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Abstract

This study of drainage systems in a tectonically active region is based on the
Geographical Information Systems (GIS) integration of data from an analytic hierarchy
process (AHP) and a weighted linear combination (WLC) procedure with multiple criteria
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data. A set of thematic maps were produced, based on existing geological maps and freelyavailable ASTER Global DEM elevation data, using various geological information (i.e.
lineaments and lithologies), geomorphometric indices (i.e. slope gradient, drainage density,
stream frequency, and the topographic wetness index) and morphotectonic indices (i.e.
amplitude of relief and stream length gradient) that highlight areas of neotectonic
landscape deformation. The weights of the factors were determined using AHP and WLC.
A neotectonic landscape deformation index (NLDI) is computed as the sum of the various
weighted factors to provide a map of NLDI distribution across the study region (western
Crete). The main objective of this study was to analyse and map the intra-basin spatial
variations in neotectonic landscape deformation: five classes, very low to very high, were
determined. High to very high deformation zones are linked with known and newly
detected active fault zones. The methodology could be developed into a low-cost technique
for assessing seismic hazard, guiding disaster risk reduction activities. It can provide an
alternative to the Interferometric Synthetic Aperture Radar (InSAR) approach for
highlighting zones of neotectonic deformation, particularly in regions where dense
vegetation or snow cover renders InSAR ineffective.

Keywords: Neotectonics; Multi-criteria decision analysis (MCDA); GIS; Morphotectonics
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1 Introduction

The geomorphological and morphotectonic study of drainage systems can provide
useful indicators about the recent tectonic regime of a region. The development of
geomorphic indices has led to the identification of areas deformed by recent tectonic
processes (Bull and McFadden, 1977; Keller, 1986; Pérez-Peña et al., 2009). Such indices
provide a useful tool to detect tectonically active regions that are being deformed by faults,
affected by erosional processes or influenced by movements of crustal blocks (Burbank &
Anderson, 2001; Tsodoulos et al., 2008; Pedrera et al., 2009).
The data for these indices have traditionally been obtained from topographic maps
and aerial photographs. In recent decades, the usefulness of geomorphic indices has
become even greater due to greater availability of digital elevation models (DEMs),
improved functionality of GIS and faster computer processing. The use of GIS aids the
processing of data and speeds up the decision-making process (Malczewski, 2006 and
references therein; Troiani and Della Seta, 2008).
This study examines some geomorphometric and morphotectonic indices that are
useful for identifying areas of active tectonics. Geomorphometric indices can be used for
the analysis of stream networks and drainage basins to delineate areas with neotectonic
deformation (e.g. Abrahams, 1984; Ozdemir and Bird, 2009; Aher et al., 2014). In
addition, there are many examples of morphotectonic indices being used to detect and
characterize variations in active tectonics across a given landscape (e.g. Bull and
McFadden, 1977; Ribolini and Spagnolo, 2008; Toudeshki and Arian, 2011). The
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calculation of morphotectonic indices has played a key role in determining local tectonic
activity, particularly in identifying and mapping of fault-generated mountain fronts, or
evaluating stream migration and identifying tilted or uplifted regions (Keller, 1986; Van
der Beek et al., 2002; Silva et al., 2003).
This study carries out a multi-criteria decision analysis (MCDA) based on
geomorphologic, geological and morphotectonic features, to detect areas of neotectonic
landscape deformation and produce a map showing the distribution of that deformation. In
MCDA a decision-maker has to choose several options or alternatives. Selecting an
alternative depends on many characteristics (criteria) which are often contradictory:
consequently the decision-maker might often have to be content with a compromise
solution (Chakhar and Martel, 2003).
Spatial multi-criteria decision making usually consists of a set of feasible
alternatives that are evaluated on the basis of multiple, conﬂicting and disproportionate
evaluation criteria (Rinner and Malczewski, 2002; Boroushaki and Malczewski, 2008).
Many spatial decision problems have been examined using GIS and MCDA (GIS-MCDA)
(e.g. Laaribi et al., 1996; Chakhar and Martel, 2003; Drobne and Lisec, 2009). A GISMCDA approach integrates and transforms geographical data and value judgments to
obtain overall assessment of the decision criteria (Malczewski, 1999, 2006). It has become
an attractive method for spatial planning and management and can be considered as a tool
for decision-makers, giving solutions to issues that need to consider several criteria (e.g.
Joerin et al., 2001; Karnatak, et al., 2007; Chen et al., 2009).
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The tectonically active region of western Crete, Greece, was selected to test the
GIS-based AHP, using a WLC, approach to assess neotectonics. The study region lies
within the outer fore-arc of the largest and most active subduction zone in Europe, the
Hellenic arc, which is characterized by high rates of tectonic activity and seismicity (e.g.
Le Pichon et al., 1982; Kellletat, 1996), due to convergence between the African and
Eurasian tectonic plates (Fig. 1) (McKenzie, 1978; Papazachos and Comninakis, 1978; Le
Pichon et al., 1982). For example, the 21 July, 365 AD earthquake (Mw 8.3–8.5), the so
called “Early Byzantine Tectonic Paroxysm”, produced co-seismic uplift up to 9 m on
southwestern Crete (Thommeret et al., 1981; Stiros, 2001; Shaw et al., 2008). Crete has
been tilted to the northeast (Fytrolakis, 1980), although neotectonic studies assume that
separate tectonic blocks react independently to provide differential rates of uplift or
subsidence across the island (Papanikolaou, 1988; Fassoulas and Nikolakakis, 2005).

2 Review of geomorphometric and morphotectonic indices

The geomorphic indices used to determine active tectonics typically identify how a
fluvial drainage network reacts to the effect of tectonic activity. Those indices include: i)
the transverse topographic symmetry factor; ii) mountain front sinuosity; iii) the streamlength gradient index and; iv) the valley floor width to valley height ratio (Bull and
McFadden, 1977; Molin et al., 2004; Toudeshki and Arian, 2011). These indices are meant
to evaluate the types of stream characteristics associated with neotectonic deformation,
such as change of channel and valley gradient, or change of channel width and depth
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(Summerfield, 2000). There are other indices, such as the asymmetry factor and
hypsometric parameters (both hypsometric integrals and hypsometric curves), which can
characterize tectonic activity on a regional basin scale (e.g. Strahler, 1952; Hurtrez et al.,
1999; El-Hamdouni et al., 2008).
Previous studies applying these indices revealed valuable information about
tectonically active areas, such as the southwestern USA (Bull and McFadden, 1977;
Rockwell et al., 1984; Keller, 1986), the Acambay graben in Mexico (Ramirez-Herrera,
1998), the Pacific coast of Costa Rica (Wells et al., 1988), the southeastern coast of Spain
(Silva et al., 2003), the northern Apennines in Italy (Troiani and Della Seta, 2008) and
central Greece (Tsodoulos et al., 2008). The analysis of these particular indices has a
potential to reveal a more detailed evaluation of erosional processes, as well as the degree
of active tectonics over an area (Keller and Pinter, 1996; Ramirez-Herrera, 1998; Azañón
et al., 2012).
This study utilizes indices suitable for spatial distribution analysis. None of the
aforementioned indices can provide detailed spatial distribution analysis within each basin
except from the stream length gradient index (SL) (Table 1). SL discriminates tectonic
influence from lithological factors and detects local uplift, even in small drainage basins
(Troiani and Della Seta, 2008). SL is sensitive to tectonic factors and has been used to
examine drainage network development (Hack, 1973; Chen et al., 2003; Pérez-Peña et al.,
2009).
The amplitude of relief index (Ar) (Table 1) represents the spatial distribution of
active tectonics by evaluating the relative relief of a region, highlighting areas of uplift or
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subsidence (e.g. Ciccacci et al., 1988; Della Seta et al., 2004; Troiani and Della Seta,
2008). Ar is useful to assess active tectonics but it is only based on relative relief
observations without considering any other parameters. Mapping the spatial distribution of
active tectonics is thus a challenging objective. Some studies have evaluated a number of
geomorphometric indices, on a drainage basin scale, to extract a general index for
assessing active tectonics (e.g. El-Hamdouni et al., 2008; Alipoor et al., 2011; Selim,
2013). However, intra-basin variations in neotectonic landscape deformation were not
assessed.
Calculation of SL and Ar is not integrated with any other geological and
geomorphological factors that characterize an area as tectonically active. Such a limitation
raises the need for more detailed geomorphometric information to be extracted, integrated
and spatially analysed for assessing active tectonics. Important geomorphological
information can be extracted by various geomorphometric indices, using DEMs, such as
drainage density (Dd), stream frequency (Fu), topographic wetness index (TWI) and slope
gradient (S) (Table 1). These indices offer variable information and isolation of particular
aspects can be associated with the presence of active tectonics over a region.
This study examines the association of some geomorphic indices with neotectonic
landscape deformation. The relationship between Dd, Fu and S can indicate the dominant
processes shaping a region. It is generally accepted that an increase in S leads to decrease
in Dd (Lin and Oguchi, 2004). The high values of Dd are associated with very gentle
slopes (Kouli et al., 2007). Howard (1997) observed that Dd and S correlate negatively in
rapidly eroding areas but positively in slowly eroding areas, where hillslope processes are
dominant. Comparison between spatially analysed maps of Dd and Fu can indicate
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variations in soil permeability across a region. High Dd and high Fu are associated with
impervious rocks, which enhance erosion. On the other hand, low values of Dd and Fu are
associated with permeable formations and steep rugged surfaces (Reddy et al., 2004). A
study of two drainage basins in western Crete revealed that high Fu values occurred in
linear patterns, parallel or sub-parallel to major tectonic lineaments, indicating that the
drainage network was being developed under tectonic influence (Kouli et al., 2007).
The control exerted by local topography on the spatial distribution of soil moisture
and surface saturation can be examined using TWI (Quinn and Beven, 1991). TWI could
indicate fault-controlled relief features, notably linear depressions connecting headwater
valleys, with fluvial erosion exploiting zones of structural weakness, as well as deeply
incised V-shaped valleys dissecting mid-slopes, indicating a fluvial response to on-going
uplift (Migon et al., 2013). In addition to the approaches outlined above for the extraction
of spatial morphotectonic and geomorphometric information, geological information can
also be important for the assessment of neotectonic landscape deformation. Bedrock type
and lineament density (Ld) or lineament frequency (Lf) can be very useful for assessing
tectonic and seismic activity (Ananaba and Anjakaiye, 1987).
There have been relatively few GIS-MCDA assessments of tectonically active
terrain. According to El-Hamdouni et al. (2008), the arithmetic mean values of various
drainage basin morphotectonic indices can provide a combined index for assessing tectonic
activity. Alipoor et al. (2011) followed a different approach: instead of the arithmetic
mean, they used AHP to assess the degree and weight of each morphotectonic index, for a
representation of tectonic activity in drainage basins. However, this approach was limited
to the classification of tectonic activity for entire drainage basins. This study uses a GIS8

MCDA approach for a more detailed analysis, determining intra-basin spatial variations in
neotectonic landscape deformation.
With GIS-MCDA, each GIS layer consists of criteria for assigning attribute values
(Boroushaki and Malczewski, 2008). One of the fundamental classes of GIS decision rules
is the weighted summation procedure (Janssen and Rietveld, 1990; O'Sullivan and Unwin,
2003; Malczewski and Rinner, 2005). The efficient use of MCDA in decision analysis
depends on the selection of the order weights. AHP which is based on the weighted
summation model, can be used to obtain the essential order weights (Saaty, 1977; Saaty
and Vargas, 1991). There are two ways in which the AHP method can be used within the
GIS environment. Initially, it can be used to determine the importance of weights
associated with criterion map layers. Those weights can be aggregated with the layers, as
in other weighted combination methods (Drobne and Lisec, 2009). This approach is of
particular importance for spatial decision problems with a large number of criteria, which
makes it difficult to complete pairwise comparisons of the criteria (Eastman et al., 1993;
Marinoni, 2004). Later, the AHP method can be used to combine the priority for all levels
of the hierarchical structure, including the level representing criteria. The major advantage
of incorporating MCDA techniques into such procedures is that the analysts can make use
of value evaluation judgments in GIS-based decision making procedures.

3 Methodology

3.1 Criteria for assessing neotectonic landscape deformation
9

There are many criteria for assessing neotectonic landscape deformation:
morphotectonic, geomorphological and geological. Selective information, out of those
criteria, can be associated with active tectonics. Such information can be provided in the
form of thematic maps. The main morphotectonic indices for the identification of
morphotectonic features are: i) amplitude of relief (Ar) and ii) stream length-gradient (SL).
The geomorphological criteria, not directly related to the identification of morphotectonic
features are: i) slope gradient (S), ii) the topographic wetness index (TWI), iii) drainage
density (Dd) and iv) stream frequency (Fu). The geological criteria are: i) lithology (Lth),
ii) lineament density (Ld) and iii) lineament frequency (Lf) (Table 1).
The analysis and interpretation of the spatial distribution maps can highlight
neotectonically active zones, with regard to the criteria provided by each extracted DEM
derivative. Regions characterized by a specific range of classified values, can be linked to
indications of neotectonic landscape deformation and are expected to be highlighted by the
GIS-MCDA:
i)

S being moderate to steep or very steep;

ii)

high values of Ar;

iii)

low TWI values characterizing regions with major ridges, steep slopes and Vshaped valleys;

iv)

areas with low Fu and low Dd values can be characterized by potentially high
neotectonic landscape deformation;

10

v)

high values of SL indicate abrupt changes of river gradients as a result of
neotectonic control;

vi)

lithological formations such as Neogene and Quaternary deposits are weak,
unconsolidated lithologies that result in reduced seismic wave velocities, a
corresponding increase in wave amplitude and increased seismic risk; and

vii)

zones with high Ld and Lf to enhance discrimination of regions under the influence
of neotectonic control.
The above information can be determined from the DEM derivatives and

geological maps. This derived information is interpreted within MCDA to highlight the
spatial distribution of neotectonic landscape deformation.

3.2 Data preparation

The main datasets in this study were extracted from the 30 m resolution ASTER
Global DEM (ASTER G-DEM) (Fig. 2). The derived indices are Ar, SL, S, Ld, Lf, Dd, Fu,
TWI and Lth (Table 1). All data are re-projected to a 30 × 30 m grid, with a standardized
range of values (Boroushaki and Malczewski, 2008). The weights and rank values to the
data layers and classes were assigned using AHP. Then using the weighted linear
combination (WLC), their classes are multiplied with the corresponding weights and their
values are summed up to produce a neotectonic landscape deformation map.
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Ar is a parameter that can be used to statistically examine orographic configuration
(Della Seta et al., 2004) (Table 1). The spatial distribution of Ar indicates active or recent
vertical displacements (Ciccacci et al., 1988; Ciotoli et al., 2003; Troiani and Della Seta,
2008). Ar was calculated based on the method of Della Seta et al. (2004) using the ASTER
G-DEM as an input dataset. The relative relief was determined by subtraction of the
DEMmax (each output cell contains the maximum of the input cells that are encompassed by
the extent of that cell) from the DEMmin (each output cell contains the minimum of the
input cells that are encompassed by the extent of that cell), within a grid of 1 × 1 km. The
centroid points of each unit area were then used to extract the Ar values, with kriging as the
interpolation method (Cressie, 1990; Della Seta et al., 2004).
SL is the ratio of the change in elevation of the reach to the length of the reach,
multiplied by the total length of the channel to the point where the index is being
calculated (Hack, 1973; Keller, 1986; Toudeshki and Arian, 2011) (Table 1). Stream power
can be related to this index, as the stream has the tendency to erode its bed and transfer
sediment from the highest part of its drainage basin to the basin mouth (Keller and Pinter,
2002). This index represents the spatial distribution of stream gradient changes along the
drainage network. High resolution (0.5 m pixel) colour imagery of western Crete is
available via Google Earth for 2002–2009. Visual inspection of the Google Earth imagery
was used to determine the ranges of stream channel widths in the drainage basins of the
study region, augmented by walk-over surveys along ~15 km of stream channels. The
surveys showed that most of the stream channels have seasonal flow, with channel widths
from 5 to 20 m and floodplain widths < 50 m. The stream channels examined in this study
are thus relatively small, so local within-channel processes such as bank erosion has a
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minimal impact on the index calculation. The drainage network was derived from the
ASTER G-DEM, by filling the voids, using the D8 algorithm and the stream module in
GIS free open source software (e.g. QGIS) to extract drainage networks (Maidment, 2002;
Li, 2014 and references therein). By applying a threshold value to the flow accumulation
outcome, as extracted from the ASTER G-DEM, a stream network can be delineated
(Tarboton et al., 1991). A flow accumulation threshold value of 400 m2 provided the best
fit for drainage network delineation (Fig. 1), which is confirmed by comparison with the
channels and floodplain zones visible on satellite imagery (e.g. ASTER) and topographical
maps. The relationships between tectonic activity, rock resistance and channel slope can be
investigated with the SL index. Large differences in the values of this index indicate zones
of tectonic activity (Keller, 1986). This common morphotectonic index can represent the
spatial distribution of stream gradient changes along the drainage network.
This study used the methodology proposed by Pérez-Peña et al. (2009) to calculate
the normalized stream-length gradient (SLk) in the main stream segments. Constant point
spacing was used for the interpolation of values in a horizontal plane (Pérez-Peña et al.,
2009): this allowed comparison with the related studies by Keller (1986). The calculated
SLk values were used to create an anomaly map, using a kriging statistical method based
on a variogram model, providing better results than the spatial distribution of the SL index
(Pérez-Peña et al., 2009; Pedrera et al., 2009). The anomalous values were detected by
following a cross-validation analysis, so that the tectonic controlled areas could be
recognized (Goovaerts, 1997; Pérez-Peña et al., 2009).
S shows maximum slope steepness based on the change in elevation between each
cell and its neighbours (ESRI, 2003). Slope movements, in the case of tilting or uplift, are
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caused by tectonic activity. Such a process takes place essentially by means of slope
gradient increase (Panizza, 1996).
Ld quantifies the total length of lineaments per km2 (Ananaba and Anjakaiye, 1987;
Seleem, 2013). The lineaments used in this study were digitized from the faults recorded
on the 1:50,000 scale geological map of western Crete (IGME, 1971) and from generation
of shaded relief images with sun angles and azimuths produced from the ASTER G-DEM,
aiding the recognition of regional lineaments and tectonic structures (Deffontaines et al.,
1997; Chorowicz et al., 1999; Dewez, 2003). Illumination and shadow effects from
different azimuths (0°, 45°, 90°, 135°, 180°, 225°, 270° and 315°) with a sun elevation at
45° were considered. The extracted lineaments lengths ranged from ~300 m to ~12 km.
Lf quantifies the total number of lineaments per km2 (Briere and Scanlon, 2000;
Dinesh et al., 2014). Statistical quantifications of Ld or Lf can be used to infer the relative
severity of the tectonic regimes (Seleem, 2013). High values of Ld and Lf reveal regions
undergoing high degrees of brittle rock fracturing, fault propagation and tectonic activity
(Edet et al., 1998; Seleem, 2013). Relationships of Ld and Lf with tectonically deformed
landscape zones were evaluated using the MCDA procedure.
Fu is the ratio of the total number of stream segments to the area of the drainage
basin (Horton, 1945) (Table 1). GIS usage is crucial for the creation of distribution maps
for Fu. Through GIS free open source software, such as QGIS, kernel density was
employed to compute Fu within a search area of 2 km as proposed by past studies of
Zavoianu (1985 and references therein) and Kouli et al. (2007). The Fu maps indicate areas
where fewer stream segments exist, due to neotectonic forces, such as uplift, which distort
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the development of the drainage system. When high Fu values occur and follow linear
patterns, parallel or sub-parallel to the faults, that indicates the development of the stream
segments under tectonic influence (Kouli et al., 2007).
Dd is the ratio of the total stream length to the area of the basin (Horton, 1945)
(Table 1). GIS is useful for creating distribution maps of Dd. High Dd values imply the
presence of dissected terrain, while low Dd values indicate terrain with long hill slopes
(Berger and Entekhabi, 2001; Awasthi et al., 2002).
TWI determines the spatial distribution of soil moisture and surface saturation with
regard to the influence of topography, based on DEMs (Beven and Kirkby, 1979; Sorensen
et al., 2005). This index is related to slopes, as water tends to accumulate at the foot of
slopes. Relative soil moisture is thus dependant on the steepness of surrounding slopes and
drainage accumulation. Low TWI values indicate high S and low stream-flow accumulation
(Conoscenti et al., 2008). TWI is helpful for detecting possible fault-controlled topographic
features (Migon et al., 2013). Low values indicate: i) highly incised V-shaped valleys, ii)
high relief surfaces with low moisture accumulation, or iii) longitudinal ridges. High
values indicate: i) a low gradient surface with high moisture accumulation or ii) alluvial
deposits (Schmidt and Persson, 2003; Migon et al., 2013). Topography is an important
control of hydrological processes, so TWI can represent water distribution controlled by
topography (Anderson and Kneale, 1982; Hjerdt et al., 2004). TWI is considered here to
provide ancillary data to the MCDA procedure for the characterization and identification of
regions that might be influenced by structural control, not to explain hydrological
processes and soil moisture distribution.
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Lth is essential in the MCDA procedure because it discriminates between
geological formations in terms of their response to the passage of seismic waves. Weak,
unconsolidated lithologies result in reduced seismic wave velocities, and a corresponding
increase in wave amplitude and seismic risk, while strong lithologies do not produce this
amplification. The Geological Strength Index (GSI) was considered for the classification of
the lithologies regarding their rock strength (Marinos and Hoek, 2000). Lithology is
integrated with other factors in the MCDA procedure to assess the relative importance of
this variable in relation to active tectonics. The lithological units were digitized from
published 1:50,000 geological maps (IGME, 1971).

3.3 Analytic hierarchy process (AHP)

AHP is a popular heuristic method based on the additive weighting model (Banai,
1993; Wu, 1998; Zhu and Dale, 2001), which calculates the weighting factors associated
with criterion map layers. That is achieved using a preference matrix where all identified
relevant criteria are compared against each other with reproducible preference factors.
AHP applications using GIS have become a common method of decision making because
of its ability to integrate abundant heterogeneous data. The AHP method consists of three
stages: (i) developing the AHP hierarchy, (ii) pairwise comparison of elements of the
hierarchical structure, and (iii) constructing an overall priority rating. In the first stage, the
decision problem is represented in a hierarchy that consists of the most important elements
of the decision problem (i.e. the main goal of the problem, criteria and plans). At each level
16

of the hierarchy in the second stage, a pairwise comparison of the matrices is performed
based on their contribution to each other. At the last stage, the overall contribution of each
factor to the main goal is calculated by an aggregation of the weighted average type (Saaty,
1980). In the context of this research, a typical level hierarchy of a goal, objectives and
attributes have been considered in order to demonstrate the spatial analytic hierarchy
procedure (Fig. 3), as proposed by Boroushaki and Malczewski (2008).
The AHP method has been used in two distinctive ways within the GIS
environment. First, it was employed to derive the weights associated with attribute map
layers, in a way similar to weighted additive combination methods. This approach is of
particular importance for problems involving a large number of criteria, when it is
impossible to perform a pairwise comparison of the selective criteria (Eastman et al.,
1993). Second, the AHP principle was used to aggregate the priority for all levels of the
hierarchy structure, including the level representing criteria. In this case, a relatively small
number of criteria can be evaluated (Jankowski and Richard, 1994).

3.4 Evaluation of criterion weights

There are four basic techniques for the development of weights: pairwise
comparison, ranking, rating and trade-off analysis methods (Malczewski, 1999). The
pairwise comparison is the basic measurement mode employed in the AHP used in this
research. It consists of three stages: i) develop a comparison matrix at each level of the
hierarchy, ii) computation of the weights for each factor of the hierarchy, and iii)
17

estimation of the consistency ratio. Within the pairwise comparison, the thematic map
layers are given weighting values ranging from 1 to 9, based on the level of importance
(Saaty, 1980).
The nine thematic maps noted in Section 3.1 are used as primary data for the
geological, geomorphological and morphotectonic analyses. The priority to be given to
these criteria and their importance needs to be considered in the construction of the
pairwise comparison matrix. For example, morphotectonic criteria are of higher
importance, relative to the geomorphometric and geological criteria. By building a decision
hierarchy, the evaluation of the various elements within the pairwise comparison matrix is
achieved through the comparison of each possible criteria pair. Using AHP reduces the
complexity of the decision problem into a series of pair-wise comparisons among
competing attributes.
Once the pairwise comparison matrix is obtained, there is a need to summarize the
preferences so that each factor can be assigned a proper relative importance. The
consistency ratio (CR) (Saaty, 1977) was used to check how consistent our results are. CR
is a ratio of the consistency index (CI) to the random consistency index (RI):
CR = CI/ RI, (1)
where CI = (Lmax − n)/(n − 1), with Lmax (Lambda max) being the maximum eigenvalue
of the matrix, and n is the matrix size. Saaty (1977) generated random matrices and
computed their mean CI value and defined it as RI.
CR is useful for evaluating consistency in the pairwise comparison. If CR < 0.1
then the ratio indicates a reasonable level of consistency in the pairwise comparison and
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the inconsistency is acceptable. However, if CR > 0.1 then the value of the ratio is
indicative of inconsistent judgments and our subjective judgements need to be revised. In
the case of CR < 0.1, the analyst needs to reconsider and revise the original values in the
pairwise comparison matrix. As soon as the CR value becomes acceptable, weights are
assigned to each factor. The individual classes of each factor are ranked relatively to the
importance of the information provided to the determination of the neotectonic landscape
deformation. Then the classes are standardized to the same range of values for the
completion of the final stage of MCDA procedure, which is WLC.

3.5 Constructing an overall priority rating using WLC

The ﬁnal stage is to aggregate the relative weights of objectives and attribute levels
to produce composite weights. This is done by means of a sequence of multiplications of
the matrices of relative weights at each level of the hierarchy. Because the criteria values
have different scales, a standardized approach of the factors is essential before their
combination (Drobne and Lisec, 2009). The standardization is based on a number of
classes of each factor regarding the importance of the information associated with active
tectonics, such as the geomorphological, geological and morphotectonic features.
Determining the weight of each factor is achieved by ranking and rating. The
factors are ranked, with the highest value being the most important and the lowest value
the least important. Next, the rating is performed for each factor using percentiles. The
factor with the highest ranking value acquires the highest percentage, while the lowest
19

ranking value gets the lowest percentage. The equation for ranking values standardization
is:
N’i,j= (Ni,j / Njmax) × 100

(2),

where N’i,j is the standardized rank value for the i-th class for the j-th factor, Ni,j is the
primary rank value, and Njmax is the maximum rank value.
Once the criterion scores for factors have been standardized and weights have been
computed, the WLC technique is applied: it aggregates criteria to form a single final score
of evaluation (Voogd, 1983; Malczewski, 2000; Ayalew et al., 2004). For WLC, the
classes of the factors need to be standardized to a common numeric range, as described
above. In the WLC method each weighted criterion from the pairwise comparison is
multiplied by its standardized rank value weight and the results are summed. The indices
used herein focus on zones of neotectonic landscape deformation, so the aforementioned
results produce the following Neotectonic Landscape Deformation Index (NLDI):
NLDI = ΣFw × Fr

(3),

where Fw is the weight of each factor and Fr is the standardized rank value of each factor
class.
After accomplishing the weighting-ranking process for the neotectonic landscape
deformation values, within the 0–100 range, reclassification will be needed to make
interpretation easier (primarily involving removal of micro-facets). The final classification
will consist of five classes: very low, low, moderate, high and very high, based on the
natural breaks in the frequency distribution (Ayalew et al., 2004).
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4 Results

4.1 Evaluation of criterion weights

The thematic spatial distribution maps for the drainage basins of western Crete used
in this GIS-MCDA study are presented in Fig. 4. The spatial distribution maps were used
for the AHP and the extraction of criteria weights by pairwise comparison matrices (Table
2). Then the classified ranking values and the standardized ratings for each thematic layer
were defined, with the crucial information associated with the neotectonic landscape
deformation characterized by the higher values. CR was also calculated and considered for
the consistency of the criteria of weights, as it has to be lower than 0.1 (Table 3): an
acceptable consistency exists among the factors, where the value of CR = 0.067.
Table 2 shows the final pairwise comparison matrix, based on the scale of Saaty
(1980). The nine weight values (0.22, 0.21, 0.15, 0.15, 0.07, 0.07, 0.06, 0.04 and 0.03)
were assigned respectively to the nine criteria, SLk, Ar, Ld, Lf, Dd, Fu, S, TWI and Lth, in
decreasing order of importance (Table 3). The nine thematic maps are discriminated into
morphotectonic, geomorphological and geological criteria. The extracted weights of
criteria revealed that morphotectonic maps contribute a value of 0.43 to the final
neotectonic landscape deformation map. The geomorphological criteria contribute a value
of 0.24. The geological factors contribute a value of 0.35 and lineament characteristics,
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associated with tectonic control, contribute a value of 0.3. Lineaments and morphotectonic
characteristics criteria, which primarily indicate neotectonic activity, contribute a relatively
high value (0.73) to the final neotectonic landscape deformation map.

4.2 Constructing an overall priority rating using WLC

The acquired criteria of weights by the pairwise comparison matrices are used here
for the construction of an overall priority rating following the WLC procedure. Weights,
rank values and standardized ratings of each factor are determined. The acquired
information for each factor, highlighting the varying neotectonic attributes, is used in Eq.
(3). The results of the neotectonic landscape deformation mapping are summarized in Fig.
5. The higher the values are, the more susceptible the area is to neotectonic landscape
deformation: the “very low” class has values less than 24, “low” from 25 to 36, “moderate”
from 37 to 46, “high” from 47 to 56 and “very high” above 57. The standardization is
based on a number of classes of each factor regarding the importance of the information
associated with active tectonics, such as the geomorphological, geological and
morphotectonic features. The final neotectonic landscape deformation map highlights
zones undergoing various degrees of neotectonic landscape deformation (Fig. 6).

4.3 Validation of results
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Ground-based surveys were performed in the areas where the final neotectonic
landscape deformation map indicated high to moderate or low degrees of neotectonic
landscape deformation. Validation of the methodology was carried out through detailed
geological field surveys of faults in those areas, examining the fault surfaces for
indications of recent tectonic activity (e.g. slickenlines, freshness of exposures and
sharpness of scarps). However, outcrops along active faults are likely to be obscured
inherently by products of their activity, e.g. landslides and high-energy deposits, such as
alluvial fans. The ground-based surveys found that the zones of high neotectonic landscape
deformation, in the final neotectonic landscape deformation map (Fig. 6), were associated
with fault outcrops, slickenlines, fault breccia and offset Quaternary deposits of alluvium
and colluvium (Fig. 7).
In many instances the presence of slickenlines, best developed in limestones, is
remarkably fresh, suggesting recent activity. One occurrence displays slickenlines
preserved on a fault plane, in relatively erodible marls, which cuts the basal conglomerate
of a raised beach deposit, confirming the active designation for this fault (Fig. 7). The age
of these deposits has not been determined independently in the present study, but their
fresh appearance, and widespread occurrence in western Crete, strongly suggests that they
date from the last interglacial "Tyrrhenian" sea level of about 125 ka, which is widespread
around the Mediterranean. There are numerous examples of fault truncation of these
marine terraces in the study area, with tectonic uplift exceeding 50 m above present sea
level. Other littoral features, such as marine notch, sea cave and beach rock assemblages
also display fault truncation and uplift, particularly along the southern and western coasts
of the study area.
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Walk-over surveys along the faults highlighted by our methodology, reveal further
evidence for their “active” designation. This evidence includes fault juxtaposition of
bedrock against young alluvial and colluvial sediments and, on slickenlined fault scarp
faces, bands of increasing weathering aligned generally parallel to the ground
surface, indicating incremental faulting-induced growth of the scarp.

5 Discussion

This study has presented a GIS-MCDA approach to predict zones with different
degrees of neotectonic landscape deformation. Nine thematic maps formed the primary
input data: the maps individually summarized geomorphological, geological and
morphotectonic features. The analysis and interpretation of the nine maps yielded some
associations of criteria that are indicative of neotectonic landscape deformation, notably
the ones mentioned in Section 3.1.
A critical feature of producing and interpreting the final neotectonic landscape
deformation map, was the determination of the criteria of weights and overall priority
rating of the factors, based on the AHP and WLC, for the assessment of neotectonic
landscape deformation (Fig. 2). The AHP reduces a complex decision problem into simpler
decision approaches, for easier decision making. The use of pairwise comparisons for
determining the weights of the criteria reduces complexity.
The advantage of pairwise comparison matrices, relative to other methods for
determination of weights, is that the analyst can check the consistency of the weights by
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calculating the consistency ratio. This issue is not examined by other determination
methods, where direct assignment of weights depends on the analyst’s subjective
judgement (Sener, 2004). The calculated CR in this research was 0.067, indicating good
consistency of the selected factors within the pairwise comparison matrix.
Various geomorphic indices are apparently controlled by local tectonic activity.
The findings in this study are in agreement with those in other studies, such as Keller and
Pinter (1996), Silva et al. (2003), García-Tortosa et al. (2008) and Alipoor et al. (2011).
Most of these studies examine particular geomorphic indices at specific sites such as a
drainage basin or a mountain front. In many cases only a few indices, such as SL and Ar,
have been spatially analysed to assess active tectonics (e.g. Della Seta et al., 2004; PérezPeña et al., 2009). Recent studies have attempted to use geomorphic indices by considering
a GIS based summary index to spatially analyse the active tectonics of a region (e.g. ElHamdouni et al., 2008; Selim, 2013). They quantified several geomorphic indices to
characterize active tectonics and provide a single index that highlights the degree of
tectonic activity. Those studies took into account the whole basin area, not the more
detailed intra-basin spatial variations in neotectonic landscape deformation considered in
this study.
AHP is used in this research because it provides common techniques for decision
making. Nonetheless, there might be some drawbacks. For example, the standardized
factors of WLC reveal that the higher the score, the more suitable the location is for our
purposes. There is no definitive threshold that allows allocation of areas to be chosen and
areas to be excluded (Drobne and Lisec, 2009). Such facts suggest that some
interrelationships might be hidden when using this methodology and it is likely to fail in
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recognizing some information. For this reason, the less low-cost fuzzy logic analytic
hierarchy process (Fuzzy-AHP) or the ordered weighted averaging (OWA) approaches can
be considered for further research and could provide an extension to the conventional map
combination methods.
Fieldwork by the authors has verified the zones of neotectonic landscape
deformation predicted by this methodological framework, ranging from minimal tectonic
activity to active faults. Active faults create a 'constructive' tectonic and geomorphic
signature along their strike, generally overwhelming 'destructive' processes such as erosion
and deposition. One of the most known tectonically active faults in western Crete is the
Keras fault, previously producing large magnitude earthquakes (Mouslopoulou et al.,
2001), which our ground surveys showed to be characterized by a high degree of
neotectonic landscape deformation (Fig. 7). In the case of less active faults, the balance
between the opposing landscape-forming processes is struck differently, with
constructional tectonic signatures being more subdued, particularly when considering
smaller-scale and more ephemeral fault features, such as fresh slickenlines and small
scarps in unconsolidated deposits. Consequently, low activity faults are likely to be
revealed by large-scale topographic and drainage lineaments, but lack smaller scale
features when traced along strike. Such regions are highlighted by the lower activity zones
in the final neotectonic landscape deformation map of this study (Fig. 7).
This study has assessed potential neotectonic landscape deformation zones,
providing an innovative, low-cost, set of geoinformatic techniques. This approach is
particularly useful: i) where the current tectonic regime produces active faults, which
inherently produce active erosion and deposition that obscures the surface expression of
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those faults; ii) where outcrops that expose active faults are rare and active faults may not
be depicted on maps; and iii) where no sophisticated systems exist for monitoring and
assessing current tectonic regimes.
InSAR can highlight zones of ground deformation, including tectonic activity
(Massonet et al., 1993). However, regions with dense vegetation cover or seasonal snow
cover produce InSAR interferograms with low coherence, resulting in decorrelation
between interferograms and rendering them useless for the monitoring of ground
deformation (e.g. Hassen, 2001; Hole et al., 2007). The geomorphometric GIS-MCDA
methodology presented here, using freely-available ASTER G-DEM data or SRTM DEM
data, could therefore be a valuable tool for seismic hazard assessment and disaster risk
reduction in tectonically active regions that are not suited to InSAR analysis.

6 Conclusions

The methodology presented uses geomorphometric analyses to provide rapid
evaluations of tectonically active regions and potential seismic risks. Thematic maps of
geomorphometric, morphotectonic and geological information were integrated to highlight
zones of neotectonic landscape deformation. Those thematic maps were evaluated through
a GIS-MCDA approach using the AHP and WLC. Through that approach, the isolation of
the crucial information relevant to neotectonic landscape deformation was determined by
evaluating the various thematic maps. The information was then used to calculate the NLDI
index to produce a map showing the spatial distribution of neotectonic landscape
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deformation. The map highlights intra-basin spatial variations of neotectonic landscape
deformation, rather than the coarser whole-basin representations of previous studies.
The findings demonstrate how geomorphometrics, linked with GIS, can highlight
zones of neotectonic landscape deformation, providing target areas for ground surveys
aiming to verify the presence of active faults. The methodology could be a low-cost
alternative to InSAR for detecting zones of neotectonic deformation, particularly in
woodland areas or regions with seasonal snow cover. Finally, the methodology is a
potentially useful tool for regional planners and decision-makers involved with seismic
hazard assessment and disaster risk reduction.
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Tables/Figures:
Table 1 Geomorphic parameters formulas and supplementary datasets used in this study,
description and applicability.
Table 2 Matrix of weights evaluation with pairwise comparisons in analytic hierarchy
process.
Table 3 Calculations extracted by analytic hierarchy process for criteria weights and
consistency ratio. An acceptable consistency exists among the factors as the value of CR=
0.067, not exceeding value of 0.1.
Fig. 1 Location of the Aegean region with the major tectonic regime characteristics
(modified from Bohnhoff et al., 2001) and the study area (square box) with the examined
drainage basins and drainage network on the right image.
Fig. 2 Flow chart showing the data sets and methodological framework for the neotectonic
landscape deformation analysis.
Fig. 3 Pair-wise comparison between the factors, with the individual analytic hierarchy and
weighted linear combination sub-procedures.
Fig. 4 Thematic map layers to be used in the GIS MCDA approach for the western Crete
drainage basins: a) Ar ; b) SLk; c) S; d) Ld; e) Lf ; f) TWI; g) Dd; h) Fu and; i) Lth.
Fig. 5 Natural breaks in the frequency distribution histogram of the values are considered
for the grouping.
Fig. 6 Neotectonic landscape deformation map of western Crete, overlain on a Landsat
ETM+ TM8 panchromatic band. The darker zones indicate the highest degree of
neotectonic landscape deformation.
Fig. 7 Map set illustrating the fieldwork visits for the validation of the neotectonic
landscape deformation. (a) Neotectonic landscape deformation map with locations of
ground truthing surveys (1 to 4); (b) Location 1: Ground truthing of E-W striking fault
plane that offsets young deposits; fault breccia and slickenlines are exposed: Fault plane
with an NE-SW strike of 800 and a dip of 670 to north. Oblique slip is recorded by
slickenlines; (c) Location 1: Slickenlines identified within the fault plane with a strike of
800; (d) Location 2: Keras active fault overview; (e) Location 2: Keras active fault plane;
(f) Location 3: fault bounded sequence of marine notches and caves, beginning at ~9m; (g)
Location 3: en echelon ENE-WSW fault set, both normal and reverse slip; massive white
limestone in hanging wall, while footwall in sheared shaley limestone and, further east,
buff marls; (h-i) Location 4: areas of “low” neotectonic landscape deformation (e.g.
Kandanos), characterised by alluvial deposits and not a rough terrain.
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