Neogene Achlada lignite deposits in NW Greece
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Preliminary macro-petrographical analyses of samples taken from late Miocene (Pontian) to early Pliocene/Pleistocene
lignite deposits at Achlada, northwestern Greece, show that there are two units in the lower 10 m of the lignite-bearing
sequence. From O to 3.20 m a mixed xylite-rich /matrix lithotype is dominant and from 3.20 to 10 m a matrix-dominated
lithotype is prevalent. The layers consist of organic and inorganic cyclical alternations with intercalated typical xylite
horizons. The first results of coal petrographic analyses indicate a predominant huminite maceral group (60-81%) with a
high content in liptinite (4—10%), and low in inertinite (0.2—2%). Plant association types revealed from palynological
and seed and fruit analyses are open water, reedmoor, Taxodiaceae forest and mixed forest environments. Mineralogical
research using X-ray diffraction (XRD), thermo-gravimetric (TG/DTG), differential thermal analysis (DTA), and Fou-
rier Transform Infra Red (FT-IR) spectroscopy, shows that clay minerals prevail in all samples, with illite-muscovite be-
ing the dominant phase, followed by kaolinite and chlorite but with no smectite. The general area was a floodplain envi-
ronment which included a large meandering river system. * Key words: Neogene, Pliocene, lignite, xylite,
palaeoclimatology, palacoenvironment, Greece.
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The Greek peninsula is an area where vivid neotectonic
activity takes place and many lignite deposits are loca-
ted. During the period from the Neogene to the Quater-
nary, a large number of major and minor faults develo-
ped and sections of crystalline basement rocks were
depressed, causing the development of isolated littoral
or intramontain basins. In the shallow waters of these ba-
sins, plant debris from the surrounds accumulated and
formed the most important lignite deposits in Greece,
such as Florina, Ptolemais, Megalopolis and Drama
(Koukouzas & Koukouzas 1995). These deposits are of
great interest because of their abundance and economic
value, as they provide the main source of raw material
needed for electricity production. Consequently, much
research has already been carried out concerning these
Greek lignite deposits (Kaouras 1989, Loh 1992, Riegel
et al. 1995, Antoniadis & Gregor 1996, Georgakopoulos
& Valceva 2000, Papanicolaou et al. 2000, Kalaitzidis et
al. 2004). In addition, Tertiary lignite sequences in gene-
ral provide exceptional opportunities for continuous
examination of the environmental change that happened
during their formation.
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Cooperation between the National Technical University
of Athens (N.T.U.A) and the University of Cologne have led
to combined research regarding the genesis and evolution of
the Greek lignite deposits. Examination of facies succession
in each individual lignite deposit, the representation of eco-
systems that participated in the lignite formation, a compari-
son of past and recent environments and finally their rela-
tionship to the dynamic of each individual lignitiferous
(lignite-bearing) basin have all been studied. The early
stages of research included research on individual lignite de-
posits at the eastern margins of the Florina Sub-basin (e.g.,
Blachou 1999, Bali 2005, Ilia 2007). However, individual
lignite deposits at Achlada have not yet been studied in de-
tail. Kalaitzidis et al. (2003) highlighted the presence of
leonardite in the Achlada coal seams and Antoniadis et al.
(2001) focused on coal petrography. The latter characterized
the deposits as huminitic type lignites that had been formed
in a telmatic environment mainly under mesotrophic to
rheotrophic hydrological conditions. Moreover, Zeppos et
al. (1993) researched the total lignite deposits, which are
present at the eastern margins of the Florina Sub-basin, giv-
ing emphasis to the financial potential.
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Figure 1. Geological map of the Florina Basin with the location and generalized lithological column (a) of the studied area (after Pavlides & Mountrakis

1987) and (b) of Achlada lignite deposits, NW Greece.

The aim of the current study is to present preliminary
results from analyses carried out on samples extracted from
a 10-meter thick profile in the Achlada opencast mine. The
data for such analyses led to a multidisciplinary palaeo-
carpological, palynological, coal-petrographical, mineral-
ogical and sedimentological study. Additionally, animal
remains like cocoons and coprolites are present but no
shells were found. This work is followed by an assessment
and interpretation of the palaeoenvironmental conditions
associated with Achlada lignite deposits, as well as the role
of palaeoclimate (orbital signatures) in the evolution of the
particular lignite deposits.

Geological setting

The studied area is located in the NNW-SSE trending intra-
montane Florina-Ptolemais-Servia (FPS) Basin, which ex-
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tends over a distance of 120 km from Bitola (Macedonia)
to Servia in northwestern Greece through the cities of Flo-
rina, Amyteon and Ptolemais (Fig. 1). The basin developed
in the Late Miocene in the Pelagonian Zone, the western-
most part of the Internal Hellenides (Brunn 1956), in res-
ponse to NE-SW extension (Pavlides & Mountrakis 1987).
A subsequent Pleistocene episode of NW-SE extension re-
sulted in the fragmentation of the basin into several
sub-basins, i.e., Florina, Ptolemais and Servia (Pavlides &
Mountrakis 1987), which are flanked by mountain ranges
that are primarily composed of Palaeozoic schists, Upper
Carboniferous granites and Mesozoic limestones (Brunn
1956).

The Neogene-Quaternary sediments that fill the basin
overlay unconformably both Palaeozoic metamorphic
rocks and the Mesozoic crystalline limestones and can be
divided into three lithostratigraphic units as follows: 1, the
lowest consists of basal conglomerates containing pebbles
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of metamorphic rocks, which pass transitionally upwards
into marls, sandy marls, sands, clays and lignite layers. The
age of this unit has been defined by fossils as late Miocene
(Pontian) to early Pliocene (Velitzelos & Petrescu 1981);
2, the middle unit is clayey and contains some thick lignite
beds, which alternate with clays, marls, sandy marls, and
sands. Pollen analysis and a microfaunal study (Weerd
1979, Toakim 1984) have given an early Ruscinian age
(lower boundary: 5.3 Ma) for the lower members of the
unit and a late Ruscinian one for the upper members
(Koufos 1982); 3, the upper unit consists of terrestrial and
fluvioterrestrial conglomerates, lateral fans and alluvial de-
posits and represents Quaternary sedimentation in the ba-
sin (Pavlides & Mountrakis 1987).

As for tectonic activity in the studied area, normal
faults are represented in the lignite beds with two main
fault directions dominant, a NE-SW direction and a
NW-SE one, which is almost vertical to the first one. A
similar tectonic structure is presented in the Achlada coal
mine sediments where the inclinations are about 15° SSW.
Additionally, big NW-SE faults drop the Neogene sedi-
ments to the SW (Pavlides & Mountrakis 1987). Finally,
the major Achlada—Scopos—Papadia fault, the direction of
which is NE-SW, is an important result of Pre-Neogene
neotectonic activity (Mountrakis 1983).

Material and methods

Although the lignite deposits have already been described
in total, the macro-petrographical, palacobotanical, paly-
nological and mineralogical aspects presented here con-
cern only the first ten meters (0—10 m) of the lignite-
bearing sequence. Because the Achlada lignite deposits
present obvious differences in three parts of the opencast
mine (see following paragraphs for details), the studied
profile does not represent a generalized section for the
whole succession but a particular section in one of the
three. Lithostratigraphic features have been traced based
on data from 59 samples belonging to the 10-m profile ob-
tained sequentially from bottom to top of the lignite-
bearing sequence (Fig. 2). The samples were also taken to-
wards the direction shown in Fig. 3 in order to obtain the
most representative approach. Samples and residues, num-
bered xx1-59 are housed in the laboratory of Mineralogy,
Petrology and Economic Geology at the School of Mining

Figure 2. Macro and micro-petrographic analysis of the examined 10-m
profile. The lignite-bearing sequence begins at inorganic horizon AO.
Lithological column with organic and inorganic alternations plotted to the
left; legend shows lithotype composition of profile; to the right are num-
bers of organic and inorganic samples extracted; in the fourth column are
symbols of palacobotanical finds.
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and Metallurgical Engineering of the National Technical
University of Athens (NTUA).

Lithological features of each of the studied samples
were macroscopically described and the lignite lithotype
determined according to guidelines established by the In-
ternational Committee for Coal and Organic Petrology
(ICCP 1993), as well as by Taylor e al. 1998. Samples
with more than 10% by volume woody tissues were logged
as mixed xylite-rich/matrix, whereas that of immiscibly
woody tissues was classed as xylite.

Palaeobotanical investigation comprised examination
of seven samples for palynology purposes and eight for
palaeocarpology (Table 4). Apart from one coal sample,
the rest of the samples for both examinations originated
from an inorganic intercalated seam in the lignite-bearing
sequence and were prepared according to Kaiser & Ashraf
(1974). Three of the samples were from a common bed for
carpology and palynology, whereas the rest (nine) were
from different horizons. The investigation was carried out
using an Orthoplan Leitz 307 metallographic microscope
as well as a Wild M8 stereoscope.

For coal-petrographic analysis, polished blocks (@ 3 cm)
of 10 coal samples (Fig. 2) were prepared according to
international standards (American Society 1990) and also
examined using the Orthoplan Leitz 307 coal-petrographic
microscope (objective magnification x 50, oil immersion,
monochromatic light at A =546 nm). Point counting for
maceral analysis was conducted under reflected white and
fluorescent light following the Stopes-Heerlen terminol-
ogy (ICCP 1963, 1971, 2001; Taylor et al. 1998; Sykorova
et al. 2005).

The mineralogical composition of 23 samples was de-
termined by means of X-ray diffraction (XRD), thermo-
gravimetric (TG/DTG), differential thermal analysis
(DTA), and Fourier Transform Infra Red (FT-IR) spec-
troscopy; all samples were taken from clastic rocks inter-
calated in the coal seams (Fig. 2). In order to identify the
types of clay mineral occurring in the studied samples,
samples were examined both in bulk and after heating up
to 550 °C for 2 hours in a static oven. Samples were then
cooled at room temperature and examined by X-ray
power diffraction. The presence or absence of swelling
clay minerals was identified by the shift or not of typical
diffraction patterns (for each clay mineral) after satura-
tion with ethylene glycol. Apart from X-ray diffraction
analysis, the bulk samples were examined by means of
FT-IR, DTA and TG/DTG analysis and the results from
the different types of analyses were then correlated. X-ray
power diffraction patterns were obtained using a Siemens
D-5000 diffractometer, with Ni-filtered CuKa, radiation
(A = 1.5405 A), operating at 40 kV, 30mA. The IR mea-
surements were carried out using a Fourier Transform Infra
Red (FT-IR) spectrophotometer (Perkin Elmer 880). The
FT-IR spectra, in the wavenumber range from 400 cm™' to
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4000 cm™', were obtained using the KBr pellet technique.
The pellets were prepared by pressing a mixture of the sam-
ple and of dried KBr (sample: KBr approximately 1 : 200),
at 8 tons/cm’. Differential thermal analysis (DTA) and
thermo-gravimetric (TG/DTG) analyses were obtained si-
multaneously using a Mettler Toledo 851 instrument. The
samples were heated from 20 °C to 1200 °C at a constant
rate of 10 °C/min.

Results and discussion
Petrographic analysis

Macropetrography. — A general view of the Achlada open-
cast mine, which is in operation, is presented in Fig. 3. The
thickness of the lignite deposits is about 35 m while the
thickness of the overlying formations, consisting of clays,
marls, sands and other sediments, is about 20 m.

Two main characteristics of the lignite deposits, com-
prise typical alternations of organic and inorganic beds, as
well as channels that indicate strong fluvial influence. The
same model, with very frequent alternations of thin layers
(of a few cm) of lignite, clay and marl was called “the big
lignite deposits of Ptolemais” by Kaouras (1989). In con-
trast, the Achlada lignite deposits show thick lignite seams
with alternations of thin clay layers.

The combination of macropetrographic analysis of the
first 10-m profile and the observations at the Achlada
opencast mine resulted in the profile presented in Fig. 2.
The sampling started from an inorganic horizon, named
A0, which is at the base of the lignite-bearing sequence.
The main characteristic of the studied profile is the alterna-
tion of matrix-dominated and mixed xylite-rich/matrix
lithotypes, with in addition the presence of 12 distinct
xylite horizons. Despite efforts made, no further palaeo-
botanical fossils were found.

From the first, the 10-meter profile could be divided
into two different units. The first one is from 0 m up to
3.2 m, where the main characteristic is the presence of the
mixed xylite-rich/matrix lithotype; the second is from
3.2 m up to 10 m, where the occurrence of matrix-domi-
nated lithotype is typical.

The first lignite horizon starts with a matrix-dominated
lithotype without plant roots. In the first 3.2 m the domi-
nance of mixed xylite-rich/matrix lithotype is evident. In
addition, the lignite-bearing sequence is disrupted by a
thick (~80 cm) inorganic horizon in which vertical posi-
tioned stems are present (see description of Fig. 5B below).
Two thin xylite horizons are also present in this part of the
succession.

In the second unit (3.2-10 m), the matrix-dominated
lithotype is prevalent and can be divided into three sub-sec-
tions (3.2-4.8 m, 4.8-7.5 m, 7.5-10 m) based on the pres-



loannis Oikonomopoulos et al. * Neogene Achlada lignite deposits in NW Greece

e Y

Figure 3. Photograph showing general view of Achlada lignite deposits. Black lines A-B and C-D denote the organic beds and the overlying inorganic

sediments, respectively.

ence of four clayey lignite horizons. In the first sub-section,
the occurrence of matrix-dominated lithotype is striking
and there is also a simultaneous equivalent alternation with
horizons of mixed xylite-rich/matrix lithotype. Addi-
tionally, a thin xylite horizon is present. The lignite-bear-
ing sequence is interrupted (at about 1.6 m, fig 2) by an
about 65-cm thick clayey lignite horizon. The second sub-
section is also predominantly matrix-dominated lithotype,
with here the succession interrupted by both mixed
xylite-rich/matrix lithotype horizons and clay ones. A
xylite horizon finalizes this sub-section. Upwards, the lig-
nite-bearing sequence discontinues and starts again with a
xylite layer; xylite horizons are then typical and striking in
this third sub-section. An additional observation is that the
xylite horizons are inclined to dominate towards the top
(~35 m) of the total Achlada lignite-bearing sequence. This
trend is already clear in the first 10 meters of the succession
with the increase in xylite layers at about 7.5 m (Fig. 2).

Particular emphasis is given to the presence of xylite,
which is found in large amounts in the Achlada lignite de-
posits. During the macroscopic analysis of the layers of the
lignite-bearing sequence it was observed that the Achlada
deposits differ from others in their many and well-pre-
served horizontal xylite layers (Fig. 4), the thickness of
which varies from 2 cm up to 12 cm and which extend for
about 15 m.

Not only are isolated xylite parts present in the lignite
mass but the thickness of these beds can also whose vary

(see Fig. 4). The xylite texture of the deposits is amplified
by the occurrence of large and small xylite parts as
branches and stems (Fig. 5). Roots are also observed (see
left Fig. 5A), and deposition continued inside the lignite
horizons (right of Fig. 5A). Moreover, two smaller stems
are depicted and another stem with well-preserved tissue is
seen in vertical position in a huge inorganic clayey bed and
presents (Fig. 5B); this particular stem continues into the
overlying lignite horizon, suggesting an autochthonous
character.

Micropetrographic composition and facies indices. — The
maceral composition of the studied samples is summarized
in Fig. 2 as well as in Table 1. From this it was determined
that huminite is the dominant maceral group with a maxi-
mum percentage of 81% and a minimum of 60%. Liptinite
is present in all the samples with high content at the top and
bottom of the studied profile with a lower content in the
middle part of that and a contents ranging from 4% to 10%.
Distribution of inertinite presents the same behaviour as
liptinite but in much lower percentages (0.2-2%).
Humotelinite is the most prevalent maceral subgroup in
the majority of the samples. Interesting is that ulminite,
which contributes mainly in the form of ulminite A, is
the most abundant maceral of humotelinites. Ulminite B
only contributes in low percentages. Regarding
humodetrinite, attrinite is the dominant maceral of the
mixed xylite-rich/matrix lythotype and the xylite type,
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Table 1. Composition of maceral and mineral matter (vol.%) of the Achlada lignite deposits

Macerals Al A2 A4 A8 A10 Al2 Al18 A23 A24 A30
Textinite A 0.77 0.3 0 0 0 0 0 0 0 0.26
Textinite B 0 0 0 0 0 0 0 0 0 0
Ulminite A 18.14 35.7 38.47 42.63 40.37 39.15 39.32 29.44 23.88 39.64
Ulminite B 11.11 6.4 1.62 26.43 2.66 4.23 1.56 1.02 0.52 4.92
ULMINITE 29.25 42.1 40.09 69.06 43.03 43.38 40.88 30.46 24.4 44.56
Humotelinite 30.01 424 40.09 69.06 43.03 43.38 40.88 30.46 24.4 44.82
Attrinite 21.76 15.8 21.13 5.73 8.28 4.76 16.67 25.89 24.67 15.03
Densinite 25.12 15.3 6.23 2.24 17.91 21.42 13.54 11.17 8.14 0.52
Humodetrinite 46.88 31.1 27.36 7.97 26.19 26.18 30.21 37.06 32.81 15.55
Porigelinite 0 0.3 0 0 0 1.32 0 0.25 0 0
Levigelinite 0 0 0 0 0 0 0 0 0 0
Corpohuminite 1.554 32 2.16 1.49 2.67 10.05 5.47 2.8 2.62 11.65
Humocollinite 1.554 35 2.16 1.49 2.67 11.37 5.47 3.05 2.62 11.65
HUMINITE 78.48 77 69.61 78.52 70.89 80.93 76.36 70.57 59.83 72.02
Fusinite 0 0 0.27 0 0 0 0 0 0 0
Funginite 1.29 1.6 0.54 0.25 0.26 1.06 1.3 1.02 0.26 1.3
Inertodetrinite 0 0 0 0 0 0 0.52 0.51 1.05 1.04
Macrinite 0 0 0 0 0 0 0 0 0 0
INERTINITE 1.29 1.6 0.81 0.25 0.26 1.06 1.82 1.53 1.31 2.34
Sporinite 2.849 2.1 0.81 0.75 1.34 1.59 0.26 2.28 2.36 1.04
Cutinite 2.07 2.6 1.08 4.73 0.8 0 0 0.76 0.52 1.81
Resinite 0 0.3 0 0 0 0 0 0 0.79 1.81
Suberinite 1.29 1.07 0.81 0 0.8 4.23 0.52 0 0.52 2.6
Alginite 0 1.3 2.98 0 0.26 1.05 0.78 4.06 3.94 0
Liptodetrinite 2.07 2.4 1.89 0 1.06 0.8 2.34 33 2.36 0.26
Fluorinite 0 0 0 0 0 0 0 0 0 0
LIPTINITE 8.279 9.8 9.73 5.48 4.26 7.67 39 10.4 10.49 7.52
Clay minerals 10.1 7.2 11.92 6.98 15.24 5.03 12.76 13.7 23.88 8.81
Pyrite 0.259 2.4 8.94 6.12 8.28 4.82 4.95 3.04 3.67 7.51
Carbonate 0 1.07 1.89 1.74 0 0.26 0 0.76 1.31 1.81
Mineral matter 10.36 10.7 23.29 15.7 23.32 10.32 17.71 17.5 28.86 18.13
Indices

TPI 0.673 1.452 1.554 8.852 1.745 1.943 1.508 0.879 0.798 3.404
GI 2.348 3.441 221 12.17 7.448 13.09 3.239 1.629 1.353 3.218

whereas densinite is present in higher values in the matrix
lithotypes. Humocollinite displays low to moderate values
(1.5-12%), with corpohuminite being the predominant
maceral. The latter is also frequently accompanied by sub-
erinite. Porigelinite occurs up to 1.2%. No levigelinite was
found.

The values of liptinite vary according to the lithotype
and more specifically, the mixed xylite-rich/matrix lithotype
display liptinite contents with an average of 8%, compared
to 7% in the matrix ones. Sporinite and liptodetrinite are the
most frequent macerals, followed by cutinite and alginite.
Inertinite does not exceed values greater than 2%. The most
common are funginites and inertodetrinites.
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Clay minerals dominate in all the samples with
amounts up to 24%, while pyrite contributes with values up
to 9%. Carbonates contribute only low amounts in all sam-
ples. However, it should be noted that the identification of
minerals using the reflected-light microscope is problem-
atic and, thus, only approximate.

Representative microphotographs of the various
maceral associations are shown on Fig. 6. Both ulminite-A
and ulminite-B are present (Fig. 6A), and they are con-
nected by a gelinite mass. Densinite occurs and a typical
form of corpohuminite is noteworthy (Fig. 6), with a cyclic
form with an accumulation of resinites in the centre. When
seen in fluorescence light the presence of resinites is
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clearly shown in the centre of corpohuminites. A very
beautiful accumulation of alginite is present (Fig. 6E).
Finally (Fig. 6G), there is a typical occurrence of
framboidal pyrite. Inorganic matter varies from 10 to 29%
comprising clay minerals, pyrite, and other accessory min-
erals. The maximum content of clay minerals was found in
sample A24 of clayey coal whereas lower amounts of clays
were in matrix coal in the lower part of the profile (Fig. 2).
The pyrite content is relatively high (0.2-9%) and is
found mostly in the framboidal form (Fig. 6G), suggest-
ing enhanced activity of sulphate-reducing bacteria, prob-
ably related to carbonate and sulphate-rich waters in the
basin during peat formation (Kuder et al. 1998, Teich-
miiller et al. 1998, Stachura & Ratajczak 2004).

Due to the fact that a combination of sedimentological,
geochemical, palaeobotanical, palynological and biologi-
cal studies should be applied to define the origin of coal de-
posits (Collinson & Scott 1987, Shearer et al. 1995, Scott
2002, Moore & Shearer 2003), in this study the use of
maceral ratios is only indicative and complementary to the
palaebotanical features and not a panacea for the delinea-
tion of the palacoenvironmental conditions.

The ternary diagram proposed by Mukhopadhyay
(1989) provides a first view of the depositional conditions;
he also used the humodetrinite/humotelinite ratio to differ-
entiate between swamp-dominated, swamp-marsh, and
marsh-dominated coal environments. When this ratio is
used, all the samples showed values < 1.5 and reflect distri-
bution in the swamp-dominated area (not shown).

Furthermore, by plotting the results of the maceral analy-
sis on Mukhopadhyay’s (1989) ternary diagram (Fig. 7), it
seems that the peat accumulated under highly saturated and

Figure 4. Xylite beds in the lignite deposits. Bold lines indicate the
xylite horizons.

intensely anoxic conditions. Most of the samples plot close
to apex A, suggesting forested vegetation and good tissue
preservation and, in addition, the indicated depositional en-
vironmental conditions were similar irrespective of which
model (or modified version) was used. Sample A8 plotted
very close to apex A, indicating better tissue preservation in
comparison to the other samples. This good material origi-
nates from lignin-rich plants especially immiscible woody
species from a horizon that is part of a xylite body occurring

Figure 5. A —horizontal position of a huge stem inside a lignite bed (a). Two almost horizontal xylite parts (b and c). * B — vertical positioned stem inside
an inorganic horizon.

341



Bulletin of Geosciences * Vol. 83, 3, 2008

within the lignite mass. The same xylite body comprises also
two other horizons (A6 and A7) lying under A8, while in
the overlying A9 clayey horizon there is the possibly
autochthonous vertical situated stem (see above and
Fig. 5B), the upper part of which is incorporated into the
overlying matrix horizon A10. From a palacoenvironmental
point of view, the combination of a xylite body occurrence
and a constant succession of either mixed xylite-rich/matrix
horizons or xylite ones (1.25-2.65 m, Fig. 2) suggests that
the area, where an independent cluster of trees occurred, was
little by little converted into wet forest swamp where the for-
ested vegetation contributed to peat formation, after which a
flood episode stopped the peat accumulation and deposited a
thick clayey horizon.

The tissue preservation (TPI) and gelification indices
(GI) proposed by Diessel (1986, 1992) have been used for
evaluating the depositional palacoenvironment. The TPI is
an indicator of the degree of organic tissue preservation in
a palaecomire, as well as a function of the contribution of ar-
boreal vegetation to peat formation. The GI reflects the ho-
mogenization (sensu gelification) of organic matter. TPI
and GI indices had previously been modified (Kalkreuth ef
al. 1991, Sakofara & Michailidis 1997, Markic &
Sachsenhofer 1997, Kalaitzidis et al. 2001, Flores 2002,
Mavridou et al. 2003, Iordanidis & Georgakopoulos 2003
and Zdravkov et al. 2006) and here, we have used the ratios
modified by Kalaitzidis ef al. (2001). These modifications
were applied to the indices proposed by Markic & Sach-
senhofer (1997), and include the introduction of gelinite
and inertodetrinite as nonstructured macerals in the de-
nominator of TPI and gelinite in the numerator of GI. Pre-
vious coal-petrographic studies on Greek lignites
(Kalaitzidis et al. 1998, 2000, 2001; Antoniadis et al. 2001;
Papazisimou 2002) showed that, by using these indices, the
assessment of peat-forming palacoenvironments corre-
sponds better to the conditions of lignite formation in
Greece. Moreover, a recent study concerning the
Amynteon lignite in the Ptolemais Basin (Mavridou ef al.
2003) was based on the same indices. The formulas used
for TPI and GI are:

humotelinite+corpohuminite+fusinite

* attrinite+densinite+ gelinite+inertodetrinite

ulminite+humocollinite+densinite

textinite+attrinite+inertinite

The TPI values range between 0.7 and 3.4 for nine
samples (Table 1; Fig. 8), with the higher values corre-
sponding to mixed xylite-rich/matrix ones, while for sam-
ple A8 the value is exceptionally high (8.8). Probably, or-
ganic matter preservation was moderately to intensely
favoured, since all samples display TPI > 0.1. Addi-
tionally, the preservation of structured tissues, as an index
of humification intensity, was low to moderate for soft
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cellulose-rich plant materials (herbaceous species) and
high for lignin-rich plant materials (woody species) such
as sample A8. The GI values fluctuate from 1.4 to 3.4 for
the majority of samples revealing low to moderate
gelification of the organic matter.

Reading the TPI vs. GI plot (Fig. 8), it seems that the
majority of samples were accumulated in the field repre-
senting ‘wet forest swamp’. The sample distribution is in
accordance with the other palaebotanical results and shows
that the forest swamp environment was periodically con-
verted to a limnic one when both the TPI and GI were low-
ered. Additionally, a previous study (Antoniadis et al.
2001) supported the presence of a telmatic environment
under mainly mesotrophic to rheotrophic hydrological
conditions.

Samples A8 (xylite) and A30 (mixed xylite-rich/matrix
coal), which as noted above present a higher TPI (> 3.5)
than the other eight, are exceptional and indicate the possi-
ble occurrence of a piedmont plain environment. Although
the number of analyzed samples is only indicative, the hy-
pothesis that many independent clusters of trees were pres-
ent in the Neogene of the studied area is supported both by
the occurrence of the piedmont plain plot in Fig. 8 and the
presence of xylite bodies within the lignite mass in many
independent positions. Furthermore, floodplain fens occur
upon badly-drained floodplains of some rivers and streams
frequently experiencing episodic inundation, either di-
rectly from adjoining watercourses or because high river
water levels help to ‘pond back’ land-drainage and rainwa-
ter inputs (Giller & Wheeler 1986). The presented pied-
mont plain environment in comparison to the wet forest
swamp, probably means that small parts of the former in
which clusters of trees grew were periodically flooded (be-
cause of either small stream contribution originating from
the surrounded mountains or the inundation of the main
river system of the general area) converting it into a wet
forest swamp. Afterwards, this swamp was established, as
revealed by the palaebotanical data, a reedmoor type of
vegetation grew together with various types of forest.

Palaeobotanical characteristics

As a whole the flora is poor in species and specimens. Men-
tioned among the finds is yielded material, mostly seeds;
charcoal as fusinite, fungal perithecia and other plant debris.

Palynology. — Seven samples (Table 3) were completely
analyzed for palynological inclusions. All samples allowed
a preliminary qualitative estimation. Families, genera and
species found during the process of analysis are plotted in
Table 3. From this, by using typical pollen grains for each
individual facie, we reconstructed the palacoenvironment
in which the Achlada lignite deposits were formed.
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Figure 6. Photomicrographs of various macerals and pyrite within the coal matter from the Achlada lignite deposits. All photos were made both with re-
flected white and fluorescent light under oil immersion. ¢ A — ulminite A (dark) (U-A) and ulminite B (U-B), magnification 50x. * B — typical cyclic form
of corpohuminite (Co) and resinite (Re) in rootlet section with dispersed framboidal pyrite (white), 50x. ¢ C — typical funginite (Fu) habitation, 50x.
* D —resinite (Re), 50x. * E — alginite (Al) accumulation, 50x. ¢ F — sporinite (Sp), S0x. ¢ G — framboidal pyrite (Py) within ulminite (U), 50x.

Ovoidites, green algae, cysts of the family Zygnema-
taceae (Rich et al. 1982), which is a representative of a
reedmoor environment and is present in almost all Greek
lignite deposits (Riegel 1965, Nickel 1987, Kaouras 1989),
has been found in Achlada only in sample A13 with a per-
centage of about 1%. The total algal mass from all samples
with percentages of about 15%, is considered to represent
plankton that coexisted with the plant association which
characterizes the reedmoor environment.

Fern spores are represented by Laevigatosporites
haardi from the family Polypodiaceae; they appear in low
percentages in the lower seams of the profile (Table 3). The
occurrence of polypodiacean spores is typical for transi-
tional environments characterised for instance, by the tran-
sition from fresh water to mixed forest or semi-fresh
reedmoor environment, as it occurs in recent peat deposits
on eastern American shoreside areas (Riegel 1965).

A reedmoor environment is also represented by the ap-
pearance of Gramineae, the occurrence of which assures
the presence of a reedmoor area or one adjacent. A large
percentage part may belong to Phragmites communis,
which occurs in any reedmoor area. In addition, the Spar-
ganiaceae, which are present in the same area, are also typi-
cal of a reedmoor environment.

The Pinaceae contribute only in minor amounts and
also are not present in all samples. Low percentages of
Pinus have also been noticed in other Greek lignite depos-
its, regarding sub-aquatic facies in Ptolemais (Kaouras

1989) and the Taxodiaceae forest facies at Aliveri (Riegel
et al. 1989), which is connected with an increase of Medi-
terranean vegetation types at Megalopolis owing to
warmer interglacial climatic conditions during the Quater-
nary period (Nickel 1987).

Typical pollen grains of Aceraceae, Tilia, Myrica and
Betula, indicating a mixed forest environment, are also
present in the studied profile. An additional datum with a
strong indication of a reedmoor environment influence is
the occurrence of pollen from the families Cyperaceae and
Compositae.

The presence of Sequoia in sample B16 at the top of the

succession is also remarkable, and further detailed analy-
ses of all samples might reveal whether this taxon is of
autochthonous or allochthonous origin.
Palaeocarpology. — The results of a preliminary carpologi-
cal analysis on eight samples taken from clastic rocks inter-
calated in the coal seams are shown in Table 4. The fossil
remains including the seeds are mostly poorly preserved,
strongly gelified, squashed and difficult to determine. Loo-
king at the plant association types revealed from the analy-
sis, water, reed, swamp and mesophitic palacoenvironments
are distinct. Furthermore, lianas, epiphytes (Ampelopsis
sp., Lorantaceae) and fungi (Cenococcum geophilum, Perit-
hecia indet., Rosellinites areolatus) are present. Surpri-
singly, signs (mesophytic elements) of drier conditions are
dominant, which is also confirmed by the presence of the
fungi and lianas, which grow in drier habitats.

343



Bulletin of Geosciences * Vol. 83, 3, 2008

Cc

dry (oxic)
conditions

50 50

Forest fen,
mildly oxic to mildly
anoxic conditions,
good tissue
preservation

Reed fen,
increased maceration
and bacterial activity,
intence reducing
conditions

25

a8, 3%0 a1z
; 3T AT ‘
A 25 A Mg, 75 B

Figure 7. Ternary diagram showing the palacoenvironmental condi-
tions for 10 samples from the Achlada lignite deposits, according to
Mukhopadhyay (1989). A = telohuminite + corpohuminite + sporinite +
cutinite + resinite + suberinite + fluorinite, B = detrohuminite + gelinite +
liptodetrinite + alginite, C = inertinite.

Table 2. Characteristic FT-IR bands of a representative sample from a
thick inorganic layer 2 m above the base of the Achlada lignite sequence.

Assignment Wave number (cmﬁl)
stretching vibration of OH groups 3699, 3618
H-O-H stretching vibration of absorbed water 3428
H-O-H bending vibration of absorbed water 1629
Si-O-Si stretching vibration 1032
Si-0-A1"! stretching vibration 1013
Si-O,picar stretching vibration of Si-Ojpica 1104
Si-0-Al"" stretching vibrations 534
Si-O-Si bending vibrations 468
stretching vibration of O-C-O groups 1405

The combined palacobotanical study revealed that ar-
boreal plants as well as herbaceous ones contributed to the
peat formation of the Achlada lignite deposits. Further-
more, these data support the macropetrographic division of
the lignite-bearing sequence into two different sections,
which suggested that the peat-forming vegetation con-
sisted mainly of mixed forest vegetation for the lower sec-
tion and reedmoor and open water for the upper section.

Finally, from the stratigraphical point of view,
Meliosma is a Neogene type also Symplocos and
Sambucus, Potamogeton piestanensis is more typical of
Pliocene. The presence of Glyptostrobus europaeus and
Glyptostrobus sp. are ubiquitous. Recent studies (Ticleanu
& Diaconitd 1997, Kovar-Eder et al. 2001) suggest that
Glyptostrobus europaeus is frequently accompanied by in-
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Table 3. Palynological analysis at Achlada seams.

Bl16  B6  A35 A27 Al3 A9 A3

Ovoidites +

Plankton + + + + +
Sparganiaceae

Gramineae + + +

+ o+ o+ o+

Cyperaceae + +
Palmae

Magnoliaceae +

Fagus + +

Acer +

Compositae

Tilia + +
Cyrillaceae

Myrica +
Carpinus

Alnus + +

+ o+ o+ o+

Betula +
Ulmus +
Sequoia

Taxodiaceae + + + +
Polypodiaceae + + +

Pinaceae + + + +

Table 4. Palaeocarpological analysis at Achlada seams.

BIl Bl A35 A33 A21 AlI3 A9 A0

Epiphytes + +

Algin + + +
Nymphaeaceae

Potampgeton + +
Batrachium

Sparganium + + +
Decodon

Epipremnites +
Glyptostrobus + +

Actinidia +
Meliosma + + +
Pterocarya + +

Rubus + + + +
Sambucus +

Symplocos +

tense growth of herbaceous vegetation and open-water ele-
ments, while Stach er al. (1982) and Taylor et al. (1998)
stated that the growth of members of the family
Taxodiaceae (e.g., swamp cypress) requires humid climate
conditions. This kind of vegetation implies a wet and warm
climate with average temperatures of the coldest winter
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Figure 8. Diagram of TPI/GI of the Achlada lignite deposits (modified from Diessel 1986 and adjusted for Greek Tertiary lignites by Kalaitzidis er al.

2001).

month +6 °C for Taxodium and +5 to +10 °C for Glypto-
strobus, while for the warmest months temperature could
reach +30 °C (in Kloosterboer-van Hoeve 2000). More-
over, Kalaitzidis et al. (2004) showed the significant con-
tribution of Glyptostrobus europeus in peat formation of a
specific lignite seam, named the Upper Xylite Layer,
which is part of the Neogene Ptolemais Basin lignite de-
posits. The latter is adjacent to the Florina Basin.

Mineralogical composition

Due to the fact that mineral matter plays a major role in the
evolution of a lignite sequence, thorough analysis was ac-
complished to determine the mineralogical composition of
inorganic horizons intercalated in the coal seams of the
Achlada lignite deposit. Clay minerals prevail in all sam-
ples, with illite-muscovite being the dominant phase, and
kaolinite and chlorite the next. No smectite was found in
the studied samples, as its typical peak (100) is not shifted
from d = ~14 A to lower 20 (d = ~17 A) after saturation
with ethylene glycol. In addition, the other mineral phases
identified are mainly quartz and feldspars. The presence of
siderite, in the majority of samples, is also obvious.
Quartz is identified by its typical peaks (101) atd=3.34 A
and (100) at d = 4.26 A; feldspars are identified by the
peaks (002) at d = ~3.19 A and (220) at d = ~3.24 A;
illite-muscovite is identified by the sharp diffraction peak
(001) at d = ~10 A and (003) at d = ~3.34 A; kaolinite is

identified by its typical peaks (001) and (002) at ~7.1 A and
d=~3.5 A; and chlorite by the peaks (001) and (002) at d =
~14 A and d = ~7 A, respectively.

An x-ray diffraction diagram of a representative orien-
tated sample (a thick layer at 2 m above the base of the se-
quence) shows a combined kaolinite-chlorite peak, which
also appears in a glycolated sample, identified by their ther-
mal behaviour. When the samples were heated up to 500 °C,
the intensity of the characteristic diffraction patterns at d =
~7.07 A and d = ~3.52 A decreased due to the collapse of the
mineral, clearly indicating the presence of kaolinite.

The representative sample when examined by means of
FT-IR confirmed the presence of illite-muscovite, kaolinite
and chlorite. The non-clay minerals are mainly siderite
(~1405 cm™) and quartz (~780 cm™). The main FT-IR
bands of the representative sample are summarized in Ta-
ble 2 (Deng et al. 2002, Jaarsveld et al. 2002, Madejova
2002).

Thermal study curves for a sample from a layer 3.2 m
above the base of the sequence exhibits the characteristic
endothermic peak at ~550 °C on the DTA curve is attrib-
uted to the dehydroxylation of the kaolinite (due to loss of
OH groups, surrounding the A1Y! atoms) and the progres-
sive transformation from the octahedral co-ordinated Al in
kaolinite, to a tetrahedral co-ordinated form, in
metakaolinite, through the breaking of OH bonds
(Jaarsveld et al. 2002). Considering the presence of sider-
ite, a part of the weight loss in this temperature range co-
mes from the decomposition of siderite according to the
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Figure 9. Depositional palacoenvironment of the general area.

reaction FeCO; — FeO + CO,. Chlorite and illite-musco-
vite give endothermic peaks at higher temperatures.

McCabe (1984) stated that the mineralogical features
of the coals depend on the dominant conditions during peat
accumulation and therefore contribute to the interpretation
of the coal facies. The presence of clastic quartz grains sug-
gests intense surface water influx and supply of inorganic
material inside the peat formation area. The predominance
of illite-muscovite and the relative abundance of chlorite
possibly originate from the fact that under warm or hydro-
lyzing conditions on the landscape around the swamp,
chlorite weathers easily and the illite-muscovite abundance
increases (Asikainen et al. 2007). Moreover, Oikonomo-
poulos et al. (2007) showed the prevalence of illite-musco-
vite in a mixed forest area in which plant communities
comprising Taxodiaceae, Betulacceae, Ulnus and others
were present. This type of vegetation is also an indicator of
warm and humid conditions. Considering the presence of
carbonate rocks in the surrounded area in the Neogene, the
occurrence of siderite is not peculiar. Furthermore, the
slow precipitation kinetics of siderite may in part explain
the significant supersaturation with this particular mineral
that is often observed in anaerobic aquatic environments
(Jensen et al. 2002).

Depositional palaeoenvironment

According to the palaeobotanical results, the mineralogical
analysis of the intercalated inorganic horizons of the coal
seams, and the sedimentological characteristics of the Ach-
lada lignite deposits, an attempt has been made to recon-
struct the depositional palaeoenvironment of the general
area. The model given in Fig. 9 depicts a major meandering
river system. The macroscopic observations provided evi-
dence about sedimentological structures in the known
channels. Traces of point bars were present, while no cre-
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vasse splays were found. At the right side of the river sys-
tem an abandoned channel is present. The thick lignite beds
in this specific and small area, as well as the presence of
only a few and thin inorganic layers intercalated in the coal
seams, gives the impression that a peat swamp possibly
formed in an oxbow-lake environment within the abando-
ned channel. The latter is supported by the geometry of the
Achlada lignite deposits as revealed after research activity
by the Public Power Corporation in 1999. Moreover, the
petrographic, palaebotanical and mineralogical data indi-
cate that the whole study area, which presents thinner coal
seams in comparison to oxbow lakes as well as more frequ-
ent and thicker inorganic layers intercalated in the coal se-
ams, constituted a wide floodplain.

As a whole, the Achlada lignite deposits can be divided
into three different palacoenvironments: the main river
channel, the floodplain of the river system, and the oxbow
lake. The floodplain model, in combination with the forma-
tion of the oxbow lake within the abandoned channel, rep-
resents a landscape with predominantly swampy condi-
tions and periodical flood episodes together with the
deposition of fine sediments.

Stratigraphical research on the typical alternations of
organic and inorganic horizons in the Achlada lignite de-
posits is still in progress, and already there are interesting
macroscopic observations to be made, such as the rhythmic
deposition of lignite-grey clay and the distinction of six
sedimentological cycles. Because of these observations, a
study has been started concerning the correlation of the
rhythmic deposition with orbital forcing (Milankovitch
1941) and the potentiality for the construction of a cyclo-
stratigraphical model based on a correlation of the six
sedimentological cycles and two units that have already
been identified by macropetrographic examination.

Conclusions

The palaeobotanical, coal-petrographic, sedimentolo-
gical, and mineralogical features of the Achlada lignite de-
posits suggest that the general area was a floodplain envi-
ronment in the Neogene to Quaternary past, which was
traversed by a principal meandering river system. The
macropetrographic characteristics of the lignite-bearing
sequence imply that its lower part (10 m) can be divided
into two different units, with the lower dominated by
mixed xylite-rich/matrix lithotypes and the upper one by
matrix-dominated lithotype. Xylite horizons constitute the
main characteristic of the Achlada deposits and occur in
both sections with either autochthonous or allochthonous
origin. Both length and frequency of the xylite horizons in-
dicate the occurrence of many independent xylite bodies
that significantly contributed to peat formation. The micro-
petrographic composition for both units are characterized
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by the prevalence of huminite (> 60%) with the average
content of liptrinite higher in the lower unit (8.3%) than in
the upper one (7.3%). Palaeocarpological aspects analysed
below impress a typical correlation between palynological
and carpological analyses. In addition, the palacobotanical
data support the above-mentioned division, revealing that
peat-forming vegetation consisted mainly of mixed forest
type of vegetation for the lower unit and reedmoor and
open water in the upper. Peat accumulated in a wet forest
swamp under telmatic to limno-telmatic conditions and in-
creased inorganic influx. Clay minerals prevail in all the
samples with illite-muscovite being the dominant phase,
kaolinite and chlorite the next. No smectite was found. The
combination of mineralogical composition and the plant
communities then growing in the studied area, hold up the
hypothesis of humid and warm climatic conditions during
the Achlada peat accumulation.
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