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Abstract

This paper aims to study one of the major neotectonic, fault-controlled, features of
the Hellenides, Sperchios basin, with the application of specific morphotectonic in-
dices. The study area includes well exposed fault-bounded mountain fronts with
dominant footwall relief. The most prominent structures of this WNW-ESE trending
neotectonic basin are WNW-ESE to NW-SE trending faults, the most prominent of
which is the Sperchios Fault System (SFS) causing mainly subsidence toward the
NNE. The antithetic Coastal Fault System (CFS) also forms a distinct, yet gentler re-
lief at the NE basin boundary. The segmentation of these neotectonic faults allowed
detailed measurements, based on morphotectonic characteristics, of each segment
separately. Mountain-front sinuosity (S,y as well as the ratio of valley floor width
to valley height (V) were among the indices used in this study and contributed to the
identification of the potential fault activity. The results show that there is a strong
correlation between uplift rates and the morphotectonic signature of faulting, as
well as a clear morphotectonic differentiation of fault segments.

Key words: segmentation, morphotectonic indices, Sperchios basin, central Greece,
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Hepilnyn

H mapodoo epyacia éxer wg otoyo t uelétn piog omo TS GHUOVTIKOTEPES
VEOTEKTOVIKES O00UES TV EAnvidwv, ™ lexavn tov Xmepyeiod, ue v epopuoyn
OVYKEKPLUEVWV HOPPOTEKTOVIKDV OEIKTOV. 10 EVIDTWOLAKO avaylvpo TG TEPLOYHG,
UE TIC OTOTOUES OALOYES OTH LOPPOLOYIKN KAION, OLOHOPPMOVETOL KUPIWS LOY® THG
textovikng. Ol WO ONUOVTIKEG OOUES OUTHG THG VEOTEKTOVIKNG AEKAVIG, uE O1aTalh
ABA-ANA etvar ta pnypoto ABA-ANA kou BA-NA moparolng, to onuovtikotepo. gk
WV omoiwv cvvierovv 10 Xvotnua Pryudrwv tov Xmepyeiod (SFS) ue dievbovon
SoOiong kvpiwg mpog ta BBA. To mopdxtio abotnuo. pyyudtwv (CES), opiler emiong
m Aiyotepn éviovn uoppoloyia ota BA dpia g Aexaving. H tunuoromoinon twv
VEOTEKTOVIKOV PHYUOTOV CUVIEAEGE OTH AETTOUEPH UEAETH TOV KAOE TURUATOS YWPLoTA.
KOl OTH TPOYUGTOTOINGY — UETPHOEWY, e POoN 10 UOPPOTEKTOVIKG  TOVG
xapoxtnpiotika. H daviédwaon otovg mpomodes twv foovav (Smf) kabwg kai o 1oyog
mAdTovg Kollddog mpog dyog (V) frav uetald twv detxtov mov vroloyiotnray otny
gpyaoio. avth Kol cOVESalav GTHYV avayvmpion TOv OOVOUIKOD OPOCTHPIOTHTAS TWV
pryuctov. Ta amoteléouoro e epyaciog Ogiyvovy 0TI DIGPYEL LYVPH OVOYETION
UeTalD T00 pOUOD AVOWWOONS KOl TV UOPPOTEKTOVIKWV YOPOKTHPLOTIKOV TWV
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pnyucTov, kabmg kot pio copn SLapopomoiney TV JEIKTOV UETOLD TWV TUNIATWY
™me préryevovg {avig.

Aééerg  KAe01d: Tunuaromoinon, poppotektovikoi Jeikteg, Aekavy Zmepyelob,
kevipikh) EALdoa, evepyog tektovik).

1. Introduction - Geological Setting

The quantitative measurement of an active tectonic landscape, as well as landform evaluation,
could provide us with basic information necessary for estimating long-term deformation.
Sperchios Basin is one of the most important neotectonic features of Greece, within an area where
active tectonics have drastically controlled and formed the landscape. Sperchios basin is located in
the Fthiotis area, East Central Greece. It has a mean WNW-ESE axis, and it extends from Mt.
Tymfristos to the west, to Maliakos Gulf to the east (Kranis, 1999). The basin is defined by the
mountainous areas of Timfristos to the west, Othris to the east and Kallidromo to the south.
Extension has dominated the deformation of the region in the Quaternary period, starting at Late
Pliocene - Early Pleistocene, continuing until today. The most important structures are the WNW-
ESE to NW-SE trending, NNE-dipping faults that control the margins of this neotectonic basin.
However, faults with ENE-WSW and/or NE-SW strike are also present. In this paper we focus on
the tectonically young southern margin of Sperchios Basin, which is dominated by large normal
faults of E-W to WNW-ESE strike, like most of the neotectonic structures of central Greece
(Psomiadis, 2010; Tzanis et al., 2010).
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Figure 1 - (a) Generalized shaded relief map, showing the major structures that control
Sperchios basin and the suggested relationship between the Sperchios Fault System (SFS)
with the right-lateral North Aegean Trough (NAT), the Kefallonia Transform Fault (CTF),
Kallidromo Fault System (KFS), Corinthos Golf Fault System (CGFS). The arrows indicate
the different kinematics (contractional, extensional, strike-slip) and (b) 3D-tectonic sketch
indicating the relationship of the KFS and SFS in Central Greece with the right lateral
strike-slip CTF and NAT. The relative motion of the faults is indicated with white lines.
(after Kilias et al. 2008).
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The southern part of Sperchios basin is comprised by the Sperchios Fault System (SFS) (Figure 1,
2), which consists of two major fault segments, Sperchiada and Kompotades faults, at its western
and eastern part, respectively, and the Coastal Fault System (CFS), the western part of the south
coast of the North Gulf of Evia, comprising three main faults, the Arkitsa-Longos fault to the east,
the Agios Konstantinos fault in the middle and the Kamena Vourla fault to the west (Ganas, 1997,
Kranis, 1999) (Figure 2). In addition, it is suggested that the Sperchios Fault System (SFS),
together with the Coastal Fault System (CFS), interact through an underlapping crustal relay zone,
which accommodates the differential movement between the North Aegean Fault to the east and
the Kefallonia Transform Fault to the west, on the western termination of the Hellenic Arc (Kilias
et al,, 2008). The basin includes pre-rift formations such as limestones, flysch, radiolarites,
ophiolites and a volcaniclastic sequence, Neogene deposits and synrift formations of Tertiary and
Quaternary age (alluvial fans) (Figure 2). Eliet & Gawthorpe (1995) studied the sedimentary
supply of Sperchios basin in relation to active tectonics and footwall uplift, as recorded mainly in
the Quaternary sedimentary sequences.

Figure 2 - Top: Geological — Neotectonic map of Fthtiotis (from Kranis, 1999). Post-Alpine
formations: 1 - alluvial deposits, 2 - lateral scree, 3 - Pleistocene sediments, 4 - Neogene
sediments, 5 - Molassic sediments, 6 - Quaternary volcanics (Lichades & Ag. Konstantinos
areas) Alpine formations, 7 - Flysch, 8 - Upper Cretaceous carbonates, 9 - Schist-chert
formation, 10 - Pindos and Vardousia carbonates, 11 - Parnassos carbonates, 12 - sub-
Pelagonian carbonates, 13 - Volcanosedimentary complex, 14 - Ophiolites. Bottom:
Topographic map indicating the faults and their segments of the current study (Sperchiada,
Kompotades, Molos, Kamena Vourla and North Faults).
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Geomorphic indices have been applied to mountain ranges worldwide in order to determine the
relative tectonic activity (e.g. Bull & McFadden, 1977; Keller & Pinter, 1996; Gawthorpe &
Leeder, 2000; Bull 2007, 2009). In this paper the faults that have been studied are the Sperchiada
fault that bounds the southern part of the basin, Kompotades fault, which controls the central part
of the basin, Molos and Kamena Vourla faults on the east-southern part and the North Faults,
which are smaller scale faults at the northern part of the basin (Figure 2). The selection of those
faults was based on the idea of collecting information from several parts of the basin (north, south,
south-east, south-west), with the aim to make a general estimation of the current morphogenetic
processes acting on the study area, thus to compare the tectonic activity between the different fault
segments, in both southern and northern margins of the basin. The first stage was to separate the
fault zones into smaller segments, based on published studies and field data (e.g. changes in the
mountain front orientation, overstepping of fault strands, etc.). The second stage included the ap-
plication of geomorphic indices along the segments of those neotectonic faults. The fault segmen-
tation contributed to the general morphometric analysis of the area and the estimation of the de-
gree of activity for each segment.

2. Methodology

The methodology used in this paper was based on the calculation of specific geomorphic indices,
using a detailed Digital Elevation Model for the area and the characterization of fault segments in
terms of activity, based on the results.

2.1. Geomorphic Indices

In this paper we have applied certain well-established and useful geomorphic indices associated
with fluvial systems:

e Transverse Topographic Symmetry (T)

The Transverse Topographic Symmetry Factor is defined as:

T'=—= (1)

where D, is the distance from the midline of the active meander belt and Dy is the distance from
the basin midline to the basin divide. For an absolutely symmetrical basin, T=0. As long as T
increases and approaches the 1, the asymmetry increases. T is a vector, with direction and
magnitude that varies from O to 1. The direction of a regional migration of the main stream
channel could be an indication of the ground tilting in this direction. Values of T are calculated for
different segments of a valley and indicate preferred migration of streams perpendicular to the
drainage basin axis (Keller & Pinter, 1996). This method does not provide us with direct evidence
of ground tilting, but it is an important fault activity indicator.

e Mountain front sinuosity (Smf)

Mountain front sinuosity (Spy) is defined as:

L .
S, = 2
Ca) 2
where L, is the length of the mountain front along the foot of the mountain and L is the straight
line length of the mountain front (Bull & McFadden, 1977; Keller & Pinter, 1996). This indicator
reflects the balance between uplift, that tends to maintain a relatively straight front, and erosion,
that tends to produce irregular fronts. Mountain fronts connected with active uplift are quite
straight, but if the rate of uplift is reduced, erosional processes will begin to form a sinuous front
that becomes more asymmetrical with time. S values ranging between 1.0 and 1.6 values indicate
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tectonically active fronts. Higher S, 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 & McFadden, 1977).

e Ratio of Valley-Floor Width to Valley Height (Vf)
The ratio of the width of valley floor to valley height (V) may be expressed by:

. 2.V,
! (Eld _Esc)+(Erd _Esc)

3)

where Vy, is the width of valley floor, E,4 and E,4 are the elevations of the left and right valley
divides respectively looking downstream and Eg. is the elevation of the valley floor (Bull &
McFadden, 1977). This index reflects in this way differences between broad —floored canyons
(U- shaped) with relatively high values of Vi (V¢ values >1) and V-shaped canyons with
relatively lower values of V¢ (V¢ values < 1) (Keller, 1986). Comparison of V¢ values provide us
with the information whether the streams are actively down cutting in response to active tectonics,
forming V-shaped valleys, or are being eroded laterally, forming broad valleys, because of front
stability and drainage.

e Drainage Basin Asymmetry (AF)
The asymmetry factor is expressed by:

AV

AF =100- “
Af

where A, is the area of the basin to the right (facing downstream) of the main stream and A, is the

total area of the drainage basin (Cox, 1994). In the area where drainage develops together with

active tectonic deformation, the network tends to have a specific geometry. If the stream network

continues to flow in a stable setting, AF should be almost equal to value 50. Values of AF greater

or less than 50 infer “Tilting” to the left or to the right respectively.

2.2. Fault Segmentation

Fault segmentation is applied to different long faults around the world. The theories imply that
faults initiate as separate faults, propagate, and ultimately link to form a long fault (e.g. Ganas &
Papoulia, 2000). In order to achieve a better result in our study, we segmented the following faults
into smaller sections, taking into consideration the changes in the mountain front orientation and
the morphology along the faults.

e Sperchiada Fault (Figure 3a) and Kompotades Fault (Figure 3b)

Sperchiada fault to the west and Kompotades fault to the east are the two major segments of
Sperchios Fault System, which control the southern margin of the Sperchios basin and have a total
length of almost 80 km. We have distinguished two segments for the Sperchiada fault and four
segments for the Kompotades Fault. The strike of those faults is E-W to WNW-ESE, while they
dip to the NNE. The main criterion for distinguishing smaller segments is the small change in their
orientation. This does not necessarily reflect their actual structural segmentation, but there is
definitely a geomorphic segmentation that corresponds to different geomorphic quantification.

o Molos Fault (Figure 3c) and Kamena Vourla Fault (Figure 3c)
Molos and Kamena Vourla Faults are dipping to the NNW. Molos is a probable westward
extension of the Coastal Fault System which controls the western part of southern coast of the
North Gulf of Evia (Ganas, 1997). It is characterised by NW-SE strike and we have segmented it
into two parts. Kamena Vourla fault, at the west part of the Coastal Fault System, is a high angle
structure with an E-W strike.
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e North Fault zone (Figure 3d)

The last fault zone tested in this paper is the North Fault zone. In contrast with the previously
mentioned faults, North Fault zone controls the northern margin of Sperchios basin. It is
approximately 10 km long with fault striking NE-SW and dipping to the SE. Four segments are
proposed for the North Fault zone.

Figure 3 - Segmentation of the studied faults. (a) Sperchiada F. divided into two segments (b)
Kompotades F. divided into four segments (¢) Molos (two segments) and Kamena Vourla F.
(three segments), (d) North Fault (four segments).

3. Data

The morphometric analysis in this paper is based on the application of geomorphic indices derived
from a Digital Elevation Model (DEM) of the broader area. The work comprised of collection of
published geological maps (IGME 1967, 1970), information based on publications, processing and
evaluation of data and finally implementing the principal morphotectonic indicators on the fault
segments by using Global Mapper 12 software. The data source was Aster GDEM, Worldwide
Elevation Data (1.5 arc-second resolution) and the projection used was Greek Grid (GGRSS87).

3.1. Tilting of Sperchios Basin

Two indices have been applied in order evaluate the Sperchios Basin asymmetry: Transverse To-
pographic Symmetry, T (Figure 4), and Drainage Basin Asymmetry, AF (Figure 5). In order to
calculate the T index, the basin midline of Sperchios River was determined in the middle with a
red line (Figure 4). Along this midline we have separated 13 equal 4-km long segments. Based on
the results shown in the table of Figure 4, it is evident that T factor at the first segment as well as
between sites p8 and p10, has the highest values, ranging from 0,35 to 0,45, suggesting that the
asymmetry at the beginning and in the centre of the basin increases, in comparison to the other
segments. Figure 4 shows the drainage basin asymmetry of Sperchios Basin. The area enclosed
within the yellow line, along the watershed, is the total area of the basin. The red shaded area is the
area to the right (facing downstream) of the main stream of Sperchios (blue). The asymmetry fac-
tor in Sperchios Basin has a value of 55, showing that the basin has a tectonic rotation (tilting) to
the North. One would expect that the basin would show tilt towards the South, where the main
fault zone is. However this is not the case for this basin. Our interpretation is that Sperchios fault
zone produced a great footwall uplift, causing extensive erosion and hence formation of very big
alluvial fans, e.g. the huge Vamvakia alluvial fan at the central part of the basin. These fans have
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shifted the position of Sperchios River towards the North, overprinting the tectonic signature of
Sperchios fault.

Figure 4 - (a) Table with the results of Transverse Topographic Symmetry (T) along the
whole Sperchios Basin. (b)View from Global mapper, showing the 4-km long segments (p1,
p2, ..., p13) separated by a light blue x symbol, along basin midline, blue line: main river,
red line: basin midline, yellow line: Sperchios basin watershed.

3.2. Surand Vi values for Sperchios, Kompotades, Molos, Kamena Vourla and
North Faults

The application of S,r and V; geomorphic indices along the segments of the these faults can
contribute towards a comprehensive overview of the neotectonic activity. The V; values are plotted
with the S,r values on a same diagram. This combination provides quantitative information of the
relative degree of tectonic activity classes of the segmented faults and allows individual mountain
fronts to be assigned in different tectonic activity classes (Bull & McFadden, 1977; Keller &
Pinter, 1996). The S, and the mean V; values of all the segmented faults in our study, are shown
in the Syr vs. V¢ diagrams (Figure 6 a, b, c).
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Figure 5 - Drainage Basin Asymmetry (AF). Red area: A,, the area of the basin to the right
(facing downstream) of the main stream, area within yellow line: A, the total area of the
drainage basin. A 1,830 km?, A, : 1,015 km’.

Figure 6 - Plot of mean S,,; and V;values of all the segmented faults of this study (a)
Sperchiada and Kompotades faults, (b) North faults, (c) Molos and Kamena Vourla faults.
Table: Classification of segments of each fault separately, according to the tectonic class di-

vision by Keller & Pinter (1996).

According to the active tectonic classification suggested by Keller & Pinter (1996), each fault
segment appears to have a different activity, regardless their position or the fact that some of them
even belong to the same Fault. The first (A) tectonic class comprises values of S, lower than 1.5
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and V; values lower than 1.2. The second class consists of S,,r lower than 2.5 and V; lower than
1.5 and the third class is characterized by S, higher than 2.6.

The two segments of Sperchiada Fault are of tectonic class A and B, for the western and eastern
part respectively. In addition, for the Kompotades fault case its eastern part has lower S values
related to its western part, however all of the segments belong to the A class, which characterizes
the more active faults. The results are in good agreement with Zovoili et al. (2004). Moreover,
Molos fault, is separated into two different segments which show a different activity, with the
western part (Molos_1) less active than the eastern. Three segments have been distinguished for
Kamena Vourla fault. All of them reveal an active behaviour with the eastern segment
(K.Vourla_3) showing higher activity (class A). Finally, North faults seem to have a lower activity
in comparison with the southern marginal large faults.

4. Conclusions

The aim of this paper was to make a general estimation of the neotectonic signature of faulting to
the relief in Sperchios basin and to compare the tectonic activity between the different fault
segments, in both southern and northern margins of the basin. The application of the geomorphic
indices associated with fluvial systems (T, AF, S, Vi) on Sperchios basin and Sperchiada,
Kompotades, Molos, Kamena Vourla and North faults, helped in correlating the current landscape
form with the neotectonic evolution of the area. Based on the combination of the derived
geomorphic indices, Sperchios Basin appears to have a tectonic tilting (high T values in the centre
of the basin) to the North (AF=55). After having all the above faults classified based on their S,
and Vg values, we suggest that North Faults appear to be less active (B to C class) in comparison
with all the others (A to B class). In addition we observed that even along the same fault the
segments seem to have a different tectonic activity.

In respect to segmentation, quantitative morphotectonic analysis can provide valuable
information, complementary to structural criteria in order to segment a fault zone. In Sperchios
basin the morphotectonic segmentation is in good agreement with the segmentation derived from
mapping and structural analysis. It has to be noted however that quantitative morphotectonic
analysis can only provide indications, not evidence of recent tectonic activity. It is therefore
important to extend the deformation record of Sperchios fault zone by geological methods (i.e.
paleoseismology), in order to enhance the morphotectonic observations.
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