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Abstract

:

The aim of this study is to evaluate the relative tectonic activity in the north part of the Evia Island, located in Central Greece, and to investigate the contribution of neotectonic processes in the development of the fluvial landscape. Five morphometric parameters, including Drainage Basin Slope (Sb), Hypsometric Integral (Hi), Asymmetry Factor (Af), Relief Ratio (Rh), and Melton’s Ruggedness Number (M), were estimated for a total of 189 drainage basins. The catchments were classified into two groups, according to the estimated values of each morphometric parameter, and maps showing their spatial distribution were produced. The combination of the calculated morphometric parameters led to a new single integrated Index of relative tectonic activity (named Irta). Following this indexing, the basins were characterized as of low, moderate, or high relative tectonic activity. The quantitative analysis showed that the development of the present drainage systems and the geometry of the basins of the study area have been influenced by the tectonic uplift caused by the activity of two NW-SE trending offshore active normal fault systems: the north Gulf of Evia fault zone (Kandili-Telethrion) and the Aegean Sea fault zone (Dirfis), respectively. The spatial distribution of the values of the new integrated index Irta showed significant differences among the drainage basins that reflect differences in relative tectonic activity related to their location with regard to the normal fault systems of the study area.
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1. Introduction


Landscapes in tectonically active areas result from a complex interaction of the effects of crustal blocks’ motion and surface processes, such as erosion and deposition. The interplay between tectonics, bedrock lithology, and climatic conditions is responsible for landscape evolution [1]. Hence, landscape morphology can provide insights into the interactions of surface processes and tectonic activity [2]. Drainage systems have a crucial role in the whole process, since, on one hand, are involved in the evolutionary processes of the Earth’s surface morphology and, on the other hand, are affected and reflect the tectonic conditions [1,3,4].



The landscapes of Greece reflect in many ways the influence of recent tectonics. Morphotectonics, including the quantitative study of drainage networks and corresponding catchments, can contribute to our knowledge on active normal fault evolution in places with poor historical earthquake data [5]. Such studies incorporate quantitative measurements that allow for geomorphologists to calculate morphometric parameters that may be useful in detecting anomalies in the fluvial systems, produced by local changes that result from tectonic uplift or subsidence. Such approaches provide a quantitative method for the evaluation of the influence of active tectonics on landscape morphology and drainage evolution in a specific area [2,6].



For the identification of the relative tectonic activity of an area, a single quantitative analysis can be made, but the results are more meaningful if more indices are applied [2,7]. Several studies focus on a specific index for an area [8,9], but many others evaluate the relative tectonic activity in the wider region and with the use of multiple quantitative morphometric parameters (e.g., [10,11,12,13,14,15]). Recently, the quantification of drainage basins’ topography through the combination of multiple morphometric variables, in order to produce a single index that can be used to characterize relative tectonic activity, is a common approach in studies of active tectonics (e.g., [7,10,16,17,18]).



This paper investigates the role of neotectonic processes in the evolution of the landscape of the north part of the Evia Island, located in Central Greece, through the calculation of five morphometric parameters describing 189 drainage basins. These individual morphometric variables were combined into a new proposed single integrated Index of relative tectonic activity (named Irta) that was used to evaluate the relative rates of active tectonics.



The north part of the Evia Island is considered as a tectonically active area, as it is located between the north Gulf of Evia, which is among the most active structural features of Greece, [19] and the North Aegean Sea, which is a trans-tensional deformation zone affected by the western branches of the north Anatolian fault system [20]. The influence of tectonic processes on the landscape evolution of the island is obvious and, thus, the quantitative analysis with the use of multiple morphometric parameters can lead to the assessment of the relative tectonic activity in the study area.




2. Study Area


The north part of the Evia Island forms a strip of land between the Aegean Sea to the northeast and the north Gulf of Evia to the southwest. To the north the island is separated from the central mainland of Greece by the Oreos-Trikeri Straits. The topography of the area can be described as a succession of mountain ranges and low elevation plains (Figure 1).



The study area consists of Alpine and Post-Alpine geological formations (Figure 2). Alpine formations belong to the Sub-Pelagonian geotectonic zone of the Internal Hellenides and they include carbonate rocks of Triassic-Jurassic age, the ophiolite complex of Upper Jurassic–Lower Cretaceous age and the Upper Jurassic–Lower Cretaceous schist-chert formation [31]. During the period of Upper Jurassic–Lower Cretaceous the zone emerged, Fe-Ni (iron-nickel) deposits were formed and were subsequently covered by the Middle-Upper Cretaceous tectonic nappe that consists of Upper Cretaceous (transgressive) limestone and ultrabasic rocks [32]. The Post-Alpine formations consist of fluvio-lacustrine deposits of Upper Miocene age and fluvio-lacustrine deposits of Pleistocene age. At the mouth of the rivers and along the major central channels of the drainage networks recent Holocene alluvial deposits occur.



The north Gulf of Evia is among the most active structural features of Greece where faulting is localized today [27,34]. Neotectonic and stratigraphic studies of the Neogene and Quaternary formations of the study area [23,27] indicate the existence of traces of two, NE-SW and NNW-SSE directed, Miocene–Pliocene extensional tectonic phases that are responsible for the normal faults’ activity. A third Pliocene-Pleistocene phase associated with strike-slip faults (N100–120°), with main counter clockwise movement, has been also recognized [23,27]. The N-S extension strain rates across the central part of the Evia Island, accommodated by the coastal fault system, equals 53 ns/yr, whereas the extension drops about 50% further southeast onshore of the Evia Island [35].



Drainage in the broader region of central Greece is controlled by fault segmentation and footwall lithology [22]. The fault system of the northern part of the Evia Island corresponds to two major offshore antithetic normal fault zones, having a NW-SE strike, which bound the mountainous relief and separate the land from the north Gulf of Evia and the Aegean Sea. These are the Kandili-Telethrion fault zone to the west dipping to SW, and the Dirfis fault zone to the east dipping to the NE (Figure 1). Roberts and Jackson [22] suggest that the Dirfis fault, which runs along the northern side of Dirfis Mountain, is more active or it has larger displacement and continues offshore further to the north, following the −200 m isobath, with characteristics that are indicative of relatively lower tectonic activity. As regards the probable offshore continuation of the Dirfis fault zone, according to Palyvos et al. (2006), there is a fault zone (Prokopi-Pelion) at the SE flank of the Nileas Dipression that could act as a barrier to the propagation of the Dirfis fault zone, just like the cases of the Atalanti and Hyampolis fault zones on the opposite mainland [36]. The offshore active normal faults along the two coasts of the island seem to be responsible for the evolution of the landscape. The pattern of drainage systems and specific landforms of the north Evia Island, such as coastal fans, facets, terraces, and uplifted marine notches suggest recent uplift [37,38,39]. The main faults of the study area, recognized by various authors [21,22,23,24,25,26,27,28,29,30], as well as the central water divide of the north part of the island, are shown in Figure 1. No strong instrumental earthquakes have occurred in the region, but several historic events are recorded [40]. In particular, the north Gulf of Evia seems to be almost free of strong earthquakes for the period 1900–2013 and seismic energy is released in the form of earthquake swarms [41]. According to the Institute of Geodynamics of the National Observatory of Athens two earthquakes with local magnitudes (ML) 5.2 happened on 17 November 2014, 25.6 km and 26.2 km NW of Chalkis, respectively, whereas almost one year later, on 9 June 2015, another strong earthquake of 5.3 magnitude occurred 25.2 km NW of Chalkis.




3. Materials and Methods


3.1. Data Collection


A major part of the morphometric analysis carried out within this research is based on the spatial geo-database that was designed and implemented for the study area. In the first phase, topographic maps published by the Hellenic Military Geographical Service (HMGS) and geological maps published by the Institute of Geology and Mineral Exploration of Greece (IGME) were collected in analogue form at 1:50,000 scale. Then maps were scanned and georeferenced to a common coordinate system (Hellenic Geodetic Reference System 1987-HGRS87). The primary GIS layers of the geo-database, derived from the above-mentioned maps, include the coastline, contour lines at 20 m intervals, elevation points, drainage networks, water divides, geological formations, and faults. The use of ArcGIS and several extensions (e.g., Spatial Analyst) contributed to the extraction of secondary thematic layers (e.g., the DEM with 25 × 25 m cell size, the hillshade, etc.) from the primary layers. Many published papers and databases [21,22,23,24,25,26,27,28,29,30], along with DEM analysis and interpretation of Google Earth images, were used to recognize and map the main faults. Field control was necessary to correct and validate the preliminary map of the main fault zones that was drawn for the study area.




3.2. Geomorphic Indices


In order to better understand the landscape evolution and determine the role of active tectonics, five morphometric parameters—including Drainage Basin Slope (Sb), Hypsometric Integral (Hi), Asymmetry Factor (Af), Relief Ratio (Rh), and Melton’s Ruggedness Number (M)—were calculated for a total of 189 catchments. Among these morphometric parameters, the Hypsometric Integral (Hi) and the Asymmetry Factor (Af) are the most commonly used and they are considered as basic reconnaissance tools to identify tectonic deformation [2]. For each of these indices the catchments of the study area were categorized into two classes according to the estimated values. Class 1 includes basins of low values for a given parameter, related to low tectonic activity, while Class 2 consists of basins of high values of the parameter and corresponds to areas of high tectonic activity. In addition to the calculation of the descriptive statistics for the indices of all the basins, a series of maps showing the spatial distribution of the values of these morphometric indices in the study area were drawn.



3.2.1. Drainage Basin Slope (Sb)


The Drainage Basin Slope (Sb), was obtained using the following equation:


Sb = (e∗ΣLc/Ab)∗100



(1)




where e = contour interval (20 m), Lc = total length of 20 m contour lines within the basin, and Ab = basin area.



In rapidly uplifting areas river incision is the main fluvial process resulting in steep catchments, which become progressively less steep with time after cessation of uplift [3]. Drainage basins with steep slopes usually develop on the side abutting the fault scarp, adjacent to the fault [1]. Thus, high Sb values indicate higher tectonic activity.




3.2.2. Hypsometric Integral (Hi)


The Hypsometric Integral (Hi) describes the distribution of elevation of a given area of a landscape [42]. It is generally derived for a specific catchment and it is an independent of the catchment area index. It was obtained using the equation [2,43,44]:


Hi = (Hmean − Hmin)/(Hmax − Hmin)∗100



(2)




where Hmean = mean elevation of the basin, Hmin = elevation of the basin mouth, and Hmax = elevation of the highest point of the basin.



Hi characterizes the shape of the hypsometric curve for a drainage basin and it is a useful index for the distinction between tectonically active and non-active areas [45]. Hi is defined as the area below the hypsometric curve and, thus, expresses the volume of a catchment that has not been eroded. In general, high values (>50) indicate high topography, relative to the mean, and correspond to convex hypsometric curves, intermediate values (40–50) tend to represent more concave-convex curves or straight lines, and lower values (<40) tend to have concave shapes [2]. High values generally mean that not as much of the uplands have been eroded, and may suggest a younger landscape, possibly produced by active tectonics, whereas low values are related to older landscapes that have been more eroded and less impacted by recent active tectonics.




3.2.3. Asymmetry Factor (Af)


The Asymmetry Factor (Af) is a way to evaluate the existence of tectonic tilting at the scale of a catchment [2], and it is defined as:


Af = 100∗(Ar/At)



(3)




where Ar = area of the basin to the right (facing downstream) of the trunk stream and At = total area of the drainage basin.



If a catchment has developed under stable conditions with little or no tilting, the Af factor is close to 50. Values above or below 50 show tilting either from active tectonics or differential erosion due to lithological differences within the catchment.




3.2.4. Relief Ratio (Rh)


Relief ratio (Rh) is among the parameters widely accepted as an effective measure of gradient aspects of a catchment [46]. It is a measure of the overall gradient across a catchment given by the formula [47]:


Rh = H/L



(4)




where H = the basin relief that is the difference in height between the highest and lowest points in the basin and L = the basin length that is the horizontal distance along the longest dimension of the basin parallel to the main stream line.



Catchments of high Rh values are usually associated with areas of high tectonic uplift [48].




3.2.5. Melton’s Ruggedness Number (M)


The Melton’s Ruggedness Number (M) is a slope index that provides spatialized representation of relief roughness within the catchment [49]. It was estimated using the formula:


M = Rb∗Ab−0.5



(5)




where Rb = basin relief (the difference in height between the highest and lowest points in the catchment) and Ab = total area of the basin.



High M values correspond to basins with rough relief possibly affected by tectonic uplift, whereas low values usually indicate tectonic stability or slow rates of uplift.




3.2.6. Index of Relative Tectonic Activity (Irta)


In order to make the evaluation of the relative tectonic activity in the study area more accurate, apart from the individual evaluation of each one of the individual morphometric parameters, the five calculated variables were combined and the average of their class number (1 or 2) yielded a new integrated index named “Index of relative tectonic activity” (Irta), which is deduced from the formula:


Irta = (Sb + Hi + Af+ Rh + M)/5



(6)




where Sb = Drainage Basin Slope, Hi = Hypsometric Integral, Af = Asymmetry Factor, Rh = Relief Ratio, and M = Melton’s Ruggedness Number.



The drainage basins were classified according to the new index values into three classes of low (1), moderate (2), and high (3) relative tectonic activity. A map depicting the spatial distribution of the values of this new index was constructed in order to draw conclusions regarding the tectonic pattern of the study area.



In an attempt to investigate the influence of the bedrock lithology on the shape and the slope of the catchments, the geological formations cropping out in the catchments were grouped into four classes based on their resistance to erosion [50]. The contribution of each one of the four main lithological types to the area of each basin was also estimated and its correlation with the values of the morphometric indices was detected.






4. Results


4.1. Morphometric Analysis


4.1.1. Drainage Basin Slope (Sb)


Sb values for the catchments of the study area vary from 15.2 to 74.6%. The basins were grouped into two classes: class 1, Sb ≤ 41.88% and class 2, Sb > 41.88% (41.88 is the mean value of the total of the 189 catchments).



Figure 3a shows the spatial distribution of this variable. Steeper catchments of high Sb values, indicative of relatively higher tectonic uplift, are located on the footwalls of Dirfis, Kandili, Telethrion, and Aidipsos normal faults. Some basins of high slope in comparison to their adjacent ones are concentrated at the northeastern part of the island. These high slope values could be related to the lithology, since the area is dominated by highly resistant to erosion lithotypes that tend to form steep slopes. Steep catchments could be also the result of local active and/or probably active faults.




4.1.2. Hypsometric Integral (Hi)


Hi values range from 13.693 to 68.076 and the mean value is equal to 49.314. Hi values were grouped into two classes: the class 1 includes catchments with Hi < 50 while class 2 consists of basins with Hi ≥ 50.



The spatial distribution of the Hi values for the study area is shown in Figure 3b. High topography catchments are located on the footwall of the major active fault zones. However, there are also some basins of high Hi values in the northeast part of the island, indicating possible activity of several local faults of this area. Because there is not a direct relationship between Hi index and active tectonics [7], the high values in this area could be attributed to the influence of the highly resistant to erosion lithotypes outcropping in this part of the study area.




4.1.3. Asymmetry Factor (Af)


Af values for the basins of the study area vary from 15.477 to 87.221 and the mean value is 48.346. For evaluating the relative active tectonics, the absolute difference is what matters. Hence, the values were grouped into two classes: class 1, 45.5 < Af < 55.5 and class 2, Af ≥ 55.5 and Af ≤ 45.5.



As regards the spatial distribution, almost all of the basins are characterized by a tilting, with only a few showing a stable setting (Figure 3c). It is obvious that the existence of major active fault zones on both sides of the north part of the Evia Island is responsible for this situation. However, some basins between the fault segments of Kandili and Telethrion as well as at the northwestern termination of the Dirfis fault seem to be more stable. The same is observed for some catchments at the northern part of the island.




4.1.4. Relief Ratio (Rh)


Rh values for the drainage basins of the north part of the Evia Island range between 0.045 and 0.630. The catchments were grouped into two classes: class 1 includes basins with Rh ≤ 0.22 and class 2 includes basins with Rh > 0.22 (0.22 is the mean value of the total 189 basins). Figure 4a depicts the spatial distribution of the Rh values for the study area. As it was expected, the spatial distribution of this parameter is similar to the geographic distribution of Sb with basins of high values located on the uplifting blocks of the main faults. In specific high values appear at the footwalls of the southeastern segment of the Kandili fault zone as well as at the northwestern segment of the Dirfis fault. High Rh values are also observed at the catchments of the drainage networks that drain the uplifting block of the Telethrion fault zone. These fault segments seem to be the most recent and most active ones.




4.1.5. Melton’s Ruggedness Number (M)


In the study area, M ranges from 0.068 to 1.377. The basins of the study area were grouped into two classes according to the values of this parameter with Class 1 having the basins with M ≤ 0.459 and Class 2 including catchments with M > 0.459 (0.459 is the mean value of the total of the 189 basins). Figure 4b presents the M spatial distribution map. It follows the pattern of the other morphometric indices, clearly showing the development of rough basins on the uplifting blocks of the main faults.




4.1.6. Index of Relative Tectonic Activity (Irta)


The values of Irta were divided into three classes that describe the degree of relative tectonic activity: Class 1 (1 ≤ Irta ≤ 1.2) characterizes basins of low tectonic activity, Class 2 (1.2 <Irta ≤ 1.6) includes catchments of moderate tectonic activity and Class 3 (1.6 < Irta ≤ 2) consists of basins that are affected by high tectonic activity. Figure 4c shows the results of the above classification of the drainage basins. For the study area, which covers 1531.92 km2, the analysis has shown that about 68% belongs to Class 1, around 23% belongs to Class 2, and 9% belongs to the Class 3. The spatial distribution of the values of this new index seems to reflect the tectonic pattern of the study area. The morphology of the uplifting blocks of the Telethrion fault segment, the southeastern segment of the Kandili fault as well as of the northwestern segment of the Dirfis fault are affected by high relative tectonic activity.





4.2. The Role of Bedrock Lithology and Surface Deposits


The geological formations and surficial deposits cropping out in the study area were grouped into four classes based on their resistance to erosion in order to investigate the influence of the lithological types on the shape of the drainage basins [50]. The first group includes surface deposits as alluvial sediments, recent talus cones and scree, and semi consolidated talus cones. The second group of soft—easily erodible geological formations includes marls, sandstones, schists-cherts, and travertines. The third rock group is characterized as of medium resistance to erosion and consists of schists and phyllites, while the fourth group includes very resistant, hard to erode, formations, such as limestone, dolomites, greywackes, consolidated conglomerates, ophiolites, peridotites, and quartzites (Figure 5).



The relative distribution of each one of the four main lithological types in the area of each basin was estimated as percentage of the total basin area. An attempt was made to investigate the relationships between the values of the morphometric parameters and the dominant type of lithology, but not significant correlations were found (correlation coefficients vary from −0.05 to 0.1). The role of the bedrock control on the geomorphic characteristics of the investigated drainage basins is not clear, probably because of the complexity of the system since most of the basins consist of many formations showing different resistance to erosion. However, according to Goldsworthy and Jackson [5], locally there are clear differences in morphology between places where footwalls are composed of resistant, relatively soft, or weak to erosion terrains.





5. Discussion


This study tried to recognize the influence of the tectonics on the drainage systems of the north part of the Evia Island with the use of morphometric parameters that can be easily computed. Additionally, an attempt was made to draw conclusions about the influence of the already mapped main faults, as well as the probable ones, on the evolution of the landscape.



The topographic and drainage polarity change in the study area has been discussed in detail by Leeder and Jackson [51]. The calculated new index Irta (derived from the combination of five individual morphometric parameters) shows a similarity of low relative tectonic activity for the back-tilted basins of the Dirfis fault zone as well as for the basins that are located between the middle two segments of the Kandili-Telethrion fault zone. All the other basins abutting the footwall are small, steep and rough showing moderate to high relative tectonic activity. The Nileas graben, which acts as an extensive drainage eroding the Neogene deposits, although it seems to be a basin of low tectonic activity; it is influenced by many faults, beside main ones [28]. This graben structure is a major feature that needs to be analyzed in detail. Because of the easily erodible lithology, erosion and uplift equalize each other, giving in this way a result of low tectonic activity.



The north Gulf of Evia is a region that is characterized by the absence of recent surface rupturing events and fault segment boundaries are difficult to be identified. The offset or step over between fault segments can provide enhanced opportunities for drainage growth and, in such cases, the drainage network extends back obliquely behind small basins of the footwall [51]. This is the case of the network that drains the area between the southern segments of the Kandili fault zone (marked with a black triangle in Figure 4c). This is clearly the case of a large elongated basin oriented obliquely near the fault termination which lies between the fault segments. Taking into consideration that in such cases the drainage networks follow the most active segment [1], the fault zone of Kandili seems to migrate north-westwards or it becomes more active to this direction-towards the Telethrion fault.



The distance of the central divide constitutes key geomorphic evidence, as it indicates limited footwall erosion at specific locations, which are the footwall of the Kandili fault and the uplifting blocks of the northwestern parts of the Telethrion and Dirfis faults. The drainage basins that drain these footwalls are young and small because of the neo-tectonic activity of the faults. On the contrary, the catchments of the back tilted drainage networks are older and more extensive.



From the maps of the spatial distribution of each one of the six calculated morphometric parameters (including Irta) (Figure 3 and Figure 4), as well as from the catchments of the drainage networks flowing to the north (classified as of low relative tectonic activity—with only a few exceptions), there are no signs of the existence of the W-E fault along the Straits of Oreos-Trikeri reported by other studies [27,28]. This can be additionally confirmed by the fact that these basins are back-tilted and do not show geomorphological evidence of uplift. This low activity characterizing the area immediately south of the Oreos-Trikeri straits can be related to the fact that most of the extensional strain across the north Gulf of Evia is accommodated by the Arkitsa normal fault according to the findings of Chousianitis et al. [35]. This means that the expected significant strain accommodation along the normal faults on the northern side of the north Gulf of Evia does not exist. On the contrary, many drainage basins that lie on the footwall of the probable extension of the major Dirfis fault zone to the north show a moderate activity at least at the northern part. This possibly suggests the activity of the minor increased in number local faults at the NE part of the study area; although in some cases the geomorphic characteristics of the basins in this area are related to the lithology of the geological formations.



It is worth mentioning the presence of uplifted marine notches along the coastline of the areas that have been identified as of moderate to high relative tectonic activity by the calculated new index Irta. The locations of the uplifted marine notches are marked with asterisks in Figure 4c following Stiros et al. [37]. The accordance of recent coastal uplift with the results of Irta confirms the existence of the north-westward extension of the Dirfis fault zone. Furthermore, the Dirfis fault seems to be older than the other fault zones of the study area.



The results of the present study regarding the spatial distribution of relative tectonic activity are in good agreement with the results of the geomorphometric study of 36 coastal fans along the west coast of the north part of the Island [39]. The geographical distribution of the fan-catchment groups is controlled by variations in the relative tectonic uplift, which was the main control on the accommodation space for the development of the fans. The smaller and steeper, debris-flow dominated, coastal fans correspond to areas mapped as of high relative tectonic activity based on the results of Irta, whereas larger, fluvial-dominated fans, of gentle slope formed at areas that are characterized as of low relative tectonic activity.



Because no large magnitude earthquake has occurred in the Evia Island during instrumental times, the study of earthquake swarms in combination with the location of the faults is very important. Benetatos et al. [52] and Roumelioti and Kiratzi [53] showed that an N-S extension field (normal faulting) prevails in central Evia (north of Chalkis) as well as in NE Evia (to the north of the northern termination of the Dirfis fault zone). Two predominant fault directions have been identified, one ENE-WSW and a NW-SE (with a few strike slip mechanisms), following the topographic relief and the west coastline. The NW-SE trending Kandili fault is associated with drainage basins being classified as of high relative tectonic activity and, thus, it seems to strongly affect the landscape. Additionally, the WNW-ESE trending Telethrion fault zone, which, according to Sakellariou et al. [30], is capable of hosting strong earthquakes, seems to be responsible for the high relative tectonic activity as inferred from the Irta values of the footwall catchments. Most part of the fault systems of the north Evia Gulf are confirmed by seismic reflection surveys carried out in the area [54].



The lithology of the bedrock does not seem to be completely independent from the results. Drainage basins composed mostly of Triassic-Jurassic carbonate rocks seem to be controlled by the high relative fault activity, while basins mostly consisting of terrains that are less resistant to erosion show low tectonic activity according to the values of the morphometric parameters estimated in this study. However, the complexity of the bedrock in most of the drainage basins makes the correlation among lithology and morphometric characteristics of the basins difficult.




6. Conclusions


The calculation of geomorphic parameters can reveal indications of tectonic influence on the evolution of the landscape. The morphometric analysis of 189 drainage basins of the north part of the Evia Island, in central Greece, has shown that individual indices, such as Drainage Basin Slope (Sb), Hypsometric Integral (Hi), Asymmetry Factor (Af), Relief Ratio (Rh), and Melton’s Ruggedness Number (M), can provide important information and that the indices co-evaluation through an integrated index (named Index of relative tectonic activity—Irta) can give meaningful results about the relative tectonic activity. The drainage basins were classified into three classes and based on this classification the study area was categorized into sub-areas of low, moderate, and high relative tectonic activity. About 68% of the study area is classified as of low, around 23% as of moderate and 9% as of high tectonic activity. The spatial distribution of the values of this new index seems to reflect the tectonic pattern of the study area. The basins of the drainage systems that drain the footwalls of Telethrion, Kandili, Aidipsos, and Dirfis faults show high values of the estimated morphometric indices as compared to the other basins.



This approach showed that the tectonic influence on the drainage systems of the north part of the Evia Island was demonstrated by the calculated parameters and that the morphometry of the drainage basins developed on the uplifting block of the major faults is indicative of tectonic activity. The morphometry of specific basins was also useful in mapping the fault segments’ terminations. The geographic distribution of the morphometric indices is in good agreement with the hypothesis that the area between the segments of the Kandili and the Telethrion fault zone is inactive. The existence of an active fault along the straits of Oreos-Trikeri that was reported by previous studies was not confirmed by the morphometric analysis carried out within this research.



The analysis as a whole, i.e., the selection of the parameters and the categorization of the drainage basins, reflects the local conditions and, thus, it must be noted that the methodological approach and the classification of the relative tectonic activity show only relative differences and at a local level.
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Figure 1. Digital Elevation Model (DEM) of the broader area of the north part of the Evia Island. The main central water divide as well as the main fault zones are also depicted (fault zones are based on several studies and databases [21,22,23,24,25,26,27,28,29,30]). 
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Figure 2. Simplified geological map and outline of the drainage basins of the study area based on the geological map of Greece published by the Institute of Geology and Mineral Exploration of Greece (IGME) [33] (1: alluvial deposits (Quaternary), 2: recent talus cones (Quaternary), 3: Neogene sediments (Neogene), 4: marl (Neogene), 5: conglomerate (Neogene), 6: olistolith (Neogene), 7: andesite (Neogene), 8: lavas (Neogene), 9: magnesite deposits (Paleogene), 10: flysch (Upper Cretaceous), 11: iron-nickel ore (Upper Cretaceous), 12: bauxite (Upper Cretaceous), 13: ophiolite (Upper Jurassic–Lower Cretaceous), 14: chert (Upper Jurassic–Lower Cretaceous), 15: schist-chert (Upper Jurassic–Lower Cretaceous), 16: talus cones (Middle Triassic), 17: greywacke (Triassic), 18: diabase (Meosozoic), 19: tuff (Permian), 20: limestone, dolomite (Permian, Triassic-Cretaceous), 21: gneiss (Pre-Carboniferous), and 22: schist (Paleozoic)). 
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Figure 3. Spatial distribution of (a) Drainage Basin Slope, (Sb) (b) Hypsometric Integral (Hi), and (c) Asymmetry Factor (Af). 
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Figure 4. Spatial distribution of (a) Relief Ratio (Rh), (b) Melton’s Ruggedness Number (M), and (c) the proposed integrated index Irta, which takes into account the above five morphometric parameters and divides the landscape into three classes of relative tectonic activity; sites of uplifted marine notches (asterisks) are based on Stiros et al. [37]. 
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Figure 5. Simplified lithotechnical map of the study area based on the geotechnical map of Greece [33] (Group 1: surface deposits such as alluvial deposits, recent talus cones and scree and semi consolidated talus cones; Group 2: soft geological formations including marls, sandstones, schists-cherts, and travertines; Group 3: formations of medium resistance consisting of schists and phyllites; and, Group 4: very resistant, hard to erode, formations, including limestone, dolomites, greywackes, consolidated conglomerates, ophiolites, peridotites, and quartzites). 
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