using two measures as criteria: the
quantization error (QE), that is the average distance between
each data set data vector and its BMU, and thus, measures
map quality and resolution (KOHONEN, 1995). In this study
QE value was 0.2, map size was 7x8, the neighbourhood ker-
nel function was Gauss, and learning rate was set to 0.5
neighborhood radious was initially set to 3 and then during
finetuning was set to 1.

CLASSIFICATION AND CORRELATION SCHEMES
OF THE COASTAL FANS THROUGH SELF ORGAN-
IZING MAPS

Table 2 includes the values of the morhometric variables
measured and estimated for the coastal alluvial fans and their
catchments (Fig. 3). By far the largest among the coastal al-
luvial fans in the northern coast of the Gulf of Corinth is that
of the Mornos River having an area of 28 km?. It can be char-
acterized as a delta typically dominated by fluvial supply and
wave activity formed by a relatively large river with peren-
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TABLE 2

Values of the morphometric parameters for the coastal fans and their drainage basins.

Stream/fan name| Ab | Po | Le | ZLe | Do | So | Cirs| Co | M | Aps | Ro | Ar | Le| St | Ci
1|Varia 27.5] 26.5] 85.9] 592.2] 3.13] 0.43] 0.49] 1420] 0.26] 44] 1376] 4.2] 2.6 0.017] 1.10
2|Skala 28.2| 25.6] 80.6] 785.1)2.86] 0.56] 0.54] 1469 0.26 94] 1375 4.2 2.9 0.033| 1.29
3[Tranorema 30.3] 26.4 112.4] 798.7) 3.70] 0.53] 0.55] 1540 0.26 88 1452 1.6] 2.1{ 0.042| 1.05
4|Marathias 23] 6.8 6.6 52.82.87]0.46] 0.63] 880 0.52] 921 788 0.4] 0.6] 0.157] 1.28
5|Sergoula 18.4] 19.7] 59.7] 569.8] 3.24{ 0.62] 0.60] 1510] 0.34 54 1456 0.5] 1.2] 0.046f 1.16)
6[Vogeni 2.4 79| 5.6 63.7/2.34{0.53] 0.49] 1035[0.53] 218 817 0.7) 1.3[0.167| 1.38
7|Hurous 6.8] 11.6] 23.2| 158.6] 3.43[ 0.47) 0.63] 1270] 0.41 216f 1054 2.7] 2.8/ 0.077| 1.63
8|Douvias 6.8 10.6] 23.6] 190.3] 3.46] 0.56] 0.77] 1361} 0.49 92| 1269] 0.6] 1.6] 0.059] 1.42
9|Gorgorema 2.5 7.3] 6.2  67.7] 2.52] 0.55] 0.59] 1060] 0.64] 481 1012] 0.1] 0.6] 0.082] 1.18

10 |Aghios Spiridon 1.0] 4.4 3.5| 32.213.3910.62] 0.69] 585|0.50 70 5150 0.1 0.7[ 0.095| 1.33]
11 |Linovrocho 3.6 8.6 11.3 86.4] 3.09[ 0.47] 0.62] 1020] 0.49 94] 926| 0.3] 1.2[ 0.080f 1.04
12 [Mara 2.1 6.8 7.8 51.4]3.76] 0.50] 0.57) 711f0.45 60l 651 0.2] 0.8 0.076] 1.14
13 [Stournarorema 47.11 31.5] 142.1} 1236.0] 3.02] 0.53] 0.60] 1360] 0.18] 92| 1268] 4.7] 4.5] 0.021] 1.56
14 |Eratini 3.4 8.8 8.6 77.7]2.55[0.46] 0.55] 1004| 0.53 301 974 0.3] 0.7] 0.044| 1.30
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Fig. 3. Topography of the study fans and their drainage basins.
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nial flow (KARYMBALIS ef al., 2007). On the contrary the
other fans have significantly smaller area ranging between
0.13 and 4.7 km? and are associated with streams or torrents
of ephemeral flow. This is the reason why the Mornos delta
was not included in the data set.

The SOM algorithm was applied in the study as an effi-
cient classification and visualization tool for n- dimensional
data set describing alluvial fans along the NW coast of the
Gulf of Corinth. One of the problems of visualization of mul-
tidimensional information is that the number of properties
that need to be visualized is higher than the number of us-
able visual dimensions. SOM Toolbox (VESANTO, 1999;
VESANTO & ALBONIEMI, 2000) offers a solution to use a
number of visualizations linked together so that one can im-
mediately identify the same object from the different visual-
izations (BUZA et al., 1991). When several visualizations are
linked together, scanning through them is very efficient be-
cause they are interpreted in a similar way.

The U-matrix produced from SOM visualizes distances
between neighbouring map units and thus shows the cluster

U-matrix
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structure of the map. Samples within the same cluster will be
the most similar according to the variables considered, while
samples very different from each other are expected to be dis-
tant in the map.

The visualization of the component planes (n-dimensions
of input data set) help to explain the results of the training.
Each component plane shows the values of one variable (17
in this study) in each map unit. Simple inspection of the com-
ponent layers through the multiple visualizations provides an
insight to the distribution of the values of the variables. By
comparing component planes one can reveal correlations be-
tween variables. The examined variables are the morphome-
tric parameters of the alluvial fans and their corresponding
drainage basins, analytically presented in Table 2. Two more
qualitative parameters were studied: the existence or not of a
well developed channel in fan area, and the geological for-
mation that prevails in the basin area. These two parameters
were coded and put in the data set, following a binary coding.

The application of the SOM algorithm in the current data
set and the result of the classification are presented through
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Fig. 4. SOM visualization through U-matrix (top left), and 17 component planes, one for each variable examined. The figures are linked by position:
in each figure, the hexagon in a certain position corresponds to the same map unit.
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Fig. 5. Different visualizations of the clusters obtained from the classification of the morphological variables through SOM. (a) Colour code; (b)
Principal component projection; (¢) Label map with the names of the alluvial fans. Clusters are indicated through the circles.

the multiple visualization in Fig 4. It consists of 19 hexago-
nal grids, the U-matrix upper left along with the 17 compo-
nent layers and a label map on the lower right. The first map
on the upper left gives a general picture of the cluster ten-
dency of the data set. High gray level colors represent the
boundaries of the clusters, though low grey level colors rep-
resent clusters themselves. In this map 4 clusters are recog-
nized. In Fig. 5 the same visualization is presented through
hit numbers in Fig. 5a and the post-it labels in Fig. 5c. The hit
numbers in the polygons represent the number of records of
the data set that belong to the same neighbourhood (cluster).
Through the visual inspection of both Fig. 5 one can corre-
spond the hit numbers to the particular record, which is the al-
luvial fan name. The records that belong to the same cluster
are mapped closer and have the same color. Marathias and
Vogeni fans belong to the same cluster. The common char-
acteristics of these two fans are visualized through Fig. 4.
Using similarity coloring and position, one can scan through
all the parameters and reveal that these two records mapped
in the upper corner of each parameter map have always the
same values represented by similar color.

Except from general clustering tendency, scanning
through parameter layers one can reveal correlation schemes,
always following similarity coloring and position. Each pa-
rameter map is accompanied with a legend bar that represents
the range values of the particular parameter. Drainage basin
area (Av), is correlated with fan area (Apr) and fan length (Ly).
Total length of channels within basin area (L.), and total
length of contours (£L.) within the drainage basin are also
correlated. Basin crest (Cy) and basin relief (Ry) are inversely
correlated. Melton’s ruggedness number which is basically a
slope index for the catchment area, is correlated to both fan

slope (Sr) and channel development in fan area. The geolog-
ical formation prevailing to basin area seems to be inversely
correlated to fan concavity. Fan concavity (C) is also corre-
lated to fan area.

The SOM classified the data set into four individual clus-
ters in an objective and systematic method. Other algorithms
provided by SOM Toolbox (k-means, Principal Component
Analysis) were also applied in order to assess the number of
clusters (Fig. 5b).

In the following description, the response of the given
data to the map (adding hits number) for each cluster of fans
was calculated as a cluster index value (CIV). The higher the
cluster index value the stronger being the cluster and there-
fore the most important in the data set and the most repre-
sentative for the study area.

Fan type 1: Varia, Skala, Sergoula, Stournarorema, Tra-
norema. The cluster index has the value of 5. Varia and Tra-
norema form a subgroup. Stournarorema and Scala form
another subgroup. This group includes fans formed by
streams with well developed drainage networks and large
basins with high values of basin relief (Fig. 6). The produced
fans are extensive, relatively gently sloping, (with a mean
slope of 0.032). Varia, Skala, Sergoula and Stournarorema
fans have a triangular shape and resemble small deltas while
Tranorema has a more semicircular morphology (Fig. 6).
These fans are intersected by well developed and clearly de-
fined distributaries channels consisting of coarse grained ma-
terial (pebbles, cobles and few boulders). These are generally
aggrading fans with an active prograding area near the river
mouth. The fans of this group are characterized as fluvial
dominated.

Fan type 2: Marathias, Vogeni. The cluster index has the
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value of 2. This second group involves fans formed by tor-
rents with small drainage basins. They have developed later-
ally overlaying or confining fans of the cluster 1. Their shape
is conical, they do not present well developed channels and
are also characterized from high fan gradients (mean fan
slope reaches the value of 0.162). Flysch formations prevail
in their basin area. According to these features, they seem to
be debris flow dominated. Their formation and evolution is
inferred to be highly governed by the two landslides of
Marathias and Sergoula (Fig. 6, photos 1, 3).

Fan type 3: Gorgorema, Mara, Linovrocho, Ag. Spyri-
don, Eratini influence. The cluster index is 6. This group in-
cludes alluvial fans formed by streams of well developed
drainage networks with large basins dominated by the pres-
ence of flysch formations (Fig. 2). The fans are elongated and
have well developed and clearly defined distributaries chan-
nels relatively incised in the most proximal part of the fan,
near the apex, which becomes indefinite at the lower part
near the coastline (Fig. 6). The slope of their surface (mean
gradient of 0.075) is higher than the slope of the cluster 1
fans and lower than those of cluster 2. According to these
findings they are characterized as fluvial dominated with de-
bris flow influence.

Fan type 4: Hurus and Douvias. The cluster index is 2.
The drainage basins of these two streams have similar fea-
tures. These two fans are elongated and have well developed
distributaries channels, low slope values and high concavity.

Their main characteristic is that they have large fan area if
compared with the catchment area. They are characterised as
fluvial dominated fans. The anomalously large Hurus torrent
alluvial fan in relation to its drainage basin area is interpreted
to be the result of high sediment accumulation at the mouth
of this torrent (Fig. 3). This exceptional accumulation rate is
attributed to the reduction of the effectiveness of marine
processes due to the presence of Trizonia Island in front of
the torrent mouth. This island protects the area of the fan re-
sulting in deposition of the fluvio-torrential material.

The coastal zone at the apron of the coastal fans of all
clusters is characterized by the abundance of coarse grained
sediments (gravels and pebbles). The large and gently slop-
ing, fluvial dominated, fans have a most irregular coastline
with an active prograding area around the river mouth. Al-
though the streams are of seasonal nature, the shoreline of
their fans changes very rapidly. For instance Stournarorema
fan shows a progradation of about 100 m between 1960 and
1992 (HASIOTIS et al., 2006). However from 1992 to 2004
the coastline has retreated about 4 m at the river mouth and
about 6 m west of it. The coastline of this fan has suffered
earthquake induced instability events. Sediment failures have
been certified during the last 40 years (HASIOTIS ef al., 2002).
The coastline of the smaller elongated fans is straight imply-
ing that its configuration is the result of marine processes,
mainly wave activity and longshore currents.

Varia fan
fan type 1

Skala fan
fan type 1

Sergoula fan
fan type 1

Vogeri fan

Tranorema fan fan type 2

fan type 1

Douvias fan

fan t<j)e 4
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Agi?Js
Spiridon fan
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Stournarorema fan
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o

Fig. 6. Digital Elevation Models of the study fans derived from 1:5.000 topographical maps with 2 m contour interval.
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FAN - CATCHMENT MORPHOMETRIC RELATION-
SHIPS

The study of the morphomety of both alluvial fans and
drainage basins reveals much information regarding fan evo-
lution and the dynamics of hydrological processes responsi-
ble for fan building. The correlation between the geomorphic
features (expressed by morphometric parameters) of the stud-
ied fans and their drainage basins include the investigation
of the relationships between drainage basin area and fan delta
area, drainage basin area and fan delta slope and fan delta
slope and Melton’s ruggedness number.

Drainage Area (Ap) versus Fan Area (Ay)

An established way to describe the relationship between
fans and drainage basins is to relate their respective areas.
BULL (1962) was the first to describe this relation quantita-
tively and recognized that as drainage basin area increases,
the size of the alluvial fan also increases. He quantified the
relationship with a simple power function of the form:

Af:CAbk

where Af'is alluvial fan area, Ad is drainage basin area and ¢
is an empirical derived coefficient representing the area of
an alluvial fan with a drainage basin area of 1.0. The expo-
nent k is the slope of the regression line and measures the
rate of change in fan area with increasing drainage basin area.
OGUCHI & OHMORI (1994) showed that Bull’s equation rep-
resents the coupling of three functional relationships between
basin area and basin slope, basin slope and sediment yield
and sediment yield and fan area. Comparison of these two
parameters offers the most interesting correlation for the
coastal fans of the study area. By representing this relation on
alog - log plot (Fig. 7a) becomes clear that the data fit a sin-
gle exponential function:

A=0.13A,°88

with a high correlation coefficient of 0.83. The reason for this
strong positive relation is that sediment discharge out of the
catchment increases as drainage area increases.

The coefficient, which according to HARVEY (1997) typ-
ically ranges from 0.1 to 2.2, has the value of 0.13 for the
study area. The exponent attains the value 0.88 and is in
agreement with the aspect that the exponent varies from 0.7
to 1.1 (HARVEY, 1997) and that it is generally less than 1.0
(HOOKE & ROHRER, 1977). In the literature different values
of the exponent k and the coefficient ¢ for humid and sub-
humid region fans have been reported (CROSTA & FRATTINI,
2004). This variability has been attributed to different fac-
tors, such as climate conditions, tectonic setting, and relative
erodibility of source area rock types. Table 4 includes values
of coefficient ¢ and exponent k in the power law relationship
between drainage area and fan area from research works in

TABLE 3
Participation (in km? and %) of each one of the three main lithological
groups for the drainage basins. U.S, L and F stand for unconsolidated
sediment, limestones, and flysch respectively.

km’ % of the total basin area
Basin name
us. L. I U.S. L. [
1 |Varia 9. 18.5 32.8 67.2]
2 |Skala 0.7 25.9 2.0) 2.4 90.6} 7.0
3 |Tranorema 0.2 8.2) 21.9 0.8 27.1 72.1
4 |Marathias 1 0.7 70.6) 294
5 [Sergoula 12.1 6.4 65.5 34.5
6 |Vogeni 1.4 1.0 57.6) 424
7 [Hurous 0. 5.9 12.2) 87.9]
8 |Douvias 4.1 2.7 60.1 39.9)
0 |Gorgorema 0.4 0.5 1. 16.9 19.6) 63.5)
10 |Aghios Spiridon 0.1 0.9 11.5 88.5
11 |Linovrocho 0.5 0.4 2.7 14.1 10.8 75.2
12 |Mara 1. 1.1 46.2) 53.8
13 |Stournarorema 0.3] 18.5) 28.3 0.7] 39.2) 60.1
14 |Eratini 1.6} 1.7 484 51.6
TABLE 4

Values of coefficient ¢ and exponent k in the power law relationship
(Af=cAb¥) between drainage area and fan area from previous research
works performed in various environments.

Location ¢ | k Reference
Dellwood, North Carolina, USA 0.23[0.53| MiLLs (1982)
Roan Mountain, North Carolina, USA 0.38(0.76 | MiLLs (1983)
General River Valley, Costa Rica 0.92(1.01| KeseL (1985)
Banff, Alberta, Canada, fluvial fans 0.4810.32 | KOSTASCHUK et al. (1986)

debris-flow fans 0.17]0.48 | KOSTASCHUK et al. (1986)
single group of fans | 0.15[0.77| GiLEs (2010)
Japan 2.23(0.40| Ocuchr & Onmori (1994)
Central Alps, Northern Italy 0.29]10.33| CROSTA & FRATTINI (2004)

various morphoclimatic environments. The value of the ex-
ponent for the study area agrees with the typical value for
arid regions (about 0.9) (HOOKE, 1968) and 0.88 (OGUCHI &
OHMORI, 1994) and is higher than those derived from humid
(0.58) and polar (0.65) regions. This value shows that the
fans increase little in extension when the drainage area in-
creases. The lower than 1.0 value implies that larger basins
supply proportionately less sediment to alluvial fans than
smaller basins. This might happen because larger alluvial
fans may take longer to adjust to the available space and
achieve equilibrium than smaller fans. This has been attrib-
uted to the shorter distances that sediment has to travel to
reach the smaller alluvial fans. The negative allometric rela-
tionship, which means that fan area does not increase as
quickly as the contributing drainage basin area, has been at-
tributed to the fact that larger basins can store sediments in
tributaries and on valley slopes, reducing the sediment sup-
ply to alluvial fans (HOOKE, 1968). For fluvially dominated
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Fig. 7: a) Drainage basin area (As) vs. fan area (Ar), b) drainage basin
area (Ay) vs. fan slope (S¢) and c¢) Melton's ruggedness number (M) vs.
fan slope (Sr) log-log plots plots.

fans, larger basins may yield a sufficient water discharge to
transport a greater portion of sediment across the fan rather
than depositing it. In contrast, for debris flow fans (like those
of Marathias and Vogeri) smaller basins are usually steeper,
thus producing flows with lower strength and proportionally
larger surface area than larger gentler basins.

A relatively anomalous relationship for Ay vs. Ar is ob-
served for Hurus river. The size of this fan is much larger
than the trend line would predict for a catchment of the given
size. This is attributed to the presence of Trizonia island in
front of the river mouth, that eliminates wave activity en-
hancing the deposition of riverine sediments along the coast-
line.

Drainage Area (Ap) versus Fan Slope (Sr)

Another relationship that has been investigated in the litera-
ture is the one between the drainage basin area (As) and the
fan gradient (Sr) (HOOKE, 1968; HARVEY et al., 1999). This
relation is also quantified with a simple power function of
the form:

S=CcAk

Although the correlation coefficient (-0.68) is negative
and lower than that for the previous couple of parameters this
relation for the studied fans (Fig. 7b) can also fit the follow-
ing function:

Si=0.14Ar04

The value of the exponent (-0.45) falls within the range of
values (-0.35 to 0.15) determined for the majority of exam-
ples described by other authors (HARVEY, 1997) while the
coefficient (0.14) is also within the range of previously re-
ported values (0.03 to 0.17) . The reason for this correlation
is that water discharge increases with drainage area resulting
in higher flow velocities and bed shear stress. Thus the flow
is capable of transporting on a lower slope the same material
transported by smaller discharges on a higher slope.

Fan Slope (Sr) versus Melton’s Ruggedness Number (M)

Melton’s ruggedness number is a dimensionless measure
of basin relative relief which incorporates measures of travel
distance and available relief in the basin, thus providing an
effective measure of the gradient with which material moves
down, toward the fan (CHURCH & MARK, 1980; KOSTAS-
CHUK et al., 1986). A valuable characteristic of the Melton’ s
ruggedness number is its capability of discriminating basins
with debris flow potential from basins where sediment trans-
port processes are dominated by bedload (MARCHI & DALLA
FONTANA, 2005). The relation between fan gradient (Sr) and
Melton’s ruggedness number (M) can be quantified with a
power function of the following form:

S=cMP

The correlation coefficient for this pair of parameters for
the fans of the study area is relatively high and positive
(0.67). A plot of basin Melton’s ruggedness number against
fan gradient for all fans is illustrated in Fig. 7c. The power
function that describes the relation is:

S=0.23M 148

The values of b from early previous studies approximate
1.00 and CHURCH & MARK (1980) postulate that a general
linear relation exists for S¢ versus M. For the study area value
of b (1.48) exceeds 1.00 indicating that the fan slope is in-
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creasing more rapidly than the ruggedness of the basin.

According to DE SCALLY & OWENS (2004) debris-flow
fans are supplied by basins with a higher Melton’s rugged-
ness number while the fans are steeper, smaller and less con-
cave. The differentiation of debris flow and normal fluvial
processes is important because of the much greater erosive
and destructive potential of the former (DESCALLY & OWENS,
2004). This relationship provides an initial assessment of de-
bris-flow potential for the broader study area, but this needs
to be supported by field investigation of debris flows and sed-
iment supply conditions in the basin. The two verified debris
flow dominated fans (Marathias and Vogeri fans) are those
represented in the diagram of Fig. 7 by high values of both
Melton’s number and fan slope. Debris flow potential as-
sessment is important since the area is susceptible to mass
movements triggered by earthquakes. The study area is prone
to landslides due to the presence of preexisting structure of the
contact of the cherts with the limestones which represent a
strong mechanical boundary within the litholstratigraphic col-
umn of the Pindos geotectonic zone (GALLOUSI & KOUKOU-
VELAS, 2007). Much of the westward movement of the rocks
in the Pindos zone is taken up by ramps located within this
contact (XYPOLIAS & DOUTSOS, 2000). A series of landslides
are recognized adjacent to the Marathias fault or parallel to the
thrust planes of the Pindos zone, where they appear to be con-
trolled by the intersection of the two structures.

CONCLUSIONS

This research is a contribution to the identification of four-
teen coastal alluvial fans which are the main geomorpholog-
ical characteristic of the northwestern coast of Gulf of
Corinth. The configuration of these landforms is the result of
the combination of suitable conditions for fan delta forma-
tion during the Late Holocene. Highly erodible lithology
(more than 60% of the basins consist of flysch formations)
and steep slopes have enhanced erosion over the drainage
basins. Intensive weathering over the catchment areas has re-
sulted in large quantities of weathered coarse grained sedi-
ments readily available for transportation. In addition the
extremely low tidal range and Late Holocene sea-level rise
stabilization have permitted sediment accumulation in the
area of the stream mouths.

Qualitative observations in addition to quantitative geo-
morphological analysis and the application of Self Organiz-
ing Maps led to the definition of four main types of fans with
different morphological features and the identification of cer-
tain correlation schemes between the studied parameters.
Large stream basins have produced relatively extensive gen-
tly sloping fans dominated by fluvial processes while torrents
with small rough drainage basins have formed steep debris-
flow dominated fans. Two of the studied fans have developed
by debris flow due to earthquake triggered landslides and al-
lowed us to determine the threshold morphometric values be-
tween the debris flow dominated and the fluvial dominated
fans for the study area. Fluvial dominated fans present a shift-

ing coastline especially at the vicinity of the river mouths.
Fan morphometric variables were related to the drainage
basin geomorphological characteristics. Power functions de-
scribing empirical relationships are in agreement with simi-
lar data published for arid regions around the world. A strong
positive relationship between fan area and drainage basin
area was established, through simple power functions and
Self Organising Maps. The exponential function for the fan
area - basin area relation showed that larger basins supply
proportionally less sediment to coastal fans than the smaller
ones. An anomalous basin area - fan area relationship was
observed for Hurus river which is attributed to the excep-
tional high coarse grained sediment accumulation at the
mouth of the river. Trizonia Island is located in front of the
river mouth protecting the shoreline from wave action that
removes sediment.

The positive relationship of fan gradient and Melton’s
ruggedness number was also discovered through Self Or-
ganising Maps. This relationship provides an initial assess-
ment of debris-flow potential within the studied basins.
However, this needs to be supported by more detailed field
investigation of debris flows and sediment supply conditions
in the basin as well as by sedimentological observations of
the fans deposits.

The systematic and objective method of unsupervised ar-
tificial neural networks which was applied in the field of al-
luvial fan classification gave reasonable results, compared to
statistical methods, and expert geomorphologists’ observa-
tions. This method could be applied as a generic tool to clas-
sify larger data sets of alluvial fans, in order to assess and
interpret dominant formation processes, through the study of
various morphometric features describing alluvial fans and
corresponding drainage basins.
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APPENDIX
SOM Training procedure

The SOM is trained iteratively. In each training step a sam-
ple vector x from the input data set is chosen randomly and
the distance between x and all the weight vectors of the SOM,
is calculated by using an Euclidean distance measure. The
neuron with the weight vector, which is closest to the input
vector X, is called the Best Matching Unit (BMU). The dis-
tance between x and weight vectors is computed using the
following equation:

[[x-me || = min {f[x; - me]|} (1)

where ||| is the distance measure, typically Euclidean dis-
tance. After finding the BMU, the weight vectors of the SOM
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are updated so that the BMU is moved closer to the input vec-
tor in the input space. The topological neighbors of the BMU
are treated similarly. The update rule for the weight vector of
iis

xi (¢4 1) = mi(2) + a(Dha(O)[x(@) - mn)] ()

where x(t) is an input vector which is randomly drawn from
the input data set, a(t) function is the learning rate and t de-
notes time. A Gaussian function h.i(t) is the neighborhood
kernel around the winner unit mc, and a decreasing function
of the distance between the i and ¢ nodes on the map grid.
This regression is usually reiterated over the available sam-
ples. The dataset of manufacturing details are fed into the
input layer of SOM.

In the following scheme SOM training procedure is presented
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