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Abstract

A considerable amount of coal deposits occur within the Mesohellenic Trough
in Greece. It is considered as the largest and most important basin of the last
Publication History: orogenic stage of the Hellenides, which is interpreted as a back-arc basin that
evolved during the period of Late Oligocene to Miocene. In this study, a
simplified geological map has been constructed emphasizing on the coal
formation occurrences of the Mesohellenic Trough. This work has been
accomplished, through Geographic Information Systems (GIS) and has been
organized via geodatabase as GIS data files (feature classes). For the creation
of the geological map suitable homogenization and discrete representation has
been implemented different geological sheets, original source and traditional
maps. Next step was the geostatistical analysis using polygonal methods linked

©2019. The Author

to the corresponding tabular information. Regarding the stratigraphical age,
and petrographic data related to geographic distribution of the coal
occurrences, these are divided into three categories: Oligocene, Middle
Miocene and Upper Miocene coals, exhibiting various physicochemical and
topological properties. Upper Miocene coal exhibits the greatest area and
perimeter values, while the lowest values correspond to those of the Middle
Miocene. Terrain models such as aspect (angle-direction) and hillshade (shaded

relief) showed the spatial relation between coal occurrences and

Geological Society of Greece 34


mailto:koukouzas@certh.gr
mailto:krassakis@certh.gr
mailto:koutsovitis@certh.gr
mailto:karkalis@certh.gr
mailto:koukouzas@certh.gr

Volum

morphotectonic as long as geometrical characteristics of the study area. Coals
are mainly classified as huminites including mainly huminite group minerals
(90%). Their S contents can probably derive from parent plant material or a
combination of parent plant material with seawater sulfates. Moisture contents
are strongly connected with the sustainability of the coal use in the energy
production, while their carbonation grade is strongly associated with their age
and expressed by their reflectivity values. All these data have been inserted in
an integrated database and can be useful for pre-mining or post mining
activities (e.g. planning, analysis, management, restoration). Results of this
study are available for the effective evaluation of the existing coal occurrences,
which can be used with renewable energy sources providing sustainable
solutions, in combination with the upcoming innovative CCS and CCU
technologies. Results also showed that coals from the Mesohellenic Trough
present excellent quality traits. However, their value as combustible coal is very
low due to the absence of economically recoverable reserves. The largest coal
lenticular bodies have been extracted in the past and the remaining occurrences
do not exceed several thousand tones. Based upon existing literature and from
geospatial estimations, coal deposits in the Mesohellenic Trough Basin cannot

be considered as economically valuable for exploitation.
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Hepidnyn

2HUovTiKn €IVol ) TOGOTHTO. KOITOOUGTMV YolavOpako. mov eVIOTI(eTal oTnv
repioyn s Meooelinvikng AvAaxag atnv EAAnvikn emikpateia. Awotelel uio amo
TIG TIO ONUAVTIKES AEKAVES THG TEAEDTOIOG OPOYEVETIKNG PAonS TV EAAnviowv,
omov elediyOnke kota v mepiodo tov Avartepov Oliyoxaivov — Meiokaivoo.
2TV Topovea EPYaCIo. KOTOTKEDOTTHKE EVOS ATAOTOIUEVOS YEDAOYIKOS YGPTHS
ULE 1010UTEPN EUPOON TTIC EUPOVITELS YOLOVEPAKIKDOV KOITAGUATWV OTH AEKOVY THG
Meooeiinvikns Avlokog. Zkomos tns epyaocios ntav n xpnon Iewypapixnv
2votquatwv Iinpopopicrv (I'T1X) kor n opyavwon twv Osuotik@dv emTéEo®V
TAnpogopias e ooun Ilewfaons. Zvykekpiuévo, yio. TV KOTOOKEDY TOD
VEWAOYIKOD YOPTH EQOPUOOTHKE KOTOAANAR uéBodo oupoyevomoinong twv
OLOPOPETIKAYV  YEWAOYIKWV @U@V KoBwS Kol allomoinen 10Topik@V Kol
ropadooiaxav yoptav. Exduevo fiua nrov n yewotatiotixn avaiven ue ypnon
TOAVYDOVWYV Kol 1] GOVOEGH TOVS UE TNV QVTIOTOLYN TEPLYPOPIKY TANPOPopia.
20upwva [ T GTPOUOTOYPOPIKN NAIKIO KOL TO, TETPOYPOPIKG OEOOUEVA. OAAG KOl
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TG YEWYPOPIKNS KOTAVOUNS TWV YoIOVOPOKIKDV EUPAVIGEDY, ODTOL OLOKPIVOVTaL
oe tpeic watnyopies: TowavOpoxes Oryokoivov, Méoov ka1 Avatepov
Meiokoivov, mov amoTeAoDVTOL OO OlGPOPO. PVOIKOYHUIKG KOL TOTOAOYIKG.
xopaxtnpiotika. ACloonueiwto eivar to yepovog ot ot yaravlpakes Avatepov
Meoxarvov katalopfavovv T ueyordTeEpn EKTOON KOl TEPIUETPO, EVA Ol
yoravOpaxes Méogov Melokaivov Exovv tic pikpotepes gupovioels. Ooov apopd,
70, TOPOYOEVTO, HOVTELD, EDCPOVS KL TOYKEKPLUEVO. TO ETITENO TPOTOVOTOAMTUOD
Kol OKIOONS TOD OvVayAb@pov OvVEOEILaV ywpIKN oVOYETIoN UETOLD TV
YOLOVOPOKIKDOV EUPAVICEWDY, TWV UOPPOTEKTOVIKDV YOPOKTHPLOTIKOV OALG. KOl
TG YEWUETPILOGS THS TEPLOYNG UeAETNG. OL YoudvOpares KOTnYoPLOTOLODVTOL KUPIWS
WG YOVUIVITES EUTIEPIEYOVTOS KUPLWS OPVKTA THS OUAOOS TWV Yovuuvitary (90%).
To mepieyduevo oe Geio mbovac opeiletar oe opyoviky (Qutikn) Tpoélevon ue 1
xopic ovpuetoyn Boldooiov vepod. H eumepieyouevn vypacio. ovvoéetar moid
oTEVO, UE TNV PILoociuotnTto. e YpHRons twv yoiovipaxwyv oty mopaywyn
evépyelag, eva o fabuos evovlpaxwaons twv yoiavlpdxwyv oyetiletal dueoa ue
TNV NAIKIO TOVG KOl TIG TYWES AVOKAOGTIKOTNTOS TovG. Oda avTd. T0. 0edopéEVa. EYovY
elooyBel o€ pia umlovtiouévn foaon dedouevamv kot umopovy va alloroinfody yia
eCOPVKTIKES OPATTNPLOTITES OE OPYIKO 1] UETOYEVEGTEPO OTAOLO OTWGS TYEOLATILOG,
avalvon, owayeipion, omokatdoraoy. To amoteAéouata avtig TS EpYaTiog EIvol
orobéaiua yio. ™V amoteAEoUOTIKY OLI0A0YNON TOV DPLOTOUEVOV EUPAVIGEWDY
youdvlparxa, koi uropovv vo. xpnoiuomoinfody aTov Touéo avovemomY THYDY
EVEPYELOS TOPEYOVTAS PIOTIUES ADTEIS GE GUVODOOGUO UE TIG OVEPYOUEVES KOl
KOIVOTOUES TEYVOAOYIES OECUEVONS KOl ETOVOYPHOYOTOINGNS OL0CE1diov TOD
avOpoaxa. Emiong, ta omoteléouara ociove ot o1 youavOpoxes NG
MeoosAnvikng Ablakxog Eyovv apiota TOI0TIKG, YopaKTHpLoTiKa. LQo1000, N
XPNOWUOTHTO, TOVS G KODTIUN VAN EIVOL TOAD YOUNAN AOY® OTOVOIOS OIKOVOUIKG
omolnyiuv omobcuctwy. Ta ueyoivtepo. yorovOpokiKe QOKOELN OTPOUOTO
govv  glopuybei  oto mOPEABOV, eved TO  evamouévov  omobsuo ogv eivail
UEYOADTEPO  THGS TALNS TV UEPIKAV Y1A160WV TOV@V. Me faon v vmapyovaa
pifrioypopio. alld Kol TO OTOTEAEGUATA TV YEWYWPIKDV OVOADGEWV, TO.
KOITAOUATO. TV YolovOpaxwv oty mepioyn s Meooelinvikng AdAaxag dev
UTTOPODY VO, YapaKTHPLaTODY (G OIKOVOULKO. EKUETOAAEDTLLO.

Aéeig Kie1dia: Meooerinviky Adloxo, Ioacvlpaxag, I'TIX, [lpocavaroliouds, Zkioon
avayivpov, lletpoypagio

1. Introduction

Brown coal (lignite) is the most common type of coal that outcrops in Greece,
satisfying 30% of the country’s electricity needs. Coal is the second most
dominant fuel used in Greece, accounting for 19% of Total Primary Energy
Supply (TPES) in 2016. Coal supply has nearly halved over the past decade,
from 8.4 million tons of oil equivalent (Mtoe) in 2006 to 4.4 Mtoe in 2016, due
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to decreasing use of coal-powered plants (IEA, 2017). Coal deposits (lignite,
sub-bitumenous coal, turf) in Greece are in their vast majority of Cenozoic age,
having been deposited in inland or coastal basins. Greek lignite deposits of
economic importance are exploited (opencast) in the regions of. Ptolemais-
Amynteo (Pliocene), Florina (Miocene) and Megalopolis (Pleistocene). Coal
outcrops have been identified in almost all of the geological formations of the
Mesohellenic Trough, but without significant mining activity. The Mesohellenic
Trough sedimentary basin comprises of four distinct formations (namely
Eptachorion, Pentalofon, Tsotillio and Burdigalian) that include scattered and
rather small lenticular shaped lignite occurrences, which display variable
petrographic and geochemical features (Koukouzas and Koukouzas, 1995).
Their formation occurred within paleogeomorphology reinforced coastal basins
or within deltaic accumulations. Thick deltaic deposits occur between the Krania
and Eptachorion formations as well as within the southern parts of Pentalofon

and Tsotillio formations (Ferriere et al., 2004).

In the present study, a new geological map has been reconstructed emphasizing
on the coal formation occurrences of the Mesohellenic Trough using Geographic
Information Systems (GIS) and ArcGIS v 10.x. A Geographic Information
System allows easy distribution, dissemination of spatial and non-spatial data
and has the ability to storage different types of data in a visual or attribute table
(Schweik et al., 2013). For the optimal spatial and non-spatial analysis of the
geological setting related to the coal deposits of the study area, former analog
geological sheets were digitized combined with bibliography data, research,
historical mapping and original drawing features. The physicochemical and
petrographic properties of coal occurrences are also presented in order to provide
a more integrated approach. These properties are usually associated with the
suitability of coal use in the energy production and the sources of their chemical
components. For example, reflectivity is connected with the carbonation grade,
S contents are indicative of specific sources such as seawater environments,

while moisture contents usually affect their heating value and cost of transport.

2. Geological Setting of the Mesohellenic Trough

The Mesohellenic Trough is a basin with a length exceeding 200 km and a width

of 30-40 km, located in NW Greece (Vamvaka, 2009). It is the largest and most
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important molasse basin of the last orogenic stage of the Hellenides, extending
from Albania in the North towards Thessaly to the South. It was developed
between the Mid-Late Eocene to the Mid-Late Miocene and is sited between the
Apulian (non-metamorphic) plate and the Pelagonian (metamorphic) nape pile
(Kilias et al., 2015).

The Mesohellenic Trough is juxtaposed on the Olonos-Pindos external unit and
Pelagonian internal unit on its western and eastern side respectively. It is
interpreted as a back-arc basin, which evolved during the Late Oligocene to
Miocene period (Brunn, 1956; Aubouin, 1959; Papanikolaou et al., 1986;
Vamvaka, 2009). Oligocene transgression led to a continuous marine
sedimentation until Late Miocene, characterized by rather thick sediments (up
to ~5 km thick). The Trough is characterized by a complicated structure with
numerous changes in sedimentary phases (Tasianas and Koukouzas, 2015),
composed of deltaic, alluvial and turbiditic sequences (Vamvaka, 2009). The
deposits exhibit variability in thickness values, both longitudinally and
transversally to the axis of the basin (Vamvaka, 2009). The lower formations of
the sedimentary sequence occur along the southwestern margin of the Trough,
whereas the younger formations gradually outcrop towards the northeastern

parts.

The lithostratigraphic formations of the Mesohellenic Trough are displayed in

the geological map of Figure 1 and include the following formations:

Eptachorio Formation (Olm-s.st,m) is a thick sedimentary sequence (1000-
1500 meters). It is composed by a turbiditic system of marls, alternating with
fine sandstone intercalations which upwardly transitioning to semi-pelagic
argilites. The base of the Eptachorio Formation consists of clastic sediments
(conglomerates, sandstones), as well as base deposits. In the area of Mount
Taliaros, a local sedimentary phase comprising of sandstone, marl and
limestone, consists the upper part of the Eptachorio Formation. The age of the
formation refers to Late Eocene to Early Oligocene (Priabonian - Chattian)
(Vamvaka, 2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015).

Pentalofo Formation (Fig.1 abbreviation: M1c, M1.st2) is of Late Oligocene
to Early Miocene age and mostly occurs in the northwestern and central parts of

the Trough. It mainly includes two types of sedimentary clastic rocks, separated
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by marl-sandstone intercalations. Its thickness ranges from 2250 to 4000 m
(Vamvaka, 2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015).

Tsotillio Formation (Fig.1 abbreviation: M1-2.st, M1-3.c,stm) has an Early to
Middle Miocene age and mainly outcrops in the northern, eastern and southern
parts of the Trough. It mostly consists of marls accompanied by conglomerates,
sandstones and limestones. Its total thickness is locally variable ranging from
200 to 1000 m (Vamvaka, 2009; Kilias et al., 2015; Tasianas and Koukouzas,
2015).

Burdigalian Formation. During the Burdigalian, various phases of sediments
were deposited appearing as sediment wedge’s with lateral transitions, with
variable lithostratigraphic section profiles from one region to another (Vamvaka,
2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015). This succession

consists of the following individual members:

Formation M2.m is a relatively thick formation (up to 450 m), mostly exposed
in the northern parts of the Trough, mainly including sandy marls. There are
three main phases with wedges and lateral transitions. The lower part consists
of bluish sand-clays and silty marls. Moving stratigraphically upwards, there are
reef limestones that are found in the Ontria highlands. The upper parts include
calcareous sandstones and micro-conglomerates (Vamvaka, 2009; Kilias et al.,
2015; Tasianas and Koukouzas, 2015).

Ontria Formation (Fig.1 abbreviation: Mi.d) mainly consisting of limestones
and outcropping in the eastern and northwestern parts of the Trough (Vamvaka,
2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015).

Omorfoklissia Formation (Fig.1 abbreviation: Mi.O). The lowermost part
consists of sandstones and micro-conglomerates, followed by a marly series with
sandy intercalations, whereas the uppermost part consists of sandstones with
accessory micro-conglomerates. Locally, clays, coal, marly limestones and
silicified branches and trunks are observed (Vamvaka, 2009; Kilias et al., 2015;

Tasianas and Koukouzas, 2015).

Zevgostasio Formation occurs in the northern side and includes sandstones-
marls and silty marls. The sequence ends up with the uppermost Orlia formation
(Mi.Or) which occurs in the northern side and consists of sandy marls and
sandstones (Vamvaka, 2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015).
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Orlia Formation (Fig.1 abbreviation: Mi.Or). The base of the formation

comprises of sandy marls and loose sandstones with abundant fossils of Ostrea
(Ostrea cf. crassissima) and thin intercalations of clays, sands and locally coal.
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Fig. 1: Geological Map of the Mesohellenic Trough, indicating coal
occurrences. Explanation of legend : al, H.sc, c¢s : Olocene deposits, PI-Pt.c :
Plio — Pleistocene conglomerate, Mi.Or: sandy marl, sandstone (Orlia
Geological Society of Greece 40



Formation), Mi.z: silty marl (Zevgostasio Formation), Mi.O: sandstone & marl
(Omorfoklissia Formation), Mi.d: Ontria Formation, M2.m: sandy marl, M1-2
st, M1-3.c,stm: conglomerate, sandstone, marl (Tsotilio Formation), M1-c,
M1.st2 : sandstone in alternation with marl (Pentalofos Formation), Olm-s.st,m:
(Eptachorio Formation), Oph: ophiolites & ultrabasic Formation), Fg: flysch,
K4-7.k : limestone (Upper Cretaceous), Ji.k: limestone (Middle Upper Liasio),
Tm-Ji.k: limestone (Jurassic — Triassic), Pz.gn: metamorphic system e.g gneiss,

schist, amphibolite (Paleozoic).

Stratigraphically upwards, the succession continues with coarse sandstones with
Ostrea, and pseudo-oolithic limestones. The total thickness of Orlia Formation
is estimated at ~90 meters. Sedimentary layers are almost horizontal, overlying
the Zevgostasio formation, with a Late Burdigalian age. During the Late Eocene
-Middle Miocene, the molassic sediment accumulation in the Mesohellenic
Trough ended, following a period characterized by uplifting and local deposition
of continental sediments of various phases (fluvial, lacustrine and terrestrial).
During the Pliocene to Early Pleistocene, fluvial and lacustrine sediments were
deposited locally in the Mesohellenic Trough. These consist of blue-greenish
clays, sands and loose conglomerates, occasionally hosting lignite horizons
(Kastoria, Argos Orestiko, Grevena). Quaternary lacustrine and fluvial
sediments and terraces represent the most recent sediments of the Trough
(Vamvaka, 2009; Kilias et al., 2015; Tasianas and Koukouzas, 2015).

3. Methodology

Geographic Information Systems (GIS) have been applied in order to represent
spatial distribution and qualitative data linked to coal occurrences in the
Mesohellenic Trough Basin. These data were collected and organized via
geodatabase as GIS data files (feature classes or shape files). For the efficient
capture and management of geological map data and for better spatial analysis,
we have applied a topology technique for the coal deposits and geological
formations in our study area. This is a digital representation of spatial data in
two dimensions, pertains to the relationships among feature geometry objects
such as points, lines and polygons. Topology is useful to define the functional

relationships among geologic map objects, the feature geometries of which
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provided in this study contain abundant data regarding the areas of interest that
bear coal/lignite deposits, as well as relative information for the geological units,
the nature of contacts and faults. Physicochemical properties and petrographic

data provided have been derived based upon literature review.
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provide the framework for these representations (Wahl, 2013). Geologic maps
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Fig. 2: Digital Elevation Model (DEM) map of the Mesohellenic Basin with
Coal Occurrences (based on ASTER satellite dataset).
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4. Results and Discussion
4.1 GIS Data acquisition

The spatial database has been developed in GIS environment using ArcGIS
v10.x software, containing various datasets (geological formations, coal
occurrences, faults, strike and dip of beds, areas, contour lines). Database
elements were developed by digitizing features from regional geological maps
(Aubouin, 1961; Brunn, 1977; Koumantakis and Mataragkas, 1980, 1989;
Mavridis et al., 1982; Plastiras 1985; Plastiras and Rozos, 1990; Savoyat and
Lalechos, 1969a,b, 1972; Savoyat and Monopolis, 1971, 1972; Stamatis, 1992),
contours from topographical sheets (1:50.000 scale) and SRTM satellite
datasets. Original source maps were georeferenced in order to recognize
deviations of the study area and to identify coal occurrences. In some cases,
base-map projection information from the original source maps was not
provided. For this purpose, maps were scanned and adjusted to fit a base map
with the following parameters: Projection, HGRS87; False Easting, 500000
meters; Central Meridian, 24° E.; Linear Unit, Meter; Datum, GRS80 ellipsoid.
Polygon locations of coal occurrences were digitized from the original source
maps and incorporated in an integrated geological map (Fig. 1) that displays the
code and extent for each geological formation. Based on our modified geological
map (Fig. 1), four main formations are distinguished from the lower to the upper
parts of the Mesohellenic Trough. Eptachorio formation (Olm-s.st,m) has a Late
Eocene to Early Oligocene age and mainly occurs in the western and southern

parts of the Trough.

Surface analysis was obtained in Mesohellenic Trough as terrain (elevation)
analysis related to aspect (slope direction) and hillshade was calculated on
Digital Elevation Model (DEM) as surface raster (Fig. 2). Digital Elevation
Model (DEM) is the most common digital 3D representation of a topographic
surface with respect to any reference datum. DEM is frequently used to
determine terrain attributes that include elevation at any point, slope and aspect
(direction). In our study area, DEM was created from data obtained using
1:50.000 (scale) topographic maps from the Hellenic Military Geographical

Service and the Advanced Spaceborne Thermal Emission and Reflection
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Radiometer (ASTER), with a nominal horizontal accuracy of 15 and 20 meters

respectively (Jacobsen, 2004).
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Fig. 3: Aspect function map of the Mesohellenic Basin with coal occurrences,
based on Digital Elevation Modeling, displaying surface window of aspect
algorithms and aspect directions.
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From Digital Elevation Map, it is noticed that Upper Miocene coal occurrences
appeared in area with elevation range from 476 m to 820 m, Middle Miocene
coal appeared in area with elevation range from 800 m to 1020 m and Oligocene
coal appeared in area with elevation range from 800 m to 1200 m. Regarding the
results from DEM, indicates that coal occurrences are mostly exposed in area
with an average elevation of 600 m.

Furthermore, aspect function map (direction of slope) (Fig 3) was designed in
order to analyze and visualize landforms, coal occurrences and geological
characteristics (Schweik, 2011). According to the Environmental Systems
Research Institute (Burrough, 1998), aspect function identifies the downslope
direction of the maximum rate of change in value from each cell to its neighbors.
The output aspect raster values represent the compass direction of the slopes.
The aspect raster function generates a map that categorizes aspect (surface
direction) into eight classes (Burrough, 1998) that are symbolized using an
orderly progression of color hues (such as red, orange, and yellow). In
Geographic Information Systems aspect identifies the steepest down slope
direction from each cell to its neighbors and can be defined as the slope or the
compass direction the slope faces. Aspect is measured clockwise in degrees from
zero, due north to 360, again due north, coming full circle. The value of each
cell in an aspect dataset indicates the direction the cell's slope faces. Flat areas

having no down slope direction were given a value of -1 (Babita, 2012).

As mentioned above, in the study area most of the coal occurrences are located
within the Holocene deposits (al, H.sc, cs) as well as the Eptachorio (Olm-
s.st,m), Tsotillio (M1-2.st, M1-3.c,stm) and Burdigalian formations (Mi.Or,
Mi.z, Mi.d,Mi.O, M2.m). Evaluating the results of the exported thematic map a
geostatistical analysis of aspect dataset has been conducted. The distribution of
the relative frequency of coal occurrences in each data layer has been
investigated. The frequency histogram of slope directions regarding the aspect
dataset (Fig.4) indicates that coal occurrences are mostly exposed in the
following classes (descending order): Northeast (13.8%), Southwest (13.4%),
South (13.2%), West (12.9%), Southeast (12%), Northwest (10.7%) and Flat
(0.6%).
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Frequency histogram of aspect directions in MHT coal occurrences
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Fig. 4: Frequency histogram of aspect directions in MHT coal occurrences.
Explanation of X axis values. (0 = flat, 1= North, 2 = Northeast, 3= East, 4 =
Southeast, 5 = South, 6 = Southwest, 7 = West, 8 = Northwest). The Y-axis

(vertical axis) represents the count of raster cells of each aspect class.

In accordance with aspect zonal statistics in coal occurrences (Fig. 4) represent
an equal and balanced interpolation between nine categories in the study area.
Based on geospatial analysis, influence of aspect in occurrence of coal is highly
connected with east, south and southwest direction (40.4%) in the Mesohellenic

Trough Basin.

Next step was the construction of the hillshade (shaded relief) map, which
represents the illumination of a surface (Fig.5) from some hypothetical, user-
defined light source such as the sun (Burrough, 1998). Hillshade is strongly
related to the parameters of azimuth and altitude and is a grayscale 3D
representation of the surface, with the sun's relative position taken into account
for shading the image. Hillshading is a method of visualization of the
topographic relief, based on simulating the effect of natural light on earth’s
surface, under some necessary assumptions and simplifications that make the

result usable for mapping and cartographic purposes.
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Fig. 5: Hillshaded Elevation Model of the Mesohellenic Basin with coal

occurrences, based on Digital Elevation Model raster surface.

Azimuth and altitude indicate the sun’s relative position and angle of elevation
above the horizon range from 0 to 90 degrees, respectively. Particularly, azimuth
is the sun's relative position along the horizon (in degrees) and its position is
indicated by the angle of the sun measured clockwise from due north. An
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azimuth of 0 degrees indicates north, east is 90 degrees, south is 180 degrees,
and west is 270 degrees. Moreover, the slope of a hill is relatively brightly when
facing the sun and dark when facing away. Using the surface slope, aspect, angle
of incoming light, and solar altitude as inputs, the hillshade process codes each
cell in the output raster with an 8-bit value (0-255) increasing from black to
white. From the above, hillshade representations are an effective way to
visualize the three-dimensional nature of land elevations on a two-dimensional
monitor. The hillshade map (Fig. 5) has been developed based on spatial
relations between the frequency of hillshade values and coal occurrences mostly
located in the following classes (descending order): 175°-200° (36%), 150°-175°
(29.5%), 200°-254° (15.60%), 114°-150° (14.5), 0°-114° (3.9%).

Frequency histogram of hillshade values in MHT
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Fig. 6: Frequency histogram of hillshade values in MHT coal occurrences. The
Y-axis (vertical axis) represents the frequency count of raster cells of each value,

while the X-axis (horizontal axis) represents the values of each hillshade class.

According to zonal statistics of hillshade values (Fig. 6) in coal occurrences
represent a maximum count in 180° and an interpolation between 80°-240° in
the study area. Based on geospatial analysis, influence of hillshade in occurrence
of coal is highly connected with range of 150° — 175° values (65.5%) in the
Mesohellenic Trough Basin. The 3D visualization methodology has also been
applied on the aforementioned thematic layers using ArcScene. The 3D model
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IS just representing thematic layers in a GIS data stack, referenced to the same
coordinate system, showing different raster datasets, which have been used for

zonal statistics and surface modeling, related to coal occurrences in the

Mesohellenic Basin (Fig. 7).

Fig. 7: 3D - overlay of thematic layers which used for zonal statistics and surface

modeling related to coal occurrences in the Mesohellenic Basin.
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Table 1: Geometric properties -Topology of the geological formations in the
Mesohellenic Trough.

Eptachorio Olm —s.st, m 400.27 798.12 Polygon

Pentalofos Mlc, M1.st2 1146.95 845.77 Polygon

Tsotilio M1-2.5t, M1- 915.67 2187.90 Polygon

3.c,stm

Burdigalian Mi.Or, Miz, Mi.d 385.42 1361.79 Polygon

Plio — Pleistocene PI-Pt.c 127.61 406.65 Polygon
deposits

Holocene deposits al, H.sc, cs 1398.25 4409.98 Polygon

4.2 Topological layering

Topological features of Mesohellenic Trough formations as well as their total
percentage (%) are presented in Table 1. It can be observed that the Holocene
deposits (al, H.sc, cs) presents the highest area and perimeter values (1398.25
km? and 4409.98 km) corresponding to the 31.97% and 44.05% of the total
perimeter, while the Plio-Pleistocenic formations (PI-Pt.c) exhibit the lowest
values (127.61 km? and 406.65 km) corresponding to 2.92% and 4.06 % of the
total perimeter. Pentalofos and Tsotillio formations also present high area values
(1146.95 km? and 915.67 km? for Pentalofos and Tsotillio respectively), whereas
Tsotillio formation presents high perimeter values (2187.90 km), corresponding
to 21.86% of the total perimeter (Table 5; Fig. 3). The Pentalofos formation does
not present high perimeter values (845.77 km) corresponding to 8.45% of the
total perimeter. Burdigalian formations perimeter is 1361.79 km, corresponding
to 13.60%, while their area value is relatively low (385.42 km) corresponding to
the 8.81%. Eptachorio formation presents low area and perimeter values.
Topological features of Mesohellenic Trough coal occurrences, as well as their
total percentage (%) are presented in Table 2. It can be observed that the Lower
Miocene Coal presents the highest area and perimeter values (374 km? and 38.5
km), whereas the Oligocene Coal exhibit the median values (217 km? and 9.4
km) and Middle Miocene Coal exhibit the lowest values (88 km? and 17 km).
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4.3. Coal occurrences- physicochemical properties and petrographic data

Lenticular coal outcrops have been identified in almost every formation of the
Mesohellenic Trough. Lenticular sub-bituminous coal deposits of good quality
and small thickness (<1 m) outcrop within the molassic sediments. Scattered
lenses with minor granules of yellowish resin are also present. These coal
occurrences are not considered as economically important to sustain any serious

mining effort.

In particular, coal horizons are found within Late Eocene sediments of Krania
Formation and Middle and Upper Oligocene (Rupelian-Chattian) sediments of
Eptachorion Formation. Less frequently they appear within Lower Miocene
(Aquitanian-Burdigalian) sediments of the Pentalofon and Tsotillio Formations,
as well as in the Upper Burdigalian sediments of the Orlia Formation. Late

Eocene coal deposits have only been identified at an altitude of 920 m, within

Table 2. Geometric properties -Topology of the coal occurrences in the

Mesohellenic Trough, calculated from spatial analysis.

Oligocene Coal 217 94 Polygon
Middle Miocene Coal 88 17.0 Polygon
Lower Miocene Coal 374 38.5 Polygon

the upper sequence of the Krania formation, consisting of alternating horizons
of sandstones and bluish marls. The coal layer has a lenticular shape with a
length of 50 m and maximum thickness of 40 cm. Lower level Oligocene coals
are present within the lower parts of the Eptachorion formation, which consist
of marine and coastal-deltaic sedimentary rocks to the northern and to the
southern parts of the Eptachorion formation respectively. Despite their good
quality, these do not present any economic interest due to their relatively small
size of these deposits (Koumantakis and Matarangas, 1980; Papaspyrou, 1981;
and Plastiras, 1985).

Miocene coal deposits are stratigraphically positioned at the lower levels of the
Tsotillio formation. These are interbedded with sedimentary rocks such as
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conglomerates, sandstones and clay-marls. They exhibit rather small
dimensions, accumulated as lenticular concentrations within coastal basins or
deltaic environments. Locally, small lenticular bodies of good coal quality are
also interbedded within clastic sediments of the Pentalofos formation. In
Omorfokklisia formation, coal lenses occur within marly limestones in the form
of lenticular intercalations. Middle Miocene coals, appear as lenticular

intercalations within the lower horizons of the Orlia Formation.

Coals are mainly classified as shiny hard huminites, presenting brittle to
conchoidal fracture with dark grey color (Table 3). They are further divided into:
a) Bituminous coal to Subbituminous A-type coal (Eptachorio Formation -
Upper Oligocene), b) Subbituminous A- to B-type coal (Tsotillio Formation -
Lower Miocene) and c¢) Subbituminous B- to C-type coal (Formation Orlia -
Middle Miocene). Their mineral assemblage mostly consists of huminite group
minerals (90%) of collinite, telinite, ulminite and rarely corpohuminite.
Leiptinite and more specifically rezinite, as well as inertinite appear less often,
whereas FeS; is present in slightly higher amounts (Gerolymatos et al., 1988;
Kotis and Metaxas, 1988).

Table 3. Classification / Petrographic data of the Mesohellenic coal occurrences
(from Gerolymatos, Jacobshagen and Kingdom, 1988; Kotis and Metaxas, 1988).

Basic lithotypes Reflectivity Classification
brittle to conchoidal fracture and between 0.45-0.60% Subbituminous coal
dark grey_color..LocaIIy granules Reflectivity of Collinite- Telinite (A, BandC).
of yellowish resin. ranges between 0.28-0.52%.

The age of the coal occurrences is strongly associated with their carbonation and
can be expressed by the reflectivity of ulminite-b, collinite and telinite.
Ulminite-b from Krania formation presents reflectivity values ranging from 0.60
to 0.62%, reflectivity of Eptachorio formation ranges from 0.50 to 0.58%,
whereas Uminite-b reflectivity from Tsotillio Formations is 0.45% (Table 4).

The reflectivity of collinite and telinite from Krania and Eptachorio formations
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range between 0.48-0.52 and 0.43-0.46% respectively. In addition, reflectivity
of collinite and telinite from Tsotillio formation ranges from 0.28 to 0.34%.

Table 4. Reflectivity values (%) for ulminite and collinite-telinite from the
Mesohellenic Trough (from Gerolymatos, Jacobshagen and Kingdom, 1988; Kotis and
Metaxas, 1988)..

Late Eocene Late Oligocene Early Miocene
Mineral/Formation
Krania Formation Eptachorio Formation Tsotillio Formation
Rm Ulminite-b% 0.60-0.62 0.50-0.58 0.45
Rm Collinite-Telinite % 0.48-0.52 0.43-0.46 0.28-0.34

Based on data provided from Varvarousis et al., (2000) and Kotis and Metaxas,
(1988), coal occurrences from Eptachorion formation (Table 5) exhibit moisture
contents which range from 8.30 to 12.00 wt.%. Their ash content and volatile
matter range from 2.40 to 2.50 wt.% and 17.50 to 24.30 wt.% respectively. Fixed
carbon and total S contents range from 65.00 to 68.00 wt.% and 2.00 to 2.20
wt% respectively. In addition, their Gross heating and Net heating values range
from 7100 to 7110 Kcal/kg and 6660 to 6670 Kcal/kg respectively. The moisture
value of Tsotillio formation coal is 8.70wt.%, while their ash and volatile matter
contents are 7.50 wt.% and 37.10 wt.% respectively. Fixed carbon and total S
values are 45.50 and 0.80 wt%. In addition, their Gross heating and Net heating
values are 6160 kcal/kg and 5940 kcal/kg respectively. Coals from Orlia
formation contain 9.40 wt% moisture and 17.00 wt% ash. Their volatile matter
is 35.10 wt%, while their fixed carbon and total S value is 38.50 wt.% and below
the detection limit respectively. In addition, Gross heating and Net heating
values are 4670 kcal/kg and 4460 kcal/kg respectively. It is evident that
Eptachorio coal occurrences present higher moisture contents compared to those
of Tsotyli and Orlia respectively, while they also include high carbon and total
S values. Based on their S contents the studied coal occurrences are divided into
two groups. Low-S group (S < 1%) includes coals from Tsotyllio and Orlia
formations, while Eptachorio coals are classified as medium-S (S:1-3%) (Chu,

2012). However, their ash and volatile matter are quite low, whereas Orlia coals
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tend to be enriched in ash content. In addition, Eptachorion coals present the
highest Net and Gross heating values compared to both Tsotyli and Orlia coals

Table 5. Physicochemical Qualitive Data of the Mesohellenic coal occurrences (from

Varvarousis et al., 2000 and Kotis and Metaxas, 1988).

Formation / Age

Late Oligocene / Early Miocene Middle Miocene
Moisture (wt.%) 8.30-12.00 8.70 9.40
Ash (wt.%) 2.40-2.50 7.50 17.00
Volatile matter (wt.%) 17.50-24.30 37.10 35.10
Fixed Carbon (wt.%) 65.0-68.0 4550 38.50
Total S (wt.%) 2.00-2.20 0.80 -
Gross heating value
(Kcal/Kg, daf) [h.h.v.] 7100-7110 6160 4670
Net heating value
(Kcal/Kg, daf) [l.h.v.] 6660-6670 5940 4460

5. Remarks - Conclusions

The use of geospatial analysis applied in this study yielded reproducible results
and provided a quantitative description of coal occurrences areas related to
morphotectonic landforms. Reproducibility is an improvement as compared
with traditional morphological map analysis and visual image interpretation.
Quantitative geometric characterization of landforms and coal occurrences
based on DEM and grey-scale terrain images analysis combined with analog
processing of scanned images and drawing maps. The presented digital terrain
analysis procedure thus provided a systematic and consistent framework for
quantitative description of coal occurrences in Mesohellenic Trench Basin.
Furthermore, orientations provided from the thematic maps showed the same
directional trends as lineaments in the satellite images from ASTER (NASA,
2009) DEM. In comparison with the geological characteristics, geospatial
analysis demonstrated that the major fault zones and drainage network were
easily recognized by the aspect (angle-direction) and hillshade datasets. In
addition, coal occurrences are highly connected. with east, south and southwest

Eptachorion Formation/  Tsotyllio Formation = Orlia Formation /
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slope directions (40,4%) and are strongly correlated with range of 150° — 175°
hillshade values (65,5%). Key point of this study, was also the calculation of the
geometric properties of the coal occurrences (polygonal method), combined
with terrain measurements in an integrated geospatial database as a powerful

tool for future investigations in the area of Mesohellenic Trough Basin.

In the present study, Geographic Information System (GIS) data represented
coal occurrences in the Mesohellenic Trough Basin and organized via
geodatabase as GIS data files (feature classes). According to the produced
geological map, nine main formations distinguished from the lower to the upper
parts of the Mesohellenic Trough, while five Burdigalian formations have been
distinguished as well. Additionally, coal occurrences can be distinguished into
three main types according to their geological age: Oligocene, Middle Miocene
and Upper Miocene coals. Lower Oligocene coals tend to present the highest
moisture and lowest ash values compared to those of Miocene ones.
Mesohellenic Trough coals are mainly humintitic and their carbonation grade is
positive correlated with the increasing of their age. Moreover, carbonation
seems to be expressed by their reflectivity. They are C-S richer, while their
volatile values are quite low. The presence of low inertinite contents as well as
the high amounts of framboid pyrite are possibly indicative of reducing
formation conditions. Upper Miocene coal occurrences have the greatest area
value, whereas the lowest area values as well as the shortest perimeter belong to
Middle Miocene coal occurrences of the total area and the longest perimeter.

Results for this study also showed that coals from the Mesohellenic Trough
present excellent quality traits. However, their value as combustible coal is very
low due to the absence of economically recoverable reserves. The largest coal
lenticular bodies have been extracted in the past and the remaining occurrences
do not exceed several thousand tones. Based upon the above-mentioned
literature and from geospatial estimations, coal deposits in the Mesohellenic

Trough Basin cannot be considered as economically valuable for exploitation.

In low-S coals of Tsotyllio and Orlia formations, S was primarily derived from
parent plant material, while in the case of medium-S Eptachorio coals a
combination of parent plant material and sulfate contents in seawater is probably
the source of S (Chu, 2012). The moisture content is strongly associated with

the sustainability of the coal use in the energy production, since high amounts
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of moisture tend to reduce the heating value, while at the same time their
additional weight can increase the cost of transport (Radovic, 1998). Thus, coals
of Tsotyllio formation should probably exhibit the lowest cost of transport since

they present the lowest moisture contents compared to the other ones.

Future studies on MHT’s coal deposits related to geospatial techniques could
have a key role, to play in the chemical and petrochemical industries (e.g.
production of fuels, alternative raw materials), providing sustainable solutions
for the upcoming innovative CCS and CCU technologies, combined with

renewable energy sources.
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