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Abstract 22 

Geomorphic indices can be used to examine the geomorphological and tectonic 23 

processes responsible for the development of the drainage basins. Such indices can 24 

be dependent on tectonics, erosional processes and other factors that control the 25 
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morphology of the landforms. The inter-relationships between geomorphic indices 26 

can determine the influence of regional tectonic activity in the shape development of 27 

drainage basins. A Multi-Criteria Decision Analysis (MCDA) procedure has been 28 

used to perform an integrated cluster analysis that highlights information associated 29 

with the dominant regional tectonic activity. Factor Analysis (FA) and Analytical 30 

Hierarchy Process (AHP) were considered within that procedure, producing a 31 

representation of the distributed regional tectonic activity of the drainage basins 32 

studied. The study area is western Crete, located in the outer fore-arc of the Hellenic 33 

subduction zone, one of the world’s most tectonically active regions. The results 34 

indicate that in the landscape evolution of the study area (especially the western 35 

basins) tectonic controls dominate over lithological controls. 36 

 37 

1. Introduction 38 

The neotectonic processes that contribute to landscape deformation are difficult 39 

to recognize and quantify. That is especially so for regions that are poorly mapped, 40 

due to inaccessibility, limited geological survey resources and lack of available 41 

datasets. Drainage basin geomorphometry - the quantitative evaluation of drainage 42 

networks (Onosemuode, 2010) - can determine the relative importance of tectonic 43 

deformation or erosion in landscape evolution (Segura et al., 2007). At a regional 44 

scale, analysis of geomorphic indices for stream networks, drainage basin 45 

morphology and relief status can be useful in the characterization of basin 46 

geomorphometry (Abrahams, 1984; Reddy et al., 2004). Such analyses can provide 47 

insights into geomorphological and hydrological processes shaping a given 48 

landscape, to quantitatively characterise the geometry, shape, relief, pattern and 49 

texture of drainage networks and evaluate whether such features are a result of 50 
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regional tectonic control (Mesa, 2006; Segura et al., 2007). Information regarding the 51 

stream network, or drainage basin relief and shape, can then be used for a 52 

quantitative evaluation of drainage basin development against regional tectonic 53 

control (Ribolini and Spagnolo, 2008). 54 

To better understand the drainage basin evolution of a given region, it is 55 

necessary to examine its topography, the erosion status and drainage pattern 56 

development. Building on the drainage morphology studies of Horton (1945), 57 

Strahler (1952) and Hack (1957), recent research has produced new insights into the 58 

influence of geomorphological or tectonic factors on drainage systems and 59 

landscape evolution (e.g. Salvany, 2004; Javed et al., 2011; Aher et al., 2014). 60 

Detailed geomorphometric and structural geology analysis can be determined by use 61 

of conventional methods (e.g. Horton, 1945; Strahler, 1957; Krishnamurthy et al., 62 

1996) or by Geographic Information System (GIS) processing of satellite remote 63 

sensing data, particularly global Digital Elevation Models (DEMs) (e.g. Chorowicz et 64 

al, 1999; Ozdemir & Bird, 2009; Bemis et al, 2014). 65 

 The use of GIS is particularly helpful in the evaluation and mapping of 66 

geomorphic indices for stream networks, drainage basins and relief. Using freely-67 

available DEMs and freeware GIS (e.g. QGIS) is a relatively rapid method and can 68 

provide an inexpensive approach to geomorphometric analysis for preliminary 69 

identification and analysis of tectonic and geomorphological features in a given 70 

drainage basin or fault zone (e.g.  Segura et al., 2007; Giorgis et al, 2011; Argyriou 71 

et al., 2016a). The spatial relationships among the geomorphic indices of a drainage 72 

basin can be easily interpreted through the visualization techniques of GIS, 73 

facilitating decision making by analysts evaluating regional tectonic activity. 74 
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This study uses geomorphic indices (Table 1) that provide information for 75 

evaluating regional tectonic activity. A few studies have examined the distribution of 76 

tectonic activity using drainage basin geomorphic indices (e.g. Alipoor et al., 2011; 77 

El-Hamdouni et al., 2008; Selim et al., 2013). The latter two studies computed the 78 

arithmetic mean of a few morphotectonic indices to determine a classified relative 79 

tectonic activity index (Iat), representing tectonic activity over a number of drainage 80 

basins. For the same indices, Alipoor et al. (2011) considered the AHP, instead of 81 

the computation of the arithmetic mean: the degree and weight of each index was 82 

considered for the representation of the tectonic activity over each drainage basin. 83 

The analysis of an even larger number of geomorphic indices, as in this study, can 84 

provide more valuable information but can also lead to misleading decisions 85 

regarding correlations. Consequently, multivariate classification and clustering of the 86 

indices is needed for coherent data analysis (Al-Sulaimi, 1997; Sougnez & Vanacker, 87 

2011).  88 

 Multi-Criteria Decision Analysis (MCDA) can provide a powerful tool for the 89 

integration of the various stages evaluated within this study, leading to grouping of 90 

the large number of the indices used, which can provide insights into the tectonic 91 

activity within the examined drainage systems. Several spatial decision problems 92 

have been examined using GIS-based Multi-Criteria Decision Analysis (GIS-MCDA) 93 

(e.g. Laaribi et al. 1996; Chakhar & Martel 2003; Chen et al., 2009). Factor analysis 94 

(FA) and Analytic Hierarchy Process (AHP) are used here to group the numerous 95 

geomorphic indices and consider the weight of the individual indices by 96 

acknowledging specific factors. This study utilises FA by reducing the data size and 97 

examining the diverse information provided by the geomorphic indices. We also use 98 
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AHP procedure by analysing through multiple criteria the degree of control from 99 

tectonic processes or other factors, such as hard/soft lithological variations. 100 

The overall aim of this study is to identify which of the 21 examined drainage 101 

basins in western Crete, are under a high degree of tectonic control. That has been 102 

done by isolating the tectonic information provided by each geomorphic index. The 103 

basins with apparently high tectonic control meet the following criteria: i) elongated 104 

basin shape; ii) high or low relief (depending on the dominant processes, either 105 

tectonic, uplift or tilting) and; iii) hillslope processes and lithological variations 106 

dominant in basin development, relative to fluvial processes (Burbank and Anderson, 107 

2001; Sougnez and Vanacher, 2011). That sort of information will be indicated by the 108 

various geomorphic indices used in this study. 109 

 110 

2. Geology and tectonic setting of the study area 111 

This study considers as a case study the western part of Crete, Greece 112 

(Figure 1a). This is a region lying within the emergent outer fore-arc of the Hellenic 113 

arc, characterized by high rates of tectonic activity and seismicity (McKenzie, 1978; 114 

Shaw et al, 2008; Chatzaras et al, 2013) (Figure 1b). On 21st July of 365 AD, an 115 

earthquake (Mw 8.3-8.5) produced co-seismic uplift up to 9 meters on south-western 116 

Crete (Thommeret et al., 1981; Stiros, 2001; Pirazzoli, 2005). The geology of the 117 

region is complex and is made up of a thrusted sequence of nappes, formed during a 118 

Tertiary (~10 Ma) dominantly compressional tectonic regime now inactive associated 119 

with the closure of Tethys (Greiling, 1982; Fassoulas, 1999). Limestones and 120 

dolomites characterise the south-east part of the study region, while central and 121 

south-westerly areas are made up of phyllites and quartzites. Marls, clays, 122 

conglomerates, flysch and carbonates are exposed in the north-west part of the 123 
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study region. The northern coastline is partly made up of Quaternary and Neogene 124 

marine deposits (Figure 1c). 125 

The current tectonic regime is producing movements of the following sets of 126 

faults: large normal faults with N-S or E-W strikes and smaller normal faults with 127 

NNE-SSW or WNW-ESE strikes (Caputo et al., 2010; Mountrakis et al., 2012). This 128 

tectonic framework is related to slab rollback at the African margin (compressional 129 

forces) as well as arc-parallel extension of the Anatolian micro-plate (extensional 130 

forces) (Drooger and Meulenkamp, 1973; Royden, 1993; Wegmann, 2008). 131 

However, the complex tectonic evolution of western Crete is not well understood and 132 

the location of active fault features is still largely unknown (Papazachos, 1996; 133 

Mountrakis et al., 2012). In general, there is a rich archive of background studies 134 

regarding the investigation of active faulting outcrops across the coastline of Crete 135 

but as we move into the inland the outcrops along active faults are likely to be 136 

obscured inherently by products of their activity, e.g. landslides and alluvial 137 

deposition making difficult their identification (Mouslopoulou et al., 2001). The normal 138 

faults on Crete in their total consist of Mesozoic carbonate bedrock fault scarps 139 

juxtaposed against Quaternary alluvial-colluvial sediments (Ganas, 2010; 140 

Schneiderwind et al., 2015). In that case, the primary sedimentary structures present 141 

at the hanging-wall stratigraphy consist mainly of fissure fills and displaced strata 142 

(McCalpin, 2009), with colluvial material that has been eroded and fallen from the 143 

footwall mountain above the scarp (Mason, 2016). As a result, only few active fault 144 

outcrops are exposed in Crete with the continuous erosion and subsequent 145 

degradation of the fault scarp followed by deposition of colluvial material overlying 146 

and burying the earlier active faulting phases (Mouslopoulou et al., 2001). Based on 147 

this status the investigation of the drainage basins response to active tectonics can 148 
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provide insights and offer valuable knowledge towards the investigation of active 149 

tectonics in the inland of Crete. This is reinforced by the fact that according to 150 

Argyriou et al. (2016a), almost half of Crete’s dominant formations coverage (~44%) 151 

consist of sedimentary rocks of Cenozoic age followed by metamorphic rocks of 152 

Mesozoic age. These sedimentary rocks comprise mainly geomorphometric units of 153 

coastal lands, alluvial deposits, plains and valleys of low to moderate elevation 154 

(Argyriou et al., 2016a). The majority of the examined drainage basins, especially the 155 

northern ones, are overlaid in such type of geomorphometric units indicating the 156 

importance of evaluating their response to tectonic activity. 157 

 158 

Insert Fig. 1.   159 

 160 

3. Methodology 161 

3.1 Quantitative analysis of drainage network and drainage basins  162 

Drainage network ordering can provide information regarding the 163 

development and the extent of the drainage network within a drainage basin. A few 164 

methods have been proposed for the ordering of drainage networks by examining 165 

the relation of stream segments (e.g. Horton, 1945; Strahler, 1952). In this study, the 166 

drainage network was extracted from the freely-available ASTER G-DEM using the 167 

standard spatial analyst hydrological tools found in ArcGIS software. The 168 

classification was based on Strahler's (1952) system of stream ordering, with the 169 

drainage basins being characterized by stream segments reaching between 3rd order 170 

(the lowest) and 6th order (the highest). The quantitative analysis of the drainage 171 

networks was initiated using Horton’s first law. All the stream orders, stream 172 

numbers, stream length and mean stream length for each order are presented in 173 
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Table 2. The higher the stream order, the lower the number of expected streams. 174 

Disruptions in this descending sequence indicate regional uplift within the studied 175 

basin (Chopra et al., 2005). 176 

 177 

Insert Table 1. 178 

 179 

Insert Table 2. 180 

 181 

To better understand the scale of the drainage basins and their extent, some 182 

basic morphological features have also been calculated, such as the perimeter of 183 

basins (P), the basin length (Lb) and the area of drainage basins (A) (Figure 2). 184 

These basic basin morphological characteristics provide inputs for the calculation of 185 

the indices used in this study (Table 1). 186 

 After the evaluation of the broader scale of drainage basins size, an overall 187 

evaluation of the relief within the basins can be helpful for understanding better their 188 

physiographic nature. The basin relative relief (R) and relief ratio (Rr) indices enable 189 

a rapid assessment of drainage basin relief and whether it has an impact to the 190 

drainage network pattern (Table 1 & Figure 2).  191 

 192 

Insert Fig. 2. 193 

 194 

 The next step towards isolating the tectonic signal is to check how the 195 

drainage network is developed within the drainage basin. The calculated indices 196 

(total number of streams, Nu; total stream length, ΣLu; stream frequency, Fu; 197 

drainage density, Dd; ratio of bifurcation, Rb) concern only stream network features 198 
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and indicate its complexity, texture and distortion by tectonic disturbances (Table 1 & 199 

2).  200 

The drainage network of each basin was analysed based on Horton’s first law 201 

(1945): the number of streams decreases as the stream order increases. The 202 

graphic logarithmic plots of the stream order against the number of streams were 203 

used in order to estimate the values of Rb. This was achieved by calculating the anti-204 

log of the slopes of the linear fit (Maxwell, 1955).  205 

The previous step investigated the stream network using geomorphic indices 206 

that can provide information regarding stream network development by neotectonic 207 

deformation. The next step to follow is to evaluate the drainage basin as a whole. 208 

Several indices (elongation ratio, Re; form factor, Rf; basin circularity, Rc; drainage 209 

basin shape index, Bs; hypsometric integral, HI and asymmetry factor, AF) were 210 

used to express the basin geometry, shape, tilting and erosional/incision status 211 

(Table 1).  212 

 213 

3.2 Multi-criteria decision analysis and modelling of tectonic control  214 

This section examines the classification, ranking and MCDA procedure of the 215 

geomorphic indices relationships, in order to determine the regional tectonic control 216 

of the basins. Each one of the geomorphic indices described above offers some 217 

particular information, such as basin geometry, relief, hillslope or fluvial processes. A 218 

review of the attribute information of each index, by evaluating the high or low values 219 

of each index respectively, is presented in Table (1). Our target is to isolate most of 220 

the information from those indices associated with active tectonics and classify the 221 

indices for coherent data analysis. That aspect will provide us with better decision-222 

making, regarding the degree of the tectonic influence over the drainage basin 223 
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development. The type of multivariate analysis applied in this study was Factor 224 

Analysis (FA), as described by Goddard and Kirby (1976), carried out using the 225 

SPSS statistical analysis software. FA uses correlation coefficient and covariance-226 

variance matrices, to recognize variables within a set of observed variables that 227 

discriminate the pattern of correlations. Usually, it is used in data reduction to 228 

highlight a small number of factors that reveal most of the variance observed in a 229 

much larger number of variables, as in this study, so those selected for retention can 230 

be more meaningful (Yevjevich et.al, 1972; Goddard and Kirby, 1976). Goddard & 231 

Kirby (1976) recommended that components with eigenvalues more than 1 should 232 

be used. In its final stage, this analysis uses Kaiser's (1958) Varimax technique to 233 

rotate the factor axes. This is to reduce the number factors on which the variables 234 

under examination have high loadings, as well as to identify distinctive clusters of 235 

variables (Davis, 1973; Goddard, & Kirby, 1976). Within FA, the Kaiser’s function 236 

measures the sampling adequacy: it should be greater than 0.5 for a satisfactory FA 237 

to proceed: in this study it is 0.557. Common applications of FA analysis are: i) 238 

identification and exploration of patterns in variables and; ii) testing of hypotheses 239 

about the structuring of the variables (Jae-On Kim, 1970).  240 

After the new components of the FA are discriminated by clustering and 241 

reduction of the initially large number of geomorphic indices, the next step is to 242 

check the interrelationship (correlation) of these components. Within each initial 243 

component more than one index will probably be found, so it is necessary to rank the 244 

indices based on the calculations for each drainage basin. This procedure maintains 245 

priority ranking values for the indices, as calculated for the basins, which can be 246 

used to acquire one final ranked index for each component. The ranking of the 247 

geomorphic indices in this study was based on the procedure adopted by Chaudhary 248 
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and Sharma (1998) and Biswas et al. (1999). In those studies, the drainage basins in 249 

which the index had the highest value were given a rating of 1, the next lowest value 250 

was given a rating of 2, and so on; while with shape indices (Re, Rf, Rc), the lowest 251 

value was given a rating of 1 with the next highest value was given a rating of 2, and 252 

so on.  253 

This research study followed the above rating approach, apart from the 254 

ensuing ranking procedure: instead of computing the arithmetic mean values of the 255 

indices after rating, an AHP procedure was used for discriminating basins with higher 256 

degrees of tectonic control. A more sophisticated and appropriate separation can be 257 

achieved by AHP for determining the ranking of the drainage basins and the degree 258 

of very high, high, moderate and low levels of regional tectonic control. The AHP was 259 

introduced by Saaty (1977) and is today still the most widely spread and used theory 260 

for decision making (Kremljak and Buchmeister, 2006). AHP can calculate the 261 

needed weight factors by using a preference matrix which compares all relevant 262 

factors against each other in a pair-wise comparison matrix, to find the relative 263 

preference among the factors (Saaty, 1980). The comparison consists of a range of 264 

values (1 to 9) to describe the intensity of importance (preference/dominance), 265 

where each criterion is compared with the other criteria, relative to its importance 266 

(Saaty, 1980; Alipoor et al., 2011) (Table 1 in supplementary material). 267 

The classification of the geomorphic indices by FA is beneficial in the AHP 268 

procedure because indices with “equal importance” can easily be determined in each 269 

of the components. The values of the pair-wise comparison matrix have to be 270 

thoroughly considered and not set arbitrarily. In order to ensure that the comparisons 271 

are consistent or not, a single numerical index to check for consistency of the pair-272 

wise comparison matrix, called consistency ratio (Cr), was developed by Saaty 273 
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(1977). If the ratio has values less than 0.1 (Cr<0.1) then there is a reasonable level 274 

of consistency in the pair-wise comparison matrix. A revision of the preference 275 

values should be followed if the Cr exceeds a value of 0.1 (Cr≥ 0.1) (Saaty and 276 

Vargas, 1991). The values of the pair-wise comparison matrix are determined with 277 

regard to the predominant lithological formations and their permeability. That implies 278 

that lithological variations are considered thoroughly, enabling the discrimination of 279 

basins that owe their morphology to a high degree of tectonic control. For instance, 280 

alternating hard and soft rock strata, or permeable and impermeable bedrock, tends 281 

to result in relief being the dominant factor of basin development. A similar approach 282 

regarding the consideration of geological conditions during the AHP procedure was 283 

also used by Alipoor et al. (2011).  284 

The standard method used to calculate the values for the weights from an 285 

AHP matrix, is to take the eigenvector corresponding to the largest eigenvalues of 286 

the matrix and then to normalize the sum of the components to one. The benefit of 287 

this approach is that it organizes identifiable and indefinite factors in a systematic 288 

way. It is useful in sectors where rationality and irrationality in association with risk 289 

and uncertainty can be found (Palcic and Lalic, 2009). Generally, AHP consists of 290 

hierarchy process, calculation of weights and checking system compatibility (Alipoor 291 

et al, 2011).  292 

In order to validate the drainage basin outcome of the final AHP procedure, 293 

this study draws on the fault type categories produced by the EMERIC project (Sarris 294 

et al., 2007; Fassoulas et al., 2007) and used/updated by Mountrakis et al. (2012): 295 

active, possibly active or inactive. The method of Argyriou et al. (2016b) is followed, 296 

regarding the discrimination of rock strength formations in western Crete, for the 297 

construction of the pair-wise matrices within AHP. Weak, unconsolidated lithologies 298 
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provide reduced seismic wave velocities, an increased wave amplitude and 299 

increased seismic hazard (Figure 3). This assists with determining whether the main 300 

influence on drainage basin development was rock hardness or fault zone tectonic 301 

activity. 302 

The methodology used in this study provides a means of mapping neotectonic 303 

deformation over drainage basins, based on a multi-disciplinary geomorphic analysis 304 

that is not dependent on good/clear outcrops and fault scarps. In many landscapes, 305 

such as those of Crete, relative rock hardness and susceptibility to weathering, with 306 

ensuing differential erosion, have buried neotectonic fault scarps or other features 307 

indicative of neotectonic deformation under limestone/sandstone scree colluvium, 308 

making their detection impossible by outcrop mapping and airphoto based geological 309 

mapping (Cichanski, 2000). Consequently, the most evident and often-cited active 310 

faults in Crete are mainly found in relatively denuded coastal areas that have been 311 

stripped of colluvium, with the majority of the previous studies rarely examining inland 312 

areas (Mouslopoulou et al., 2001; Mountrakis et al., 2012). 313 

 314 

Insert Figure 3. 315 

 316 

4. Results and Discussion 317 

4.1 Quantitative analysis of drainage network  318 

The evaluation of the stream segment numbers of the drainage basins reveals 319 

some basic characteristics for the stream analysis, as summarized in Table (2). The 320 

application of the 1st Horton law revealed useful information regarding the 321 

relationship between the number of the stream segments and the ordering of the 322 

drainage network. For example, in a few cases (notably basins 3, 5, 7, 13 and 21) 323 
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the 1st Horton law linear relationship is not followed, with a deviation observed: while 324 

stream order increases there is an increase in the number of streams. This is a 325 

consequence of variation in relief, which implies that exogenous factors such as 326 

tectonics are affecting the drainage network development by influencing the 327 

development of the stream order (Chopra et al., 2005) (Table 2). 328 

 329 

4.2 Quantitative analysis of drainage basins  330 

The morphological characteristics (P, Lb and the A) give an indication of the 331 

scale and extent of the drainage basins (Table 3). An interesting point is that the 332 

range of Lb for most of the basins is around 11-19 km, regardless the basins area 333 

size. This indicates that might some basins have an elongated shape, possibly 334 

representing tectonically active mountainous areas (Ramirez-Herrera, 1998).  335 

The relief aspects (R and Rr) of a drainage basin provide an overview of its 336 

morphology and relief. The basins have variable R and Rr index values, with the 337 

majority of them characterised by a mountainous landscape (Table 3). The stream 338 

network aspects (Nu, ΣLu, Fu, Dd, Rb) are presented in Table (3) and provide 339 

information about the extent of the stream network, its complexity, texture and 340 

whether drainage pattern is influenced by tectonic structures.  341 

 342 

Insert Table 3. 343 

 344 

The geomorphic indices (Re, Rf, Rc, Bs, HI and AF) in Table (4) characterize 345 

the geometry and shape of drainage basins, with elongated basins being indicative 346 

of tectonic control influencing their development. Information can also be determined 347 

about tilting of the drainage basin, its erosional status and relative incision. A 348 
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quantitative evaluation of the asymmetry of a drainage basin can be examined 349 

against the rest of the indices, indicating basins where tectonic control has a higher 350 

degree of impact in the landscape evolution. 351 

Drainage basin asymmetry was revealed by the AF index, with the results 352 

indicating the tilting direction of the drainage basins (Figure 4): the relative degree of 353 

tilting is presented, with white arrows show the tilting orientation with regard to the 354 

main stream direction. The absolute difference (AF-50) and its classification (used to 355 

evaluate the highest tectonic tilting of the drainage basins) is presented in Table (4), 356 

regarding observed threshold values. The values range from 1 to 35, with 3 classes 357 

indicating relative high (Class 1), moderate (Class 2) and low (Class 3) active 358 

deformation (Table 4). Higher deviation values (ie, not close to 0) indicate higher 359 

tectonic activity within the basin. The AF is a powerful index to determine basins 360 

characterized by tilting, which implies a tectonic control on stream migration and 361 

development of an asymmetry within the basin.  362 

The calculation and classification of HI for the drainage basins of the study 363 

area is presented in Figure (5). The green-coloured areas represent basins with 364 

deep incision and rugged terrain, where tectonic activity is dominant relative to 365 

erosion; yellow-coloured areas are basins in the intermediate stage, with dynamic 366 

equilibrium landscapes; balanced tectonic and erosional processes (maximum 367 

threshold 50%), while the red-coloured basins are in the most severe stage of 368 

erosion, with low subdued relief (maximum threshold 35%) (Figure 5).  369 

The basins that have undergone well defined deep incision and rugged terrain 370 

are those with high HI values and sub-parallel drainage, indicating deformation 371 

control by tectonic processes, such as the Pelekaniotis and Sarakiniotis basins. As 372 

observed by Willgoose and Hancock (1998) and Hurtrez et al. (1999), small basins 373 
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generally have a high HI percentage (dominance of hillslope processes), whilst 374 

larger basins have a low HI percentage (dominance of fluvial processes). The 375 

Metoxi-Platanos and Milias drainage basins are not in accordance with that theory: 376 

they are small basins, characterised by low HI percentage and low Dd (Figure 5 and 377 

Table 4). For these basins the subdued relief (low HI), in conjunction with the lack of 378 

uniform drainage network (low Dd), indicate tectonic activity and drainage basin 379 

deformation, which can also be associated with the relative tilting observed in the 380 

region, as indicated by the AF index. 381 

 382 

Insert Fig. 4. 383 

 384 

Insert Fig. 5. 385 

 386 

Insert Table 4. 387 

 388 

4.3 Multi-criteria decision analysis and modeling of regional neotectonic 389 

control  390 

 Initially, a correlation coefficient matrix was composed for all the geomorphic 391 

indices (Table 2 in supplementary material). At first sight, the correlation coefficient 392 

matrix is in accordance with observations made by Al-Sulaimi (1997) regarding 393 

interrelationships of geomorphic indices. Indices such as A, Lb, P, Nu and ΣLu have a 394 

high positive correlation (≥ 0.8) (Table 2 in supplementary material). The Fu index is 395 

highly correlated with Dd, Nu and ΣLu. The Dd has a strong correlation with Fu and Nu. 396 

The strong positive relationship that exists between A, P, Lb, Nu and ΣLu, provides a 397 

means of grouping the different basins into distinct groups, based on the identifiable 398 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

ranges for the different indices, as suggested by Al-Sulaimi (1997). The use of FA 399 

groups the basins and eliminates statistically irrelevant data, providing easier 400 

interpretation of the relations of the various geomorphic indices (Figure 6) through 401 

their distinguishing components (Table 3 in supplementary material).  402 

 403 

Insert Fig. 6. 404 

 405 

 In this study four components are recognized with greater eigenvalues than 1 406 

in the FA, characterized by almost 87% of variance (Figure 7). The plot in figure 7 407 

shows that the first four components are those containing most of the information 408 

(regarding percentage of variance and eigenvalues).  409 

  The FA shows that the first four components describe 87% of the variance, 410 

while the first eight components explain 98% of the variance (Figure 7). After the 411 

rotation of data, only the first four components are of significance (Table 3 in 412 

supplementary material). The rest of the components (5-16) mainly consist of a 413 

single index for each component (Table 3 in supplementary material). Such single 414 

individual components do not offer any significant grouping of factors. That aspect 415 

coincides with the studies of Goddard & Kirby (1976), as their eigenvalues less than 416 

1 are excluded from further interpretation (Yevjevich et.al, 1972). Each of the final 417 

four components is associated with characteristic information that is provided by the 418 

contained indices (Table 3 in supplementary material). These revealed overall that:  419 

i) Component-1 contains information regarding basin size and extent; 420 

ii) Component-2 contains information regarding basin shape and geometry; 421 

iii) Component-3 contains information regarding basin relief; 422 
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iv) Component-4 contains information regarding hillslope processes or fluvial erosion 423 

and tilting. 424 

Given that the aim of this study is to identify which drainage basins are under 425 

a high degree of tectonic control, the selected criteria were: (i) the elongated shape 426 

of basin; (ii) the high or low relief (tectonic control with ongoing uplift or tilting) and; 427 

(iii) hillslope processes and geological controls dominant in basin development, 428 

relative to fluvial processes. 429 

Those criteria can be explained only by the extracted components of FA 430 

numbers 2, 3 and 4 (Table 3 in supplementary material). These components provide 431 

useful information about how the AHP should be established and about the tectonic 432 

control of the drainage basins. Component-1 was excluded from the subsequent 433 

AHP analysis because it only contained general information regarding the basin size 434 

and extent (i.e. minimal information about tectonic control). Although component-1 435 

gives a high percentage of variance (41%), this is mainly because the calculations of 436 

the rest of the indices were dependent on the indices consisting of that particular 437 

component (Table 1). Such dependency leads to high correlation among the indices 438 

(Table 2 in supplementary material), which explains the high percentage of variance.  439 

  The FA used the geomorphic indices as input variables to distinguish the 440 

indices in three final components (Table 3 in supplementary material). The indices 441 

within each selected component (2, 3 & 4), were ranked based on Tables 3-4, 442 

ordered such that prior values indicate higher elongation, relief and hillslope or 443 

tectonic process information (Table 5). These ranked indices were used in the AHP 444 

procedure to discriminate the basins into four groups with regard to tectonic control 445 

on basin development: very high, high, moderate or low.  446 

 447 
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Insert Fig. 7. 448 

 449 

Insert Table 7. 450 

   451 

  With the AHP method, the judgements can be trustworthy if they are not close 452 

to randomness. In this study all extracted preference matrices are acceptable (Cr< 453 

0.1) and no revision of preference values is needed. The predominant diverse 454 

lithological and permeability conditions of the basins were acknowledged within the 455 

AHP procedure, in conjunction with the indicative information of the geomorphic 456 

indices. These conditions are considered in the AHP for the representative criteria of 457 

weights to be determined by the preference matrix. As soon as the preference matrix 458 

is completed for each basin and the criteria of weights are determined, then a final 459 

value for each basin is extracted. The lower this value is, the higher the degree of 460 

tectonic activity within each basin. This is because the initial ranking took place 461 

regarding the highest basin elongation, highest relief and highest degree of hillslope 462 

processes. This indicates that basins with the highest final ranked value will 463 

represent those associated with neotectonic control.  464 

 The western basins of the study area (i.e. 4, 5, 6, 8, 14 and 15) are the ones 465 

characterized by regional tectonic control, as indicated by the AHP analysis (Figure 466 

8). The basins with red/orange colour in figure 8 (e.g. Arapi, Pelekaniotis) owe their 467 

development primarily to neotectonic activity which dominates landscape evolution 468 

in the west of the study region. The blue-coloured basins, are indicative of minimal 469 

neotectonic activity, which dominates the north-east part of the study area. The 470 

yellow-coloured basins, indicating moderate tectonic activity, are mainly observed 471 

adjacent to the areas of high neotectonic activity. 472 
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In the west of the study area, drainage basins 4 to 8, are characterized by 473 

high to very high regional tectonic activity, as shown by many previous geological 474 

and seismological studies (e.g. Mouslopoulou et al., 2001; Bohnhoff et al., 2005; 475 

Chatzaras et al., 2013). It seems that these basins owe their elongated shape to the 476 

presence of the Rodopos and Keras active faults, extending along basin 8 with a N-S 477 

to NE-SW orientation, and the Platanos active fault extending along basin 4 with a 478 

NE-SW strike (Figure 3b). The nearby to Platanos fault, the main active fault zone 479 

“Western Crete”, has a N-S strike, controlling the morphology of the western coast 480 

and basins 1 to 3, and responsible for the tectonic scree found in older terraces and 481 

eroded/reworked debris in more recent terraces (Mountrakis et al., 2012). Moreover, 482 

it is essential to consider for these basins the presence of the Topolia fault zone, 483 

cutting through basins 5 to 8 in an E-W direction (Figure 3b). Such a complex 484 

tectonically active status characterizing basins 4 to 8, in association with the majority 485 

of these basins being mostly covered by Neogene and Quaternary deposits, 486 

supports the findings of this study. Based on the study of Mouslopoulou et al. (2001) 487 

and Mountrakis et al. (2012), the Keras fault has a NE-SW strike and dip to NW: that 488 

supports the AF tilting analysis in this study (Figure 4) for basins 7 and 8. The high 489 

degree of tectonic activity for the basins 14 and 15 is a result of the Paleochora 490 

major fault zone, where the highest recorded neotectonic uplift in Crete is found, with 491 

9 m of uplift on the western margins of those basins (Pirazzoli, 2005) (Figure 3b). 492 

The area of Paleochora has been shown to be tectonically active by many other 493 

studies, with a fault- bounded sequence of coastal notches and caves, as well as the 494 

presence of an en-echelon ENE–WSW fault set, with both normal and reverse slips 495 

(Thommeret et al., 1981; Tiberti et al., 2014; Argyriou et al., 2016b). 496 
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Some discussion is essential regarding tectonic control versus lithological 497 

control. This research takes into account lithological influences, even where a strong 498 

tectonic signal occurs (e.g. Mouslopoulou et al., 2001; Caputo et al., 2010; Tiberti et 499 

al., 2014). Several types of drainage network characteristics (e.g. basin shape, basin 500 

elongation) can be used as indicators of active tectonics or lithological influences 501 

controlling the morphological development of drainage basins (Summerfield, 2000). 502 

In this study, the majority of the faults where neotectonic activity was indicated were 503 

mostly located in homogeneous lithologies: i.e. the mapped lineaments were not due 504 

to lithological boundaries (Figure 3). Moreover, the majority of basins 4 to 8, 505 

characterized by high tectonic activity, are sedimentary basins with wet/saturated 506 

ground that would be severely affected by seismic waves and tilting (Mountrakis et 507 

al., 2012; Argyriou et al., 2016b).  508 

 509 

Insert Fig.8. 510 

 511 

5. Conclusions 512 

This study has examined interrelations between drainage basin development 513 

and regional tectonic activity in Crete. Various geomorphic indices were calculated: 514 

these provided insights into the processes shaping the study basins. The indices 515 

used evaluations of the relationships between the geomorphology and lithology, via 516 

factors such as basin relief, basin geometry, dominant processes (i.e. hillslope 517 

deposits, tectonic deformation or fluvial erosion) and tilting of basins. 518 

A key feature was the selection of particular indices for drainage basin 519 

morphometry evaluation. Assemblages of geomorphic indices can offer valuable 520 

information on regional tectonic control processes occurring within a basin. To clarify 521 
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the interrelationships of the geomorphic indices, a multivariate FA analysis was 522 

applied, to group the indices and rank them. The derived FA components were 523 

particularly useful because they were used in the AHP procedure that enabled the 524 

criteria of weights to be extracted. As a result, the AHP stage was more coherent 525 

because knowledge of the related indices, provided by the FA, provided more 526 

representative weighted criteria for the final discrimination of drainage basins 527 

neotectonic activity. This issue, along with the lithological characteristics of each 528 

basin during the criteria of weights determination, highlighted basins dominated by 529 

high degrees of tectonic activity.  530 

The western basins (e.g. 4, 5, 6, 8, 14, and 15) are deformed in ways that 531 

indicate a high degree of tectonic control, a finding that is in agreement with many 532 

other publications on the geology of the study area. A unique aspect of this study 533 

into neotectonic features and landscape evolution is that does not focus on coastal 534 

investigations; nor outcrops and fault scarps, nor regional seismological data 535 

analyses. Instead, this methodology examines drainage basin morphological 536 

evolution, highlighting areas of enhanced neotectonic landscape deformation, 537 

through a low-cost GIS-based multi-disciplinary approach, which can be used in 538 

advance of fieldwork to target locations for ground investigation. 539 
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Parameters Group Formula/Description Values range References 

Basin Length, Lb 

(km) 

 

 

 

Drainage 

basins 

Lb , the length of the main stream order, plus the length of the 

extension between the end of the main stream order until the 

longer point of the basin, parallel to the main stream order 

 Gregory and Walling, 1973 

Area, A (km
2
) A, the entire area that is comprised by the drainage basin 

boundary 

  

Perimeter, P (km) P, the total length of the drainage basin boundary   

Basin relative 

relief, R(m) 

 

 

Relief 

structure 

R= hmax-hmin, the difference between the maximum and the 

minimum elevation points of the basin. The index helps to 

understand the relation between drainage formation and surface. 

High values indicate low infiltration, high runoff conditions and high 

physiographic mountainous structure and vice versa. 

 

Reddy et al., 2004; Mesa, 

2006; Al-Sulaimi, 1997 

Relief ratio, Rr 

(km/km) 

Rr= R/Lb, the ratio of the basin relief to the basin length. Its values 

may reveal the degree of the rock resistance 

High values are characteristic of hilly regions and resistant rocks, while low 

values are characteristic of flat regions and valleys with less resistant rocks. 

Sudheer 1986; Sreedevi 

1999; Mesa, 2006; 

Schumm, 1963 

Bifurcation Ratio, 

Rb 

 

 

 

 

 

 

 

 

 

 

Rb= Nu/ N(u+1), the ratio of the number of streams of any order 

to the number of streams with an increased by one order. The Rb 

index describes the degree of the structural complexity of the 

basin and the influence of geological structure on the drainage 

network development. 

When Rb ranges from 3 to 5 indicates natural drainage system 

characteristics and minimum influence of geological structures in drainage 

networks. Within that range (3-5), lower values can be considered to refer 

to less structural disturbances without drainage pattern distortion, while 

higher values can be indicative of high structural complexity and low 

permeability. Abnormal values of Rb either less than 3 or more than 5 are 

encountered in areas where geological control is dominant. 

Chow, 1964; Verstappen, 

1983; Kale and Gupta, 

2001; Ozdemir and Bird, 

2009; Horton, 1945; Reddy 

et al., 2004; Kinthada et al., 

2013; Mekel, 1970; 

Raghavan et al., 1983 

Stream 

Frequency, Fu 

(km
-2

) 

Fu= N/A, the ratio of the total number of stream segments to the 

area of the basin. The values of Fu indicate the degree of slope 

steepness, rock permeability and surface runoff. 

High Fu values range (>5) are associated with impermeable subsurface 

material, high relief and low infiltration capacity, while low values imply high 

permeability geology, low relief and high infiltration capacity. 

Al-Sulaimi, 1997; Reddy et 

al. 2004; Shaban et 

al.2005; Ozdemir & Bird, 

2009; Bagyaraj & 

Gurugnanam, 2011 

Drainage Density, 

Dd (km
-1

) 

Dd= ΣL/A, the ratio of the total stream length to the area of the 

basin. The Dd reveals information regarding surface runoff 

potential, ground surface steepness, the degree of landscape 

dissection, rock permeability and resistance to erosion. 

Dd values less than 5 are associated with a coarse drainage network and 

subsurface material being permeable. Dd is controlled by factors such as 

slope gradient and relative relief. A low value of Dd is associated with low 

relief within the basin and permeable materials, while a high Dd value 

provides a high relief and impermeable rocks.  

Verstappen, 1983;  

Sreedevi, 2005, 2009; 

Strahler, 1964; Gardiner, 

1995 
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Stream Total 

Number, N 

 

Stream 

network 

Nu, the number of streams in each order. Number of streams VS 

the number of order, can examine whether Horton’s first law 

observation is confirmed (see below). If it is not confirmed, then 

tectonic control is a factor influencing the drainage network 

disturbance.  

 Al-Sulaimi, 1997; Chopra et 

al., 2005; Paraschou, 2005 

Total Stream 

Length, ΣL (km) 

ΣLu, the sum of all stream lengths of the basin. Stream length can 

be useful to check Horton’s second law, which describes the 

relation of the average stream length to the stream orders. The 

basin stream length is supposed to decrease as the order 

increases, but any deviation observed implies to variation in 

relief. 

 Horton, 1945; Al-Sulaimi, 

1997; Sreedevi, 2005 

Asymmetry 

Factor, AF 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AF = 100*(Ar / At), the ratio of the area, in the basin, on the right 

of the main stream (downstream) to the area of the basin 

multiplied with the percentage. Ar is the percent of the area in 

the basin that is found on the right of the main stream. At is the 

total area of the basin. Meander belt midline is the long axis of 

the mainstream if stable settings of a drainage network 

formation were taking place. This index identifies tectonic tilting 

of a drainage basin and characterizes its asymmetry or symmetry, 

as it is sensitive to rotations vertical to the axis of the main 

stream. 

Under stable settings of a drainage network formation, the index will be 

equal to 50%. In any other case, calculation of the AF index will reveal either  

AF> 50% (tilting left downstream) or AF< 50% (tilting right downstream).   

Values of absolute difference (AF-50) close to 0 indicate low tectonic activity 

while values away from 0 indicate higher tectonic activity. 

Hare and Gardner, 1985 

Drainage basin 

shape index, Bs 

Bs= Bl / Bw, the ratio of the length of the basin measured from 

the mouth to the most distant drainage divide, to the width of 

the basin at its widest point. Elongated basin shapes indicate high 

active tectonic processes while more circular basins less active 

tectonic processes. 

High index values imply elongated basins with areas of continuing rapid 

uplift and tectonic activity presence. Low values are associated with more 

circular basins. 

Cannon, 1976; Bull and 

McFadden, 1977 

 

Hypsometric 

Integrals, HI 

HI minimum - maximum
minimum -mean = ,the ratio of the 

difference between mean elevation and minimum elevation, to 

the difference of maximum elevation minimum elevation. A 

powerful technique that reveals the degree of disequilibrium in 

the balance of erosive and tectonic forces  

High values indicate zones with high relief and deeply incised valleys with 

minimal upland (plateau) erosion. Conversely, lower values reveal more 

dissected drainage basins, being highly eroded with less impact from recent 

active tectonics. Three stages of erosion: i) areas representing basins with 

deep incision and rugged terrain (HI>0.5); ii) areas with approximate 

equilibrium between erosional and tectonic processes (0.4<HI<0.5) and; iii) 

basins characterized by low subdued relief and severe erosion (HI<0.4).  

Strahler, 1952; Keller and 

Pinter, 2002; El-Hamdouni 

et.al, 2008 

Form Factor, Rf Rf= A/(Lb)
2
, the ratio of the basin area to the square of the basin 

length. This index is related to the peak discharge and flow 

Lower values, imply the presence of elongated basins with less side flow for 

shorter duration and high main flow for longer duration takes place, 

Gregory and Walling, 1973;  

Reddy et al., 2004; Kouli et 
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Morpho-

tectonics 

intensity of the drainage network. resulting in low peak flows for longer duration. That can imply to exogenous 

procedures taking place within the basin, preventing the proper 

development of a homogeneous drainage network (e.g. dendritic). On the 

other hand, high Rf exists in circular basins with high side flow for longer 

duration and low main flow for shorter duration, causing high peak flows in 

a shorter duration. 

al, 2007; Javed et al., 2011 

Elongation Ratio, 

Re 

Re=D/Lb=2A/π/Lb= 1.128*A
1/2

/Lb, the ratio of the diameter of the 

circle of the area of the basin to the basin length. This ratio gives 

the proportion of the basin that has been elongated mainly by 

tectonic activity control and slightly by lithology, while more 

circular basins indicate less active tectonic processes. It is a proxy 

indicator of recent tectonic activity. 

Values of the Re index less than 0.5 indicate tectonically active regions, 

values between 0.5 to 0.75 moderate active regions and values larger than 

0.75 inactive ones. 

Schumm, 1956; Bhatt et 

al., 2007; Kale and 

Shejwalkar 2008 

Basin Circularity, 

Rc 

Rc= 4πA/ P
2
, the ratio of the basin area to the area of a circle with 

the same perimeter as the basin. Characterizes the current stage 

of maturity of the basin segments and the degree of circularity. 

Strongly elongated basins have Rc between 0.40 and 0.50, with 

quadrangular basins having values close to 0.8. 

Miller, 1953 

 

Table 1. Geomorphic indices associated with the morphological characteristics of the drainage basins; relief structure; stream network aspects; regional 

drainage basin morphotectonics. 
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   Stream 

Order 

 

Basins Name Basin ID Parameters* 1
st

 2
nd

 3
rd

 4
th

 5
th

 6
th

 Comment 

 

Ag.Eirini 

 

17 

NS 

SL 

MSL 

567 

142.85 

0.251 

279 

77.617 

0.278 

126 

37.441 

0.297 

87 

23.654 

0.271 

39 

10.682 

0.273 

6 

1.823 

0.303 

The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Kakodikianos 

 

16 

NS 

SL 

MSL 

344 

109.37 

0.317 

165 

56.86 

0.344 

57 

17.264 

0.302 

45 

14.099 

0.313 

17 

5.3 

0.311 

29 

11.66 

0.402 

Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 5
th

 to 6
th

 order is observed. 

 

Kalami 

 

12 

NS 

SL 

MSL 

736 

175.61 

0.238 

319 

86.254 

0.27 

171 

50.374 

0.294 

127 

30.369 

0.239 

68 

21.167 

0.311 

6 

3.405 

0.567 

The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Keritis 

 

10 

NS 

SL 

MSL 

900 

227.69 

0.252 

438 

111.06 

0.253 

287 

81.53 

0.284 

114 

34.67 

0.304 

33 

11.43 

0.346 

1 

12.87 

1.17 

The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Tauronitis 

 

9 

NS 

SL 

MSL 

1176 

277.45 

0.235 

608 

121.97 

0.2 

232 

51.458 

0.221 

97 

18.588 

0.191 

175 

31.2 

0.178 

24 

10.697 

0.445 

Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 4
th

 to 5
th

 order is observed. 

 

Tiflos 

 

7 

NS 

SL 

MSL 

355 

101.89 

0.287 

153 

50.087 

0.327 

71 

24.712 

0.348 

44 

10.903 

0.247 

53 

15.572 

0.293 

11 

6.068 

0.551 

Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 4
th

 to 5
th

 order is observed. 

 

Therisiano Gorge 

 

11 

NS 

SL 

MSL 

350 

77.475 

0.221 

171 

39.302 

0.229 

86 

23.429 

0.272 

51 

17.536 

0.343 

21 

13.188 

0.628 

1 

1.308 

1.308 

The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Kasteli 

 

5 

NS 

SL 

MSL 

137 

39.755 

0.29 

68 

19.763 

0.29 

26 

11.109 

0.427 

18 

7.434 

0.413 

22 

9.113 

0.414 

 Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 4
th

 to 5
th

 order is observed. 

 

Pelekaniotis 

 

14 

NS 

SL 

MSL 

166 

46.774 

0.281 

68 

22.145 

0.325 

34 

12.458 

0.366 

22 

6.06 

0.275 

26 

9.919 

0.381 

 Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 4
th

 to 5
th

 order is observed. 

 

Samaria Gorge 

 

18 

NS 

SL 

MSL 

191 

63.91 

0.334 

96 

32.112 

0.334 

36 

12.021 

0.333 

15 

5.149 

0.343 

29 

8.095 

0.279 

 Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 4
th

 to 5
th

 order is observed. 

 

Xsiropotamos 

 

13 

NS 

SL 

MSL 

139 

49.405 

0.355 

59 

16.445 

0.278 

26 

8.523 

0.327 

37 

9.783 

0.264 

15 

4.06 

0.27 

 Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Aradaina 

 

20 

NS 

SL 

MSL 

34 

15.661 

0.46 

19 

13.449 

0.707 

11 

6.556 

0.596 

5 

6.743 

1.348 

  The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Arapi 

 

8 

NS 

SL 

MSL 

170 

53.803 

0.316 

77 

24.105 

0.313 

31 

11.841 

0.381 

43 

17.473 

0.406 

  Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Magagistra 

 

4 

NS 

SL 

MSL 

91 

29.07 

0.319 

38 

12.339 

0.324 

32 

12.375 

0.386 

16 

5.66 

0.353 

  The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 
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*NS: Number of streams, SL: Stream length and MSL: Mean stream length 

 

Table 2. The stream analysis for the study area drainage basins. The order stream where a deviation is observed in the linear regression indicates a lower 

number of streams than the higher order which follows. This is not in accordance with Horton’s first law, indicating that the deviation observed is a result of 

variation in relief (that issue implies that exogenous factors such as tectonic might be influencing the drainage network development). 

 

 

Mesa Rema 

 

3 

NS 

SL 

MSL 

52 

15.636 

0.3 

30 

9.7 

0.323 

3 

1.021 

0.34 

16 

4.153 

0.259 

  Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Metoxi-Platanos 

 

1 

NS 

SL 

MSL 

20 

7.161 

0.358 

10 

4.988 

0.498 

6 

2.073 

0.345 

1 

1.234 

1.234 

  The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Milias 

 

6 

NS 

SL 

MSL 

70 

22.242 

0.317 

33 

8.521 

0.258 

19 

6.365 

0.335 

10 

5.781 

0.578 

  The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 

 

Potamos 

 

19 

NS 

SL 

MSL 

97 

30.02 

0.309 

35 

12.964 

0.37 

14 

3.728 

0.266 

35 

10.791 

0.308 

  Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Sarakiniotis 

 

15 

NS 

SL 

MSL 

144 

31.737 

0.22 

59 

15 

0.254 

34 

7.113 

0.209 

45 

13.782 

0.306 

  Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Sfakiano Gorge 

 

21 

NS 

SL 

MSL 

50 

21.741 

0.434 

21 

12.039 

0.573 

5 

2.188 

0.437 

20 

7.153 

0.357 

  Any disruptions in descending order sequence (raise in number of streams for 

higher ordering) indicates structural control and regional uplift within the basin. 

Raised stream number from 3
rd

 to 4
th

 order is observed. 

 

Balsamakia 

 

2 

NS 

SL 

        MSL 

22 

8.639 

0.392 

11 

2.17 

0.197 

7 

2.454 

0.35 

   The higher the order the lower number of streams is expected. This basin 

follows Horton’s first law. 
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Basin ID Basin names Area 

(km
2
) 

Perimeter 

(km) 

Lb 

(km) 

Basin relative relief 

(hmax-hmin) (m) 

Basin 

relief 

ratio (km) 

Nu ΣLu Dd Fu Rb 

1 Metoxi 6.86 14.48 5.37 830  0.154 37 15.45 2.25 5.39 2.59 

2 Balsamakia 4.77 11.17 3.67 908  0.247 40 13.26 2.78 8.38 1.77 

3 Mesa Rema 10.68 14.44 5.78 912  0.157 101 30.51 2.85 9.45 1.79 

4 Magagistra 22.52 24.07 10.94 903  0.082 177 59.44 2.64 7.86 1.71 

5 Kastelli 31.7 32.86 14.81 1041  0.070 271 87.25 2.75 8.54 1.65 

6 Milias 15.34 23.94 11.35 794  0.069 132 42.91 2.8 8.60 1.89 

7 Tiflos 76.06 48.36 19.48 1143  0.058 687 209.24 2.75 9.03 1.82 

8 Arapi 41.51 42.04 20.25 923  0.046 321 107.22 2.58 7.73 1.65 

9 Tauronitis 128.47 62.78 23.7 1294 0.052 2312 511.38 3.91 17.67 1.99 

10 Keritis 177.9 72.98 24.87 2106 0.089 1783 479.27 2.65 9.87 2.40 

11 Therisiano 

Gorge 

57.46 47.69 19.49 2067 0.106 680 172.24 2.99 11.83 2.81 

12 Kalami 129.61 52.44 19.98 2187 0.109 1427 367.18 2.83 11.00 2.29 

13 Xsiropotamos 35.36 25.8 8.65 1199 0.139 276 86.43 2.44 7.80 1.64 

14 Pelekaniotis 40.42 32.82 14.53 1152 0.139 316 96.03 2.37 7.81 1.62 
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15 Sarakiniotis 23.31 30.86 15.05 922 0.061 282 67.63 2.9 12.09 1.50 

16 Kakodikianos 77.43 51.59 19.55 1458 0.075 656 213.42 2.75 8.47 1.74 

17 Agia Eirini 98.33 45.92 14.99 1981 0.132 1104 294.07 2.99 11.23 2.29 

18 Samaria 

Gorge 

51.56 33.92 11.84 2130 0.180 367 124.29 2.41 7.12 1.76 

19 Potamos 27.82 30.96 12.76 2398 0.188 181 57.5 2.06 6.50 1.49 

20 Aradaina 

Gorge 

27.79 25.86 11.88 2342 0.197 69 42.46 1.52 2.48 1.88 

21 Sfakiano 

Gorge 

28.5 34.56 13.4 2183 0.163 96 43.12 1.51 3.37 1.52 

Comments     Bold values indicate the high 

values. High values apply to 

hilly regions and resistant 

rocks. Such characteristic 

basins are Aradaina Gorge 

and Potamos basins, which 

overly in moderate resistant 

rock formation but the 

presence of high 

permeability reinforces the 

validity of the high values of 

Rr index. There are basins in 

Bold values 

indicate the 

high values 

while italic 

grey values 

the low 

values. High 

R values are 

characteristic 

of hilly 

regions and 

resistant 

rocks, while 

low values 

are 

characteristic 

Bold values 

indicate an 

increase of 

stream length 

which is 

observed in 

some stream 

orders with 

regard the next 

highest order, 

implying 

variation in 

relief to be 

significant. This 

shows that 

some of the 

 Bold values indicate 

the high values  

while italic grey 

values the low 

values. Low Dd 

shows a high coarse 

drainage texture, 

while high Dd a fine 

drainage texture 

(less coarse) 

(Strahler, 1964). 

The lowest Dd 

values are expected 

to characterize 

regions with 

highly resistant 

Bold values indicate the high values 

(>5), associated with impermeable 

subsurface material, high relief and low 

infiltration capacity, while italic grey 

values the low values (<5). In 

comparison with the Dd outcomes, 

similar basins have lower Fu values as 

well as low Dd values, indicating a low 

frequency of stream segments. 

Considering the relative highly relief 

and the fact of not quite resistant 

presence of rocks within these basins, 

Bold values indicate 

significant low values 

of Rb (1.49<Rb<1.65), 

where the highest 

degree of disturbance 

is observed. Values 

less than 3 for all the 

basins, indicating that 

geological structures 

are disturbing the 

drainage pattern 

within all the basins. 

This issue is in 

accordance with 

Mekel (1970) who 

first showed that 
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western part of study region 

that are characterized by 

moderately resistant 

impermeable rock types (e.g. 

the Phyllites-Quartzites of 

the Balsamakia and 

Pelekaniotis basin). In such 

impermeable regions fluvial 

processes were expected to 

provide lower values of the 

Rr index, but instead high 

values are predominant. That 

reinforces the implication 

that their high relief is a 

result of ongoing uplift and 

not due to lithological 

control.  

of flat 

regions and 

valleys with 

less resistant 

rocks. 

basins are not in 

accordance with 

Horton’s first 

law.   

material, low relief 

and not a 

consistent fine 

drainage network 

development (i.e. 

dendritic drainage). 

Basins 19, 20 and 

21 do not fulfil the 

expected 

observations as 

they are 

characterized by 

significantly high 

relief. Those basins 

have evolved in 

moderately 

permeable resistant 

material, 

preventing uniform 

drainage network 

development and 

as a result the 

relative relief 

remains close to 

2000m. 

an explanation that can be given for 

their development is due to ongoing 

uplift in those basins. This leads to a 

lack of a uniform drainage network 

development, with the drainage 

dominated by long length stream 

segments. In few cases basins with >5 

values supposedly provide a finer 

drainage pattern (e.g. dendritic). This is 

not in accordance in few drainage 

basins, where although the drainage 

network is flowing over impermeable 

Phyllite-Quartzites and Neogene 

deposits, justifying the index’s values, 

instead of an expected dendritic 

pattern, there are trellis and long linear 

length stream patterns. Low values 

(<5) are implying high permeability 

geology and high infiltration capacity 

which is confirmed by the presence of 

permeable karst formation of 

Plattenkalk nappe. 

abnormal values of Rb 

less than 3 are 

indicative of 

dominant geological 

control. The range of 

values being less that 

3 is in accordance also 

with Kouli et al (2007) 

study, who calculated 

Rb for two of the 

basins within the 

study area revealing 

similar low Rb values. 

 

Table 3. Morphological characteristics of the drainage basins, geomorphic indices associated with the relief structure and stream network aspects of the 

drainage basins. 
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Basin ID Re Rc Rf Bs HI % AF 

      Ar 

(km
2
) 

At 

(km
2
) 

AF 

(km
2
) 

AF-50 Class 

1 0.55 0.41 0.23 2.17 28.0 1.71 6.86 24.92 -25.07 1 

2 0.67 0.48 0.35 1.58 51.8 3.281 4.77 68.78 18.78 2 

3 0.63 0.64 0.32 1.51 48.1 5.996 10.68 56.14 6.14 3 

4 0.49 0.49 0.19 2.75 39.9 4.31 22.52 19.14 -30.86 1 

5 0.43 0.37 0.14 2.42 45.9 15.13 31.7 47.72 -2.27 3 

6 0.39 0.33                           0.12 4.64 33.9 4.87 15.34 31.74 -18.25 2 

7 0.51 0.41 0.21 1.83 39.6 51.66 76.06 67.92 17.92 2 

8 0.36 0.29 0.11 3.85 42.9 22.59 41.51 54.42 4.42 3 

9 0.54 0.41 0.23 1.47 32.8 19.62 130.87 14.99 -35.01 1 

10 0.61 0.43 0.29 2 26.7 72.24 180.62 39.99 -10 2 

11 0.43 0.31 0.15 2.78 24.9 27.81 57.46 48.40 -1.592 3 

12 0.64 0.59 0.32 1.3 27.9 43.59 129.61 33.63 -16.36 2 

13 0.77 0.66 0.47 0.96 46.6 26.40 35.36 74.68 24.68 1 

14 0.49 0.47 0.19 2.39 51.14 22.43 40.42 55.49 5.49 3 
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15 0.36 0.3 0.1 3.53 55.8 14.2 23.31 60.91 10.918 2 

16 0.5 0.36 0.2 1.59 37.9 38.89 77.43 50.22 0.226 3 

17 0.74 0.58 0.43 1 39.9 63.51 98.33 64.59 14.59 2 

18 0.68 0.56 0.36 1.31 51.6 32.77 51.56 63.56 13.567 2 

19 0.46 0.36 0.17 2.91 
64.0 9.01 27.82 32.38 -17.61 

2 

20 0.51 0.52 0.19 1.95 49.0 21.22 27.79 76.37 26.376 1 

21 0.45 0.3 0.16 2.84 58.5 14.88 28.5 52.20 2.207 3 

Comments Based on the study 

by Bhatt et al (2007) 

about the ranges of 

Re values, circular 

basins 12, 13 and 17 

are tectonically 

inactive regions; with 

basins 4, 7, 14 and 16 

characterised as 

moderately active 

regions because Re 

values range 

between 0.5 to 0.75; 

while elongated 

basins 5, 6, 8, 11 and 

15 imply Re values 

lower than 0.5, 

indicating drainage 

basins influenced by 

tectonic activity. 

Low Rc values 

characterized 

basins 6, 8, 

11, 15 and 21, 

reflecting 

their strongly 

elongated 

shape, with 

more 

quadrangular 

basins 

indicated by 

higher values 

of the index, 

such as basins 

13, 3, 12 and 

17. 

The Rf lower values were observed in 

basins 5, 6, 8, 11 and 15, indicating 

elongated basins with less side flow 

for shorter durations and high main 

flow for longer durations, resulting in 

low peak flows for longer duration. 

That can be associated with less 

circular drainage basins and minimal 

development of a uniform drainage 

network (e.g. dendritic). In 

comparison with the Rc and Bs 

indices, that relates to the elongated 

nature of those basins, in particular 

basins 6, 8 and 15. High values of Rf 

index were determined for basins 2, 

12, 13, 17 and 18, characterizing 

circular basins with high side flow for 

longer duration and low main flow for 

shorter duration, causing high peak 

flows in a shorter duration.  

Highest values of 

the Bs index, 

reveals that basins 

6, 8, 15 and 19 are 

indicative of high 

elongation shape, 

formed by 

continuing rapid 

uplift and tectonic 

activity 

deformation. 

HI implies to high rates 

of tectonic activity and 

provides high relief 

when the index exceeds 

0,5 values, such as 

basins 2, 14, 15, 18, 19 

and 21. Lower values of 

HI (<0.35) characterise 

basins 1, 6, 9, 10, 11 

and 12, indicating their 

old stage with low relief 

and undergoing severe 

soil/regolith erosion. 

 

 

 

 

 

 

 

 

With AF>50%, there is tilting to the left 

downstream, while with AF<50%, there is tilting 

to the right towards the downstream. The 

basins with the higher degree of tilting were 

basins 1, 4, 9, 20, 13, 6 and 7. There are other 

basins with moderate asymmetry which in 

relation with other indices (such as HI) can also 

be associated with potential tectonic activity.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Geomorphic indices associated with regional drainage basin aspects for the basins as a whole, in order to determine regional tectonic control.  
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Table 5. Ranking of indices within each factor analysis component, with mean compound ranking of the indices compared to the improved AHP ranking 

analysis.  
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Figure 1: (a) Aegean region. The red box indicates the study region; (b) Seismotectonic map of Crete island (modified from Caputo et. al., 2010 and 

references therein). (SfF: Sfakia Fault; AF: Asomatos Fault; SpF: Spili Fault; AGF: Agia Galini Fault; PAGF: Paleochora-Agia Roumeli Fault; MF: Messara Fault; 

CLF: Cape Lithino Fault; MrF: Mirto Fault; SFZ: Sitia Fault Zone; IFZ: Ierapetra Fault Zone; KF: Kastelli Fault; EPFZ: Eastern Psiloritis Fault Zone; RFZ: Rodopos 

Fault Zone; GrF: Gramvousa Fault); (c) geological formations of the study area and the 21 examined drainage basins are shown by solid black line; 

(c) 
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Figure 2: Schematic table showing the sequence and contribution of calculated geomorphic indices to evaluate and isolate tectonically active zones, at 

regional scale of study. 
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Figure 3: a) Fault types and major rock strengthness of geological formations; b) Zoom in on western 

drainage basins with the major representative faults. 
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Figure 4: The AF (%) index, with the values indicating the level of tilting. It is notable that drainage basins with westward tilting are surrounded by basins 

with eastwards tilting (basins 7, 8, 19), indicating zones of high structural control. White arrows show the tilting orientation with regard to the mainstream 

direction.  
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Figure 5: Hypsometric integral evaluation. The areas of well-defined deep incision and slight erosion in basin as a whole are the drainage basins that are 

associated with higher tectonic activity (due to erosion not being the underlying, principle factor).  
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Figure 6: Schematic diagram, showing how regional tectonic control of the drainage basins is 

determined from an initial number of geomorphometric indices, by using FA and AHP procedures.  
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Figure 7: The plot shows that the first four components are those containing most of the information (total of eigenvalue >1) and those are expected to be 

retained in final stage of factor analysis. 
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Figure 8: The AHP procedure applied in this research regarding the determination of regional tectonic control showed that the basins in: i) orange-coloured 

owe their development in highest tectonic activity; ii) red-coloured owe their development in high tectonic activity; iii) yellow-coloured in moderate 

tectonic activity and; iv) blue-coloured in minimal tectonic activity.  
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Highlights: 

• A geomorphometric and morphotectonic approach has been used to assess and map 

the neotectonic activity of the drainage basins. 

 

• A Multi-Criteria Decision Analysis (MCDA) procedure is applied to determine the 

neotectonic deformation of drainage systems. 

 

• This methodology, using geoinformatics, is a useful tool to decision making regarding 

seismic hazard assessment. 

 


