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ABSTRACT

The identification of active faults (faults potentially capable to trigger an earthquake) is important for a seismicadly
active country like Greece. Remote sensing techniques and GIS analysis were used in order to detect, map and
characterize the tectonic structures of Psachna town and the surrounding area in central Evoia, Greece.

Geometrically corrected and processed Landsat ETM+ data are used for the lineament analysis. The expert knowledge
for the interpretation of the lineaments was used againg algorithm and other automatic methods in order to increase the
qualitative accuracy of the method. The refined lineament map, the seismic data of about the last 40 years, the
Quaternary formations map, and the drainage anomalies map were integrated in a GIS. The proposed model examines
and classifies every lineament based on a set of predefined criteria. The classification system is in accordance with the
official regulations for neotectonic mapping in Greece and consigts of four classes: active fault, possible active fault,
inactive fault and lineaments. Further analysis of the active and possible active faults shows two sets of directions, NW-
SE and ENE-WSW sdtriking. Both directions are in accordance with the extensional tectonic regime in the centra Evoia
in Pliocene and Middle — Upper Pleistocene, respectively.

Keywords: Data fusion, image processing, Landsat ETM+, nectectonics, active faults, seismicity, central Evoia,
Greece.

1. INTRODUCTION

1.1 Geology - Neotectonics

Eastern central Greece is an actively deforming continental province, in the concave part of the Hellenic Arc and has
been undergoing extension since early Pliocene (McKenzie, 1978). The extension is a combination of two effects: the
on-going subduction, northwards, of an ancient remnant of ocean lithosphere aong the Hellenic Trench, and an
additional component of N-S extension (x20°), which is caused by the westward movement of the Anatolian block
(Taymaz et al. 1991). Therefore, the geomorphology of central Greece is dominated by normal faults with an E-W to
NW-SE strike.

The whole Gulf of Evoiais a graben with atotal length of almost 100km that is bounded by normal faults (Roberts &
Jackson, 1991). The study areaislocated at the northeastern side of the northern Gulf of Evoia. The extensional strain is
accommodated by sets of normal faults, of planar geometry, moderate dips, and by clockwise rotation of upper crustal
blocks (Jackson, 1994).

The study area mainly belongs to the Sub-Pelagonian zone, which is the western margin of the Kimmerian continent —
Pelagonian zone- to Neo-Thythes sea, and only the eastern part is covered with the upthrusting formations belonging to
the Pelagonian zone. Thus, the apine basement consigs mainly of carbonate rocks, like limestones, dolomites, and
limestones with intercalation of dolomitic limestones, with different degree of karsticity, and thin to thick bedded layers
(IGME, 1981).

The uplift of the areais marked with the presence of an undivided flysch, fine to medium-grained sandstones alternating
with shales, Maastrichtian - Paleocene age. At the top of the stratigraphic sequence, there are Neogene and Quaternary
sediments. The Neogene sediments are mainly lacustrine deposits with layers of conglomerates, marls, sandstones,
clays and marly limestones. The Quaternary consists of the Pleistocene formation of lacustrine to brackish facies,
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wesathered material from the surrounding rocks, recent and old cones of unconsolidated scree deposits, and aluvid
deposits (IGME, 1981).

The recorded seismicity in the areashows moderate to low activity at the last 40yearsof records. No earthquake greater

than 5.0R isrecorded. On the other hand, the historical seismicity is poor and islacking detailed information, especially

from the period 1800 and further back in time (Ambraseys 1978, Papazachos & Papazachou 1989, Ambraseys &
Jackson 1990, Ambraseys 2000). Both statements seem to plead against the hazardous seismicity in the area. However,
it must be taken under consideration that the lack of long-term observation in many regionsin Greece states an apparent
low earthquake hazard.

The whole study is based on the following definitions for the activity of the faults, which are in accordance with the
standing regul ations for neotectonic mapping in Greece: an active fault is defined as the fault that has been activated the
last 10,000 years, in the Upper Pleistocene age; a possible active fault is the one, which has been triggered by an
earthquake from Upper Pleiocene to Upper Pleistocene; and an inactive fault is a fault that has not been activated from
the Lower Pleiocene and onwards.

2. METHODOLOGY

The methodol ogy followed in this case study consists of:

a. Data processing - Image processing (image enhancement, appropriate filtering techniques, image fusion
techniques) of the Landsat 7 ETM+ data (acquired on 21 June 2000 — path 183, row 33) producing the most refined
lineament map.

b. Integration of multi - source spatial data, such as the produced lineament map, seismicity (1964-today), geological
data in scale 1:50,000 (geological units, known faults), detailed drainage system and geomorphologic features in a
Geographic Information System (GIS) based on predefined criteria.

¢. Anaysisand field check for verification of the data and construction of the final output: the neotectonic map.
Further statistical analysis to the faults has been carried out in order to understand their seismic behavior and their
relation to each other and to the earthquakes. ERDAS IMAGINE V. 8.4 was used for the image processing and all the
Gl S analysis was completed using ILWIS V. 3.1 software.

2.1 Data processing

The data integration in a GIS requires some processing to al the input data. Moreover, the neotectonic mapping
application itself requires high quality of theinput data- mapsin order to obtain abetter product - the final map, since it
contains spatial information about the active and possible active faults.

The processing of the geological map (scale 1: 50,000), map sheet "Psachna - Filion" leads to four attribute maps
concerning geological information: the Quaternary and the Neogene formations maps, the basement map (Fig. 1), and
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Fig. 1: (a) Quaternary formations map; (b) Neogeneformatlons map; and (c) Basement map. All the maps derived from the
geological map, Psachna - Pilion Sheet, scale 1:50,000 (IGME, 1981).
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the known fault map.

The seismicity has been downloaded from the databases of the National Earthquake Information Center of the United
States (U.S.G.S.) and of the National Observatory of Athens, Greece. The dataset from Nationa Observatory of Athens,
Greece was finally selected due to the completeness of the data. The 224 earthquakesin the last 38 yearsare plotted in a
map and spatia pattern analysis of the seismic events is carried out indicating a cluster pattern, i.e. subgroups of
epicenters tend to be significantly closer to each other. In addition, the fault map is buffered with a 500m distance in
order to see whether or not earthquakes could be related to known faults (Fig. 2a).
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Fig. 2: (8) 500m buffered map of the known fault map as digitized from the geological map (1:50,000) together with the
seismic epicenter of the earthquakes in the last 38 years in the area. (b) Drainage pattern of Psachna area digitized from
the topographic map (scale 1:50,000). Areas with strong drainage anomalies controlled by tectonic structures are
indicated in the boxes.
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Fig. 3: Diagram for image processing for lineament analysis.
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The drainage pattern was digitized from the topographic map (scale 1:50,000) in order to identify those areas where
strong drainage anomalies are present (Fig. 2b). These areas are related to recent structural deformation (Doornkamp,
1986).

The most critical part of the data processing isthe Landsat 7 ETM+ image processing which provides the lineaments to
the system. The main steps in the image processing are shown in Fig. 3. The most interesting parts are the applied
filtering techniques and the image fusion for lineament detection. The image was georeferenced to UTM zone 34 by a
1% order polynomia transformation selecting ground control points (GCP' s) from 1:50,000 recent topographic map
(Hellenic Army Geographical Service, 1990). All these spatia data are referring to the same geographical system and
have the same horizontal datum (UTM zone 34, WGS 84).

2.1.1 Filtering Techniques

Filtering techniques are the most popular for lineament identification and delineation (Terry et a. 1977, Carrere 1990,
Slizen & Toprak 1998, Pradeep et a. 2000). Although, there have been significant approaches for the evaluation and
automatic detection of the lineaments and curvilinear features from satellite images (Cross 1988, Karnieli et al. 1996),
the human expertiseis till an asset for lineament detection and interpretation with its subjective perception.

The experience has shown that the best interpretation is achieved with the use of the panchromatic band, which has high
spatial resolution (15m). In order to obtain a better image for interpretation some processing with techniques, such as
filtering techniques, histogram equalization, standard deviation stretching, should take place.

The produced lineament map is an "additive" product based on visual interpretation of lineaments. The concept is that
every time the former lineament map is the basis for the following interpretation, which is taking place in different
filtered image (Fig. 4). Firdt, the panchromatic image is enhanced with the hisogram equalization method where the
interpretability has been improved and more discrete features are visible and then, a primary interpretation has taken
place producing the lineament map 1.

Panchromatic image (15m)
[ [ [

Histogram Equalization Filtering Techniques:
SOBEL Filter (four different
directions, N-S, NE-SW, E-W, NW-SE) Principle component analysis:
Edge Enhancement 5x5 Q PC1
Direction filter N-S, 5x5

Lineament map 1

Lineament map 2a (Sobel: N-S) Lineament map 6
h 4
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Fig. 4: Lineament map based on filtering techniques.

One of the most well-known filters in lineament analysis is the Sobel directional filter that usually is applied in two
directions, here it has been run in the four directions, N-S, NE-SW, E-W, NW-SE (Fig. 5) (Slizen & Toprak, 1998)
producing the intermediate maps, lineament map 2a— 2d. In this case, more emphasis was given to the NW-SE and N-S
directions where the filters enhance the NE-SW lineaments and the E-W respectively, without excluding the visibility of
the other directions. The reason is that the expected normal faults, which belong to the latest tectonic regime

136 Proc. of SPIE Vol. 4886

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/1/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(neotectonic faults), are formed due to the N-S and NW-SE composite extenson in the area. Moreover, edge
enhancement 5x5 kernel has been applied, which keeps the spatial information of the image (lineament map 3). In this
paper, it isproposed another run-once directional 5x5 kernel (Fig. 6), which enhancesby running it once, dl the desired
directions (lineament map 4). The convolution of these strong directiond filters dter the appearance of the images (Fig.
7), thus to avoid this ambiguous appearance, the original band 8 is added to that in order to get back the spatial features
and to continue with the lineament interpretation (lineament map 5). Last check of the lineament map is based on PC1
(lineament map 6). PC1 is a product of the Principle Component Anadysis method (PCA), which is a commonly used
technique for analysis of remotely sensed data. It has been used for data enhancement (Soha & Schwarz, 1978), as a
data compression technique (Chavez & Kwarteng, 1989), to detect changes in land cover (Byrne et a., 1980) and aso
for merging multisensor data (Jutz & Chorowicz 1993, Yésou et a 1993). The use of only the PC1 is that this
component contains the maximum information of all 8 TM bands to which the PCA has been applied. The refined
lineament map contains 241 lineaments and isshown inFig. 7 overlaid in a Sobel filtered image.

N-S NE- SW E-W NW-SE
SOBEL -1 0 1 -2 -1 0 -1 -2 -1 0 1 2
-2 -1 0 -1 0 1
-1 0 0 1 1 2 1 -2 -1

Fig. 5: Sobel filtersin N-S, NE-SW, E-W, NW-SE directions.

Edge Enhancement 5x5 Run - Once Directional filter 5x5
-1 -1 -1 -1 -1 -1 -1 0 1 1
-1 -1 -1 -1 -1 -1 -2 0 2 1
-1 -1 49 -1 -1 -2 -2 0 2 2
-1 -1 -1 -1 -1 -1 -2 0 2 1
-1 -1 -1 -1 -1 -1 -1 0 1 1

Fig. 6: Edge enhancement 5x5 filter and the run - once directional filter 5x5 that enhance the NW-SE, E-W, and the NE-SW
directions.

Fig. 7: Sobel filtered image (band 8) overlaid by the refined lineament map and a zoom areato the right side.
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212  Fuson Techniques

In accordance to the most recent approaches there is an agreement that image fusion is certainly a framework and not
just asingletool that is appliedin any case. Accordingto Wald, 1998, “Data fusion isaforma framework in which are
expressed means and tools for the alliance of data originating from different sources, in order to obtain information of
grater quality”. A general definition for image fusion is given as the combination of two or more different images to
form anew image by using a certain algorithm (van Genderen and Pohl, 1994).

For the current study, image fusion has been used asatool to obtain the maximum information of a single sensor in one
image and thus, to improve the interpretability for lineament anaysis. The aim is to merge the spatial resolution of the
panchromatic image preserving the spectral resolution of the multi-spectral TM images. Therefore, the fusion has been
performed in asingle sensor — spatia type of data set, i.e. same sensor, Landsat 7 ETM+ and different spatial resolution,
high/low resolution (Pohl and van Genderen, 1998). Studies of this type of data are known for panchromatic and multi-
spectral SPOT (Cliché et al. 1985). The methods applied for improving significantly the interpretability and the
sharpening of optical data are colour related techniques (RGB, and IHS) and statistical and numerical methods (Brovey
Transform) (Pohl and van Genderen, 1999).

According to Yésou et al. 1993, the optimum dataset for RGB combination can be determined empiricaly or
statistically. The empirical approach is based mainly on the a priori knowledge of the spectral properties and on the
application. The best discriminative sets for geological applications, in decreasing order, are TM 542, TM 743, TM 543
and TM 752. The TM 542 combination allows the best perception of the geological structures and the most contrasted
color composite is obtained with the (R,G,B)=(2,5,4) (Fig. 8). Another interesting combination is TM 843, which
integrates the higher spatial resolution of band 8, provides natural colors to the image and improves the interpretability
of the geological features. Both RGB combinations are presenting interesting results and are highly recommended for
geological applications.

Fig. 8: The (R,G,B)=(2,5,4) combination appropriate for neotectonic mapping (left image). Brovey Transform applied to
(R,G,B)=(2,5,4) with the panchromatic band 8 (right image).

The IHS has been used to enhance highly correlated data (Kaufmann, 1988), but aso for geological features
enhancement (Daily 1983, Yésou et al. 1993). For this case study, the IHS transform has used the method where the
Intensity for the selected (R,G,B)=(2,5,4) combination is being replaced by the band with the higher resolution, the
panchromatic band of the Landsat 7 ETM+ data and the reverse transform to RGB is achieved. The spatial resolution in
the IHS image is well merged, but the spectral resolution of the TM bands has been diminished. (R,G,B)=(2,5,4) band
combination was used for the Brovey transform as well, in order to sharp the image and preserve the spectral integrity
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of the data (Pohl and van Genderen, 1999). The Brovey image enhances the drainage pattern and gives the relief
impression (Fig. 8), which are hdpful for the lineament identification. The combination of filtering and fusion
techniques provides the final lineament map, which contains 258 lineaments.

3. DATA PROCESSING AND DATA INTEGRATIONIN A GIS

3.1 Integration of themulti - sourcedatain a GIS

Spatial data analysis in a GIS is the process of seeking patterns and associations on maps that help to characterize,
understand and predict spatial phenomena. Classification is a method for ssimplifying complex phenomena, and is used
in a GISfor generalization and enhancement. It means either the process of assigning objects to classes on the basis of
one or more attributes, or the process of defining multivariate classes, or for a single attribute the list of breakpoint
valuesthat define classintervals (G. F. Bonham-Carter, 1994).

The model used in the neotectonic mapping application involves finding those lineaments that satisfy a set of predefined
criteria— conditional statements. The criteria are defined as a set of deterministic rules, the model consists of applying
Boolean operators to a set of input maps and the final output is a composite map, which contains the information of
three binary maps, the active fault map, the possible active fault map and the inactive fault map.

Map Name Description Sour ce
Lineam Final lineament map Advanced processed Landsat 7 ETM+ images
Quater Quaternary formations (polygon map) Digitized from Geological map (1: 50,000)
PreQuater Pre Quaternary formations (pol ygon map) Digitized from Geological map (1: 50,000)
Traces digitized from Geological map (1: 50,000)
Fault Known normal faults (segment map) and buffered

Epicenters of the seismic eventsfrom

Seism 1964-2002 (paint map) Tabular data from National Observatory of Athens

Extracted from the drainage pattern, which has been

Drain Drainage anomalies (segment map) digitized from the topographic map (1: 50,000)

Table 1: Maps used for neotectonic mapping example, Pschna area, Island of Evoia, Central Greece.

The criteria are based on the following maps:

— The Quaternary formations map: Lineaments that are located within Quaternary formations, and especially they
mark a linear contact between the young Quaternary formations and the alpine basement, are most probable active
neotectonic structures (Steward & Hancock, 1993).

— The PreQuaternary formation map: Lineaments within PreQuaternary formations have low probabilities to be
considered as possible active faults unless there is a seismic event related to fault otherwise is characterized as inactive
fault by the system.

— The known fault map: It contains al the aready mapped normal faults in the study area. This map is used for
finding the relation between a lineament and afault, i.e. if alineament coincides or not with a known fault, or itisasan
extension or a part of the fault. For obtaining better understanding of the distances between the lineaments and the
faults, a 500m buffer zone has been created to the fault map.

— The epicenters of the seismic events of the period 1964-2002: The seismic data have been obtained from the
Ingtitute of Geodynamics, National Observatory of Athens and have been plotted in a point map. An attempt has been
made to correlate these events according to their distance with the corresponding faults and lineaments. Buffered maps
of a distance 500m are used.

— The drainage anomalies map: It consists of al the anomalies of the drainage pattern and is used as a strong
evidence of tectonic activity in the area. When alineament is following a strong drainage anomaly meansthat thereisa
weak zone, most probable a tectonic discontinuity.

All the aforementioned criteria— maps are used to determine the criteria - conditional statementsthat are appropriate for
neotectonic mapping. The basic concept of the analysis in order the system to classify lineaments as active, possible
active and inactive faultsis based on those conditional statements.
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A lineament can be considered as active fault when it fulfills the following conditional statements:

1. Thereisa seismic event within a 500m distance AND,

2. Coincide with aknown fault, OR is parallel to a known fault, OR is an extension of a known fault, OR isa part of it
AND,

3. Islocated in Quaternary formations, OR is a boundary between Quaternary formations and the alpine basement,
AND,

4. Correspondsto a strong drainage anomaly.

As possible active fault:

1. Thereisa seismic event within a 500m distance AND,

2. Coincide with aknown fault, OR is parallel to a known fault, OR is an extension of a known fault, OR isa part of it
OR,

3. Islocated in Quaternary formations, OR is a boundary between Quaternary formations and the al pine basement, OR,

4. Correspondsto a strong drainage anomaly.

Asinactive fault:

1. Thereisaseismic event within a500m distance OR,

2. Coaincide with aknown fault, OR is parallel to a known fault, OR is an extension of a known fault, OR isa part of it
OR,

3. Islocated in Quaternary formations, OR is a boundary between Quaternary formations and the alpine basement, OR,

4. Correspondsto a strong drainage anomaly.

The appropriate class has been assigned only to those lineaments where the aforementioned conditional statements were

met; the rest lineaments remained as undassified lineaments. The final refinement for the verification and classification

of the lineaments has taken place after the fieldwork. According to the standing regulations for nectectonic mapping the

final output must contain the informationfrom remotely sensed data, in addition to the verified in the field faults. Thus,

the final output isamap that consists of four classes, containing the lineamentsaswell (Fig. 9).
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Fig. 9: Fina output, the neotectonic map of the area
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4. RESULTS

This work provides interesting results related to the tectonic activity, the main geological structures, and the
characteristics of the faults in the study area. It determines the methodological framework of image fusion and data
integration as most appropriate for extracting all the required spectral and spatiad characteristics referring to the
identification of active faults.

The earthquakes for the period 1964-2002 are characterized as shallow with a depth less than 10km and a magnitude,
which ranges between 2.4 and 4.2R (Fig. 10a). Although the database does not contain data of very low magnitude
(<24R) their frequency is relaively high, since in the last 38 years at least 224 events have been recorded (average 1
earthquake every 2 months).
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Fig. 10: (a) Chronological representation of the seismicity in the area of Psachna for the last 38 years (1964-2002. Shallow
earthquakes with arange of magnitude between 2.4-4.2R. (b) Rose diagram of the active and possible active faults.

The fieldwork confirms the fact that some of the active and possible active faults from the fina output map belong to
the same fault zone system and are in arelation to each other. The active parts are segments of longer tectonic structures
(dePolo et al., 1989) and in some casestheir continuation isapossible active or an inactive fault.

Statistical analysis is aso carried out for the active and possible active faults in the area in order to understand any
relation to each other, as well as the main directions of the neotectonic structures. Thus, the rose diagram shows two
predominant sets of directions (Fig. 10b), the NW-SE and the ENE-WSW. Since the structures have normal sense of
movement, they bel ong to the youngest N - S extension tectonic regime.

Another statistical approach is referring to the relation of the lineaments with the known faults and the geology. Both
factors are equaly important in order to understand the relation of the lineaments with data set derived from the
geological map (Quaternary formation map, Pre-Quaternary map, and known fault map). The pie-diagram 1 shows that
the highest percentage belongs to the class:
“lineaments within the basement”. This class
does not mean that these lineaments could not

1. Classification of lineaments based on their relation with the known
faults and the geology
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geological information is mixed. 6% of the total lineaments coincide with the known faults. Considering the peculiar
cases of lineaments, which are very probable to be classified as faults (the sum of the light color piesin the pie-diagram
1), the percentage isincreasing to 36%.

Statistical analysis of the fina output map, the neotectonic map, demonsrates that 9% of the detected faults are active
and 27% are possible active faults. In other words, 36% of the identified faults have been activated at least one time
from the Upper Plelocene and onwards, and they consider to have the highest probability to be reactivated (pie diagram
2).

The combination of filtering techniques and image fusion is essential for neotectonic applications because it improves
greatly the interpretability of the images and thus, more accurate lineament analysis is possible. Lines representing
artifacts are excluded from the analysis and further study could be more effective. For example, in the area between
Psachna town and Politika village, there is a belt-conveyer for industrial purposes, which looks like a lineament at the
initial stages of the interpretation of the images, but becomes obvious that it is not such, in the fused images. In
addition, the use of a GIS astool for lineament classification based on pre-defined criteriais proved to be determinant
of neotectonic mapping.

Multi-sensor remotely sensed data, such as aerial photography, SPOT imagery, might improve more the interpretation
for lineament analysis and consequently help more to the neotectonic mapping. The higher the spatial resolution of the
data, the better the accuracy of the geometric correction. In the case of the SPOT images or the aerid photography it
could be possible to utilize the stereo capabilities in order to define the sense of movement of a fault and study other
characteristics (geometry — length, segment boundaries, associations with tectonic landforms, etc). In addition, a shaded
relief Digital Elevation Model (DEM) could be useful for the quantitative approach of the activity of the faults —
segments (morphotectonic analysis, estimation of the displacement, erosion rate versus uplift rate, etc). Moreover, a
detailed DEM may provide more accurate GCP' sfor the geometric model.

5. CONCLUSIONS

In conclusion, the use of processed Landsat ETM+ images in combination with integration of multi source datain a GIS
is effective, because the cover area of these images is appropriate for geological applications, such as the neotectonic
mapping. The main aim of the research was the production of the neotectonic map of the Psachna area using the latest
satellite images and a number of additional input data. This aim was achieved and the fina neotectonic map increased
the understanding of the tectonism of the area.

The use of remote sensing, including image pre-processing, fusion and filtering techniques, for the detection of
lineamentsis essential. The output of image processing has to be integrated with other input data (criteria) in a GIS, in
order to be classified, and finally the neotectonic map to be produced.

Some of the major conclusions of this study are mentioned bel ow:

— Therecorded earthquakes in the area are characterized as shallow and low magnitude earthquakes, meaning that the
epicenter isrelatively close to the surface, and thus could not be very far from the activated fault.

— Thefinal lineament map, asit is produced from the filtered images and has been confirmed by the fused images, is
the most refined. The combination of filtering techniques with image fusion is proposed as an asset to neotectonic
studies.

— The fieldwork is an essential part for a complete neotectonic study and for the verification of every structure.
Although, the use of satelliteimagery and GIS analysis are very powerful tools for identification of lineamentsand their
characterisation in a GIS model as active, possible active or inactive structures, it is still complementary.

— The spatial distribution of the active and the possible active faults indicates that recent tectonic activity is
concentrated in the south-western part of the study area, aimost parallel to the coastal line. This statement is in
accordance with the existence of a tectonic graben in the North Gulf of Evoia. In addition, the statistical analysis of
these faults provides two sets of directions, one NW-SE striking and the other ENE-WSW in accordance with the
extensional tectonic regime in the central part of Evoia idand in Pliocene and Middle - Upper Quaternary age,
respectively.

- Most of the active and possible active faultsin the study area represent reactivated segments of larger faults.
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