GEOLOGICA BALCANICA, 27. 1-2, Sofia, August. 1997, p. 45-55

Late Eocene to Early Miocene depositional environments of the
Mesohellenic Basin, North-Central Greece: Implications for

hydrocarbon potential

A. Zelilidis, N. Kontopoulos, P. Avramidis, D. Bouzos

Department of Geology, University of Patras, 26110 Patras, Greece

Fax (30) 61-991-900; E-mail a.zelilidis@upatras.gr

(Submitted: 12.12. 1995; accepted for publication: 29.02 1996)

A. 3eauauduc, H. Konmonyaoc, I1. Aepamuouc, /. By-
30¢ — Ilo30HeeoyeHo8ble-PaHHEMUOYEHOBbIE YCAOBUA
ocaokonakonaenus 8 Mesoxenenuueckom baccetine, Ce-
eepran—Llenmpanvuan I’ peyua: [Ipusodxcerue 018 OYeH-
KU y2nee000pooHo2o nomenyuana. T1o3gHeIONEHOBHIE-
paHHEMHOLEHOBLIE OTJIOXEHHS Me3oxenennueckoro bac-
CeHHa HaKaIJIMBAJIHCh B TEKTOHHYECKH KOHTPOJIHPYEMBIX
YCJAOBHSIX C HENPABHWJIbHBIM H Y3KHM weabdom. 'paruusl
Mexay soueH-onuroueHoBuiMi Kpanus-Enraxopu dop-
MalUHAMH H OJIATOLEH- MHOLeHOBRIMHA EnTaxopu-TlenTa-
nodpoc popMauHAMH MapKHPYIOT rJ106anbHbIE TOHMXKeE-
HHS YPOBHS MOPS BO BpeMs COOTBETCTBYIOLIMX HHTEPBA-
noB. Otnoxenus Bcero Me3oxenesnyeckoro b6acceina
OTHOCATCH K ONMyLIeHHbIM Beepam 6e3 mepexpniTus Ge-
perosbiMu ocankamMu. KoHuenuus pacnpocTpaHEHHS yr-
J1€BOIOPOJOB CYUTAETCA TPUMEHHMOI kK Mesoxenernuec-
KoMy bacceriny, 6iaronaps cienyroLIHM XapaKkTepHCTH-
KaM M3y4aeMbiX OTJIOKeHHH: (a) [TecdaHMKOBBIC BHICTYTIBI
BHELIHErO Beepa, KiIacCHPULMPOBaHHBIE KaK Cynpaseep-
Hble JIObI, XapaKTEPH3YFOTCA CTOraMH KaHaJIbHAIX TEJI NeC-
KOB C XOPOLUHMH BEPTHKAJIbHBIMH H JIATEPAJIbHBIMH KOD-
pensunAMH. DTH 0COOEHHOCTH 00YC/IaBIMBAIOT XOPOLLIHE
KOJUTeKTOpCKHe cBoicTBa nopoa. (b) Tonko3zepHHCTHE
ocaaxu 6axpom 160B 1 GacceiHOBBIX pABHHH H3Y4aeMBbIX
MOPCKHMX TYpOMAHTOB MOryT BHICTyNnaTh B KayecTBe 60-
raThix MaTEpHHCKHMX OCAJKOB MJIH NOKpbiLueK. (c) [eomer-
pus 160B (CTOrOB KaHaJIbHBIX TEJI MECKOB) H BHYTPEHHHE
Hecornacus (Mexay ueTsippMs GpopmauusiMu) obycnas-
JIMBAIOT HaJIMUHME MPEBOCXOAHBIX CTPATHrpadpuueCKHx
nosywek. (d) CHHXpOHHAs 3BOIOUMS ITHX OTJIOXEHHH
obecrneunBaeT B3aHMHBIE CBA3M BCEX OTMEYEHHBIX (ax-
TOpPOB BO BpeMeHH. Tak Kak H3yyaeMble OTJIOKEHHS CO-
OTBETCTRYIOT B OCHOBHOM OCajkaM 3anaaHnx Gaccei-
HOBBIX OKpaMH, O4€Hb BEPOATHO, 9TO B CTOpPOHY bacceii-
Ha, B HaNpaBJIeHHE MPOrpajaludH BHYTPHKaHAJIbHbIE OT-
JIOXEHHs 00A3aHbl EPEHTH JJaTepaIbHO B IeCUYaHkble JIOh!
BHYTPEHHEro Beepa, OKaHMJIEHH JIGOB H OTJIOXeHH bac-
ceiiHOBOH paBHHMHBI. [T03TOMY OTJIOXEHHA BHYTPEHHEH
yactu Gacceifna, 40 cux nMop He OOHaXEHHBIE, O BCEH
BEPOATHOCTH 0011aaI0T ONaronpUsTHHIMH XapaKTepHC-
THKaMH €JMHHLbI, NIEPCIEKTHBHOA B OTHOILIEHHH Hedre-
ra3oHOCHOCTH.

Abstract. Late Eocene to Early Miocene Mesohellenic Basin
deposits accumulated in a tectonically controlled basin
with irregular and narrow shelves. The boundaries between
the Eocene-Oligocene Krania-Eptachori Formations and
the Oligocene-Miocene Eptachori-Pentalophos Forma-
tions record the global sea-level falling during the
corresponding time intervals. The sediments of the
Mesohellenic Basin have characteristics of lowstand fan
deposits without coastal onlap. It is suggested that the
concept of the hydrocarbon habitat is applicable to the
Mesohellenic Basin due to the following characteristics of
the studied deposits: (a) The outer fan sandstones lobes,
classified in this work as suprafan lobes, are characterized
by stacked channel sand bodies with good lateral and
vertical communications. These features constitute ex-
cellent reservoir facies. (b) The fine-grained, lobe-fringe
and basin-plain deposits of the studied marine turbidites
may have operated as either fertile source rocks or topseals.
(c) The geometry of the lobes (stacked channel sand bodies)
and the internal unconformities (between the four forma-
tions) present excellent stratigraphic traps. (d) The syn-
chronous evolution of these deposits assures the timely
relationship among all factors listed above. Since the stu-
died sediments correspond mostly to the western margin
deposits it is very possible that basinwards, in the direction
of the progradation, the interchannel deposits must late-
rally pass into, the outer fan sandstone lobe, lobe fringe
and basin plain deposits. Therefore, sediments of the basin
interior not presently exposed are very likely to support
favourable conditions for petroleum play.
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Introduction

Turbidite sediments of different types of facies,
facies associations and geometry of sandstone
bodies occur in a variety of sedimentary and
tectonic settings.

Mutti (1985) classified turbidite deposits in
three main type systems. Type I system corres-
ponds mostly to elongate flysch basins of thrust
belts. The sandstone bodies (lobes) in this system
are characterized by lateral continuity and roug-
hly tabular geometry over distances up to several
tens of kilometers parallel to the current dire-
ction. Each lobe, 3-15 m thick, is thick bedded
and grades in a downcurrent direction in thinner
bedded and finer grained lobe-fringe deposits.
Type II system displays depositional patterns
that strongly resemble those of recent suprafans
(after Normark, 1970). In Late Oligocene-Early
Miocene submarine depressions of Tertiary
Piedmont Basin, this type is associated with
synsedimentary faulting. Sandstone bodies vary
from very small (<4 km across, 10-30 m thick)
to relatively large (width up to 20 km, several
hundreds meters thick). Type I1I system is appa-
rently the ancient expression of modern channel-
levee complexes. The sandstone bodies are cha-
racteristic of small channel-fill deposits enclosed
into predominantly muddy sequences.

The proportion of sandstone, volumetrically
(thickness, geometry) decreases from system I
to system II. Sand-richness depends also on
shelves extent. Small setting with strong tectonic
control, lack of extensive shelves and deltaic
complexes produced sand-rich and small-volu-
me turbidite systems (type II) that are fed by
fan deltas or other types of coarse-grained allu-
vial fan and nearshore deposits.

Thin-bedded turbidite facies were classified
by Mutti (1977) into three groups distinguished
by a number of primary features which are
palaeoenvironmental indicators by themselves.
These are: (a) inner fan (with channel-margin,
interchannel and channel-mouth facies), (b)
outer fan (with lobe and lobe-fringe facies), and
(c) basin plain, with basin plain facies.

Sandstone lobes generally form important
hydrocarbon reservoirs (in terms of reservoir
geometry) (e.g. Shanmugam, Moiola, 1988 for
North Sea and California). The term “lobe”
covers a wide spectrum of depositional facies
associated with submarine fans. Seven lobe types
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were recognized implying distinctly different
reservoir properties; these are suprafan lobes,
depositional lobes, fanlobes, ponted lobes, chan-
nelized lobes, levee-valley lobes and erosional
lobes (Shanmugam, Moiola, 1991). The lobe type
can be related to the depositional regime of a
basin. For example, active margins exhibit high
gradients, high sand/mud ratio, braided channels
and small sand-rich fans, characterized by the
development of channel-mouth lobes, classified
as suprafan lobes. On the contrary, mature pa-
ssive margins exhibit low gradients; low sand/
mud ratio, sinuous channels with associated
levee facies; and large mud-rich fans characte-
rized by the lack of development of channel-
mouth lobes, classified as fanlobes.

Geological setting

Sedimentation in the intramontane Mesohellenic
Basin (Fig.1A,B) was the result of infilling of an
elongated trough developed from late Eocene
to late Miocene as a piggy-back basin (Doutsos
et al., 1994; Robertson, 1994) along the eastern
flanks of a giant pop-up structure, located at
the contact between the Apulian and Pelagonian
collided margins. The Apulian plate consists of
a west-verging foreland prograding thrusts;
whereas the Pelagonian plate consists of east-
verging back thrusts. Ophiolithic rocks with
lower Cretaceous melange (the Avdella melange)
emplaced over the leading edge of the Apulian
platform during compression, form the base-
ment of the Mesohellenic Basin. Along the eas-
tern margins of the basin, the ophiolites lie tecto-
nically above the Pelagonian nappe pile.

The Greek sector of the Mesohelleniic Basin
(Fig.1B) is >130 km long and <40 km wide (the
northern tip of the basin is situated in Albania),
and is elongated NW-SE parallel to the isopic
zones of the Hellenides.

According to Doutsos et al. (1994) the internal
deformation of the basin varies along the basin
axis due to the presence of two small indentors
at the southern and northern ends of the basin,
which induced a tectonic escape towards the
central part of the basin until the Middle Mio-
cene. The lowermost deposits in the basin, rela-
ted with the Krania Thrust activity, are the late
Eocene Krania Formation (Fig. 1C). During up-
permost Eocene, the synchronous Krania and
Apulia Thrust activity influenced the evolution
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Fig.l. Geological setting. (A,B) Map of Greece showing the studied Mesohellenic Basin.
Mesohellenic Basin modificated from Doutsos et al. (1994)

of the Krania Formation and formed a linked
system with a piggy-back (westwards) and a
foredeep (eastwards). Due to the Apulian Thrust
activity, the Early Oligocene to Middle Oligo-
cene sediments of Eptachori Formation, 800-
1000 m thick, were deposited in a foredeep (Fig.
1C). The Eptachori Formation passes upwards
into the Late Oligocene-Early Miocene Penta-
lophos Formation (Tsarnos-Taliaros member,
up to 850 m thick; and Pentalophos Member,
which is about 1500-2000 m thick)(Fig. 1C). The
latter is overlain by the Early Miocene Tsotyli
Formation, 500-1500 m thick (Fig. 1C). The
northeastern and, in places, southeastern parts
of the Mesohellenic Basin are occupied by the
20-450 m thick Late Miocene Ontria and Orlia
Formations respectively.

The purpose of this paper is the hydrocarbon
potential of the Mesohellenic Basin deposits, as
indicated by the study of the depositional

(C) Geological map of the

environments in relation to the tectonic pattern
within the basin; and by the way these deposi-
tional environments changed through the time
along the basin axis. Description and interpre-
tations of the turbidite facies, facies associations,
depositional systems, types of submarine fan-
lobes, depositional processes and the deve-
lopment of large-scale cyclicity within the tur-
bidites, are based on Mutti (1977, 1985); Shan-
mugam, Moiola (1991) and Piper, Stow (1991).

Tectonic elements and sedimentolo-
gical data; depositional environments

Krania Formation

On a global scale, the Eocene is characterized
by transgression conditions, and development
of lowstand fan deposits is without coastal onlap
(Vail et al., 1991). The Krania Formation deve-

47



..... '
I -
|
DD o Q —
!
h
Y |
[=Y
tMM/R\ 9 M®giu
A ! pe
d | MAte
i e M6V
: QM=
i K] Q=D-\l
d |
LS ]
. Mm }_llloou".'
v~ c
tu
b M Ve
a LYY
< 'u " 300m
' — v

Ee8] %7 o7 o] s o= ] oZE3 oE23 ofE] S v oSSR W Z] w(=) WZZ)
A e W] A7 J2o S ) 2 Je2[N 2237 Joe o Jas[ N2l A 21 P 1o @ 29[ @ ho(ZZ) 31110

Fig. 2. (A) General geological map of Mesohellenic Basin showing the locations of the studied cross-sections. (B) Four
synthetic stratigraphic columns of the four formations Symbols: 1 — conglomerates; 2 — interbedded conglomerates/
sandstones; 3 — interbedded conglomerates/sandstones/mudstones; 4 — sandstones; 5 — interbedded sandstones; 6 —
sandstones with mudstone intercalations; 7 — interbedded sandstones/mudstones; 8 — mudstones; 9 — interbedded
mudstones; 10 — mudstones with sandstone intercalations; 11 — basement; 12 — trough-cross stratification; 13 —
micro-cross-bedding and small-scale trough-cross stratification; 14 — ripple cross-bedding; 15 — horizontal lamination;
16 — planar cross-stratification; 17 — fissile; 18 — massive; 19 — ripple laminae; 20 — lenticular bedding; 21 —
erosional bounding surface or bedding plane; 22 — burrows; 23 — bioturbation; 24 — normal graded bedding; 25 —
reverse graded; 26 — convolute bedding; 27 — leaves and plant fragments; 28 — coal fragments and lenses; 29 — shell
fragments; 30 — fossils; 31 — coarsening upward sequence; 32 — slumps

loped during the late Eocene in a linked system
composed by a piggy-back basin in the western
margins of the Mesohellenic Basin and by a
foredeep eastwards, formed due to the Krania
and Apulian Thrusts activity (Doutsos et al.,
1994, Fig.5, p. 263).

Cross-section 3 (Fig. 2A)

Description: Krania Formation sediments are
constituted by three units. The lower unit con-
sists of thin to medium interbedded, 200-600 m
thick, sandstone (T , Bouma intervals) and mu-
dstone beds and/or mudstone beds with san-
dstone intercalations (Fig. 2B:section 3a; Pl. I
b, ¢) with abundant mica and coal fragments.
Slumps are also present either adjacent to the
basin margin (Pl. Ia) or basinwards (Pl. Id).
Laterally, sediments of this unit pass to fan delta
conglomerates deposited on the steep margin
and composed by unstratified, matrix supported,
massive greenish conglomerates, up to 40 m
thick. The middle unit consists of thin to thick
interbedded, up to 300 m thick, sandstone/
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mudstone beds (ratio 1:1) (T, T, , Bouma
intervals in sandstones; Fig. 4B:section 3b).
Sediments of this unit comprise several cycles,
30-40 m thick, with an upward thickening of
sandstone beds (up to 6m thick). Within this unit
slumps are also present (Pl. Ie). These slumps
create channels, >50 m wide and up to 15 m
thick. The upper stratigraphic unit, up to 300 m
thick, consists of thin interbedded mudstones
with rare (<1%) thin sandstone beds (Fig. 2B:
section 3c).

The above described sediments of the Krania
Formation represent the piggy-back basin depe-
sits; sediments of the foredeep are covered by
sediments of Eptachori Formation (seismic
profile of DEP, personal communications).

Interpretation: The lower stratigraphic unit
represents interchannel deposits. Conglomerates
adjacent to the steep margins formed as debris
flows in a fan delta. The middle unit represents
outer fan sandstone lobe whereas slumps within
this middle unit probably represent channel-fill
deposits. The upper stratigraphic unit represents
interchannel deposits.



Eptachori Formation

The Eptachori Formation was developed in a
foredeep that formed due to Apulian Thrust acti-
vity. The basin is characterized by steep western
margins and an eastward shallowing of basin
depth. Apulian Thrust activity in relation to sedi-
mentation rate influenced the basin evolution
and produced an eastward progradation.

The western part of the Eptachori Formation
consists, at its base, of basinal conglomerates
which, to the east, pass upwards into marine tur-
bidites, in the direction of the progradation. In
the Eptachori Formation, laterally and over Kra-
nia Formation, and before the marine turbidites,
instead of basinal conglomerates, deltaic sedi-
ments were accumulated (Fig. 1C)

Cross-section 1 (Fig. 2A), basinal conglomerates

Description: In this cross-section the conglo-
merates have the greatest thickness (300 m; Fig.
2B:section la). Over the ophiolithic basement,
thick interbedded, up to 100 m thick, massive
sandstone and fining upward, clast-supported,
unstratified conglomeratic beds preserve
mudstone lenses in their upper parts. Mean clast
size of conglomeratic beds is 5-6 cm, whereas
maximum clast size is less than 30 cm. Elsewhere
in this cross-section, at higher altitudes also a
200 m thick sequence, mostly basinal conglome-
rates is observed; this sequence also contains
medium to thick interbedded mudstone and
conglomeratic beds. The mudstone beds, gray
or reddish in colour, are massive, with sandstone
lenses (2 m long and 10 ¢m thick) in the upper
stratigraphic parts; and presence of coal lenses
(Im long and 5 cm thick). The conglomeratic
beds are coarsening upwards; matrix- or clast-
supported; mostly unstratified or with poorly
reverse grading; and with low relief erosional
bounding surfaces. Sandstone lenses are present
in the lower stratigraphic parts (3 m long and
15 cm thick). Clast lithologies are 40-90%
limestone, 0-40% chert and 10-20% ophiolithic.
Clasts are well rounded and spherical with mean
clast size 3-6 cm and maximum less than 15 cm.

Interpretation: Basinal conglomerates repre-
sent fan deltas deposits.

Marine turbidites in cross-section 1

Description: The turbidites consist of thin to
medium interbedded mudstone beds, up to 250
m thick (Fig. 2B:section 1b), with rare lenticular
sandstone lenses and coal nests.

Interpretation: These sediments probably
represent interchannel deposits.

Cross-section 2 (Fig. 24), basinal conglomerates

Description: The conglomerates, up to 100 m
thick (Fig. 2B:section 2a), are composed of thin
to thick interbedded reddish massive mudstone
and matrix supported, polymodal, mostly pebbly
conglomeratic beds with reverse grading, presen-
ce of small sandstone lenses and bar cross strati-
fied structures.

Interpretation: Basinal conglomerates repre-
sent fan deltas deposits.

Marine turbidites in cross-section 2

Description: Sediments in this cross-section,
have up to 250 m exposed thickness (Fig.
2B:section 2b). They are composed from the
bottom to top by four distinct sequences: Sequ-
ence a, up to 130 m thick, consists of eight (8)
coarsening upward cycles, 15-20 m thick. Each
cycle is mostly massive or fissile mudstone.
However, the upper 3-4 m of each cycle are
mainly lenticular sandstones (sheets) and less
pebbly-granule conglomeratic lenticular lenses;
with medium scale trough cross-stratification
and internal sandstone slumps. Sequence b is
composed of thin interbedded fissile-laminated
mudstone beds (T, Bouma intervals), up to 80 m
thick, with rare lenticular sandstone lenses (T,
Bouma intervals; 60-70 m long and 0.6-1 m
thick), mica abundance and coal nests. Sequence
c is composed of thin to medium interbedded
mudstone and sandstone (T, Bouma intervals)
beds, up to 20 m thick. Sequence d, up to 20 m
thick, consists of fissile or massive mudstone
beds, up to 20 m thick. A transitional zone
occurs between Eptachori Formation and the
overlain Pentalophos Formation which consists
of superposed lenticular mudstone, sandstone
and conglomerate lenses (Pl. I1a, b).

Interpretation: Sequence a formed in the
proximal area of a sub-marine fan and represents
channel-fill deposits. Sequence b sediments
formed as distal interchannel or lobe-fringe.
Sequences ¢ and d represent proximal marine
channel-mouth bar deposits (Mutti, 1977). The
transitional zone from Eptachori Formation to
overlain Pentalophos Formation represents
channel-fill deposits.

Deltaic sediments in cross-section 3 (Fig. 2A)

Description: To the east, in the direction of the
thrust movement, the Krania Formation passes
laterally into the Eptachori Formation. The latter
is composed at its base, of delta plain deposits
(delta front and pro-delta deposits, not exposed,
probably underlie the marine turbidites). These
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sediments consist of three cycles. Cycle a, up to
30 m thick (Fig. 2B: section3d1), consists of big
lenticular channelized yellowish orange massive
sandstones (channels up to 40 m long and 0.3-4
m thick); black gray mudstone; and, at the lower
6m, clast-supported, mostly limestone pebbly-
granule, reddish conglomerates, with planar
cross-stratification, lenticular lenses of coal and
transported fossils as clasts. Cycle b (Fig. 2B:
section 3d2) consists, at the lower 85 m, of thin
to medium interbedded massive mudstone beds,
with channelized sandstone lenses [presence of
reworked fossils in mudstone beds, vertical
burrows in sandstone lenses (Pl. IIa) and
crystallized coal lenses]. The massive mudstone
beds pass upwards into thin to thick interbedded
muddy sandstone, sandstone and conglomeratic
beds, up to 15 m thick (Pl. IIb). The muddy san-
dstones are massive, fissile, friable with a lot of
bioturbation and abundant coal fragments.
Sandstone beds are mostly massive, in places
with normal grading and contain fossils and
abundant concretions. Tabular or low angle
trough cross-stratification, micro-cross stratifi-
cation, and thick lamination are observed. The
contact between mudstone and sandstone beds
is abrupt. The conglomerates are clast-supported
with trough cross-stratification. Cycle c, up to
120 m thick (Fig.2B: section 3d3), it composed
of three coarsening upward subcycles (29, 64 and
27 m in thick, respectively). The lower part, of
each subcycle, consists of massive mudstone with
rare fossils and caliche. The colour of beds
changes laterally from grayish to yellowish
orange and in places to reddish. The upper part
of the subcycles consists of thin to thick inter-
bedded clast-supported, trough-cross stratified,
pebbly conglomerates; and massive channelled
sandstone beds. The latter include muddy sand-
stone lenses and coal nests.

At the top of this sequence, below the over-
lying marine turbidites, a conquina formed (Pl
Ilc).

Interpretation: The cycle a represents alluvial
fan sedimentation at the western margins of the
delta-plain, unconformably over Krania Forma-
tion. Coarsening upward cycles b and c, charac-
terized by the absence of Bouma intervals, re-
present a deltaic sedimentation. Especially, the
lower 85 m of cycle b represent offshore sedi-
mentation; the rest of cycle b and all of cycle ¢
represent lower to upper shoreface sedimenta-
tion.

In the third cycle, the lateral change of colour
is probably due to varying oxidation conditions
(subaerial and sebaqueous conditions along the
same bed) as a result of block tilting.
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Marine turbidites in cross-section 3

Description: The turbidites are composed of two
units. The lower unit, up to 200 m thick (Fig.
2B:section 3e), consists of thin to thick upward
interbedded mudstone and sandstone beds (T i
T, Bouma intervals; Pl. IId,f) with subordinate
conglomeratic beds (Pl. IIe). The mudstones are
massive, bioturbated (mostly vertical burrows)
with crystallized coal nests. Some beds are lami-
nated with abundant plant fragments and lenti-
cular lenses (7 m long and 15-20 ¢m thick); these
beds in some places are amalgamate. The sand-
stone beds, thickening upwards in the section,
from 0.5 to 2 m, are mostly massive interbedded
occasionally with matrix-supported conglome-
ratic lenses (6 m long and 10 ¢cm thick); occasi-
onally, they show irregular bedding, lamination,
coal lenses (15 cm long and 5 c¢m thick), fossils
and bioturbation. The conglomeratic beds are
channelized (30 m long and 4 m thick), poorly
sorted, matrix- or in places clast-supported
(matrix is a coarse-grained sand), polymodal,
with well rounded clasts and fossil fragments
(<1%). Locally, the conglomerates are fining or
coarsening upwards with rare imbrication. There
are many transported fossils.

There is a transitional zone with slumps and
small channel mouths between marine turbidites
and deltaic deposits up to 17 m thick; this zone
is composed of black gray massive shales with
fossils and massive sandstone beds.

The upper unit, up to 820 m thick, is compo-
sed of three differently coloured facies.

The stratigraphically lower grayish blue facies,
up to 150 m thick (Fig.2B: section 3f), consists
of graded bedded sandstone units. Each of them
is up to 60 cm thick commonly changing in the
upper 15 cm from sandy to marly; the latter with
poorly preserved fossils (<1%) and coal frag-
ments. Bouma T, and T , intervals were recog-
nized. Poorly sorted, matrix- supported conglo-
merate layers are occasionally present at the base
of the sandstone units. Clasts are well rounded
and spherical. However, very angular sandstone
clasts (a-axis as 50 cm) are also present.

The intermediate stratigraphically yellowish
gray facies, up to 70 m thick (Fig. 2B: section
3g), is composed of repeated 6-8 m thick cycles.
Each cycle consists of thin to thick interbedded
massive mudstone beds at its base, with vertical
burrows (10 cm high and 1 cm diameter), which
pass upwards to thinly interbedded mudstone
and sandstone beds (T /T, Bouma intervals). The
sandstone beds are characterized by ripple
bedding (T Bouma interval; ripple index = 3.7);
mudstone beds are massive with mica presence



and rare coal fragments. The uppermost part of
each cycle consists of thinly to thickly interbed-
ded massive sandstone beds (T, Bouma mterval)
Sandstone bed thickness increases upwards in
each cycle; and decreases from the lowermost
cycle upwards in the series (PI. IIg).

The stratigraphically upper greyish facies, up
to 600 m thick (Fig. 2B:section 3h), is poorly
exposed and only small outcrops have been
studied. In these outcrops this facies consists of
thinly interbedded mudstone and sandstone beds
(mudstone/sandstone proportion is 9/1) or thinly
interbedded mudstone beds with <1% sandstone
intercalations.

Interpretation: Thinly interbedded sandstone/
mudstone beds (T /T Bouma intervals) at the
base of the coarsenmg upward lower unit re-
present interchannel deposits; the thick inter-
bedded sandstone/mudstone beds, with amal-
gamation in the sandstones and presence of con-
glomerate, indicate channel-mouth bar deposits.
In the sequence of the upper unit, the lower
stratigraphic facies represents channel-mouth
deposits; the intermediate stratigraphic facies
represents outer fan sandstone lobe deposits; the
upper stratigraphic facies probably represents
lobe-fringe or basin plain deposits.

Sediments of the transitional zone, at the base
of the marine turbidites, represent delta mouth
deposits.

Marine turbidites in cross-section 4 (Fig. 2A)

Description: The turbidites have an exposed
thickness 200 m (Fig. 2B:section 4a). They
consist of thin to thick interbedded, mudstone
and sandstone beds (T /T , Bouma intervals). The
mudstone/sandstone’ proportlon changes up-
wards from 1/9 to 9/1. Conglomeratic lenses are
present at the base of the sequence. Fossils (1%)
and coal nests are present within the whole
section.

Interpretation: These sediments represent
channel-mouth bar (thick interbedded) and
interchannel (thin interbedded) deposits.

Pentalophos Formation

The Late Oligocene-Early Miocene Pentalophos
Formation overlies unconformably the Epta-
chori Formation. It consists of two members;
the Tsarnos-Taliaros Member; and the Penta-
lophos Member (Fig. 1C).

During sedimentation of the Pentalophos
Formation, near the southern indentor, the pre-
existing foredeep basin was subdivided into two
smaller sub-basins due to an upthrust (the
Theotokos Thrust); these sub-basins underwent
different depositional processes. At the same
time period, the central part of the Mesohellenic

Basin was affected by transtensional structures
producing north-east trending grabens (Doutsos
et al.,1994).

a. Tsarnos-Taliaros Member

Cross-section 1 (Fig. 2A)

Description: This section consists of two parts.
The lower part, up to 150 m thick (Fig.2B: section
lcl), consists of six (6) coarsening upward stac-
ked cycles. Each cycle is characterized by massi-
ve mudstone at the lower parts, passing upwards
to massive or channelized sandstone (T,, Bouma
intervals), and finally to thin to thick interbedded
mudstone and sandstone beds. In the uppermost
part of each cycle polymodal, clast- or matrix-
supported fining upward conglomerates, with
low-scale erosive bases, were formed. Mean clast
size, of the conglomerates, is 5-10 cm, with maxi-
mum of 40 cm. Generally the clast size of coarse
lithology decreases upwards from the lower to
the upper cycle.

The upper part, up to 350 m (Fig.2B:section
1¢2), is composed of thin to thick interbedded
massive or fissile mudstone and sandstone beds
(T, Bouma mtervals) Mudstone/sandstone
proportlon varies from 9/1 to 1/1 to 1/2 to 1/9.
In the mudstone beds, sandstone lenses (30 m
long and 80 cm thick) are present.

Interpretation: The lower part of cross-section
1 represents inner fan deposits (channel-fill or
channel-mouth bars); the upper part represents
either inner fan (interchannel) or outer fan (lobe-
fringe) deposits.

Cross-section 2 (Fig. 2A)

Description: In this section, the Tsarnos-Taliaros
Member, up to 840 m thick (Fig.2B:section 2c),
is composed of five coarsening upward cycles
(100, 150, 140, 200 and 250 m thick). Each cycle
consists of thin to thick interbedded massive
mudstone and medium to thick sandstone beds.
Mudstone/sandstone proportion is 9/1 in the
lower parts, changing upwards to 1/1. The
medium-thickness sandstone beds are lenticular
and characterized by Bouma T , intervals; thick
sandstones are channelized. fn some places
sandstones change upwards to calcareous
sandstones. The top parts of cycles 2, 4 and §
consist of clast- or matrix-supported, poorly
sorted and weakly normal or reverse graded,
poorly sorted sandy conglomeratic lenses
(up to 150 m thick, in the upper cycle; Fig.2B:
section 2c¢).

Interpretation: The above cycles are inter-
preted to represent lobe deposits; the conglo-
meratic lenses are channel-fill deposits.
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Cross-section 3 (Fig. 2A)

Description: In this section, the Tsarnos-Taliaros
Member has 300 m exposed thickness (Fig. 2B:
section 3i). At its base there is a conglomeratic
bed, up to 30 m thick. This bed is composed of
channels with matrix supported conglomerates.
Clasts mostly ophiolites, are well rounded,
poorly sorted with 10% boulders, 20% cobbles
and 70% pebbles. This conglomeratic bed is
overlain by thin to medium interbedded mud-
stone and sandstone beds. Mudstone/sandstone
proportion is 9/1. The mudstone is very thinly
bedded with lamination. The sandstone is massi-
ve with lower contact slightly erosional.

In the upper parts of this section, near the
contact with the Pentalophos Member, the thin
to medium interbedded mudstone and sandstone
beds, contain sandstone bed intercalations up
to Im thick (PI. IIlc).

Interpretation: The interbedded mudstone
and sandstone beds probably represent inter-
channel deposits; the conglomeratic bed and the
sandstone intercalations represent channel-fill
deposits.

b. Pentalophos Member

Two different depositional systems are recog-
nized in this member.

The first depositional system occurs in the
central and northern parts of the Pentalophos
member, overlain unconformably the Tsarnos-
Taliaros member (cross-sections 1 and 2). The
second depositional system (cross-section 4) is
observed in the southern part of the Pentalophos
Member, along the periphery of the southern
indentor where it overlies unconformably the
Eptachori Formation and Ultapindic basement.

Cross-section 1 (Fig. 2A)

Description: In this section, the Pentalophos
Member, up to 1900 m thick, was studied in two
localities A & B (Fig. 2A). In section 1A, the
sequence is up to 720 m thick and overlies con-
formably the Tsarnos Member (Fig. 2B:section
1d). The sequence in section 1B is up to 1180 m
thick (Fig. 2A; Fig.2B:section le).

Section 1A: The sedimentary sequence cha-
racterized by repeated coarsening upward cycles
(20-170 m thick). Each cycle consists of either
massive or fissile mudstone beds. Convolute bed-
ding and lenticular sandstone lenses (T, ,Bouma
interval, 100 m long and 50 cm thick) are com-
mon. At the top-most parts of each cycle the
mudstone beds pass into thinly to thickly inter-
bedded mudstone and sandstone beds (T /T,
Bouma intervals). The mudstone/sandstone
proportion is 1/1 and changes upwards in the
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cycles to 9/1. In the lower part of the sequence
slumps with pebbly conglomerates are present.

Section 1B: The sedimentary sequence con-
sists of two parts. The lower part, up to 320 m
thick, consists of thinly bedded mudstones (Te
Bouma intervals) which pass upwards into thin
to medium interbedded mudstone and sandstone
beds, in 1/1 proportion. The upper part, up to
860 m thick, consists, from bottom to top, of a
slump horizon, up to 45 m thick. The base of
this horizon consists of conglomeratic lenses
(200 m long and 30 m thick) which pass upwards
into sandstone (10 m thick) and finally into mud-
stone (5 m thick) beds. This is followed upwards
of a second slump horizon consisting of conglo-
meratic lenses up to 25 m thick, overlain by thin-
ly to thickly interbedded mudstone and sand-
stone beds, up to 200 m thick. The proportion
of these inderbeds changes from 1/9 (in the lower
50 m) to 1/1 (in the upper 150 m). Over them
there is a third slump horizon with conglome-
ratic lenses up to 30 m thick. The latter pass
upwards into thinly to thickly interbedded mud-
stone and sandstone beds up to 280 m thick.
Following upwards, three cycles of equal thick-
ness, up to 280 m total thickness, are observed.
Each cycle consists of thickly interbedded mud-
stone and sandstone beds, in a proportion vary-
ing from 1/1 in the lower parts to 1/9 in the upper-
most 50 m.

Interpretation: The sediments of section 1A
represent outer fan sandstone lobe and interlobe/
lobe-fringe deposits. The sediments of section
1B represent channel-fill and interchannel de-
posits.

Cross-section 2 (Fig. 2A)

Description: The Pentalophos Member is up to
1500 m thick and is composed of two fining
upward cyclothems. The lower cyclothem, up
to 580 m thick, consists of two sequences. The
lower sequence, up to 280 m thick (Fig.2B:
section 2d), consists of four (4) equal cycles.
Each cycle consists of lenticular conglomeratic
lenses (60-80 m long and 10-20 m thick),
deposited in slumps. The fourth cycle passes
upwards into turbidite sandstones. The upper
sequence, up to 300 m thick (Fig.2B :section 2e),
consists of eight (8), equal cycles. Each cycle is
coarsening upwards and consists of turbidite
mudstones, at the lower part, which pass into
the middle and the upper part to thin turbidite
silts alternating with calcareous hemipelagic
normal graded sediments and rare sandstone
beds (T, /T Bouma intervals). In the uppermost
part of each cycle sandstone beds are abundant.
Mudstone/sandstone proportion changes up-
wards, within each cycle, from 9/1 to 1/9. The
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PLATE 1

Photographs from the Krania Formation

(a) slumps adjacent the basin margins;

(b, c) thin interbedded mudstones with sandstone intercalations, with small slump horizons;
(d) slumps within the thin to medium interbedded mudstone and sandstone beds;

(e) slumps within the middle unit of the Krania Formation;

Photographs a, b, c and d correspond to the lower unit of Krania Formation

PLATE II

Photographs from the Eptachori Formation

(a) burrows within sandstone lenses in the deltaic deposits;

(b) interbedded mudstone and sandstone beds in the deltaic deposits;

(c) conquina at the top of the deltaic deposits;

(d) thin interbedded mudstone and sandstone beds in the marine turbidites;

(e) conglomerates at the base of the marine turbidites;

(f) thick interbedded mudstone and sandstone beds with conglomeratic lenses in the marine turbidites;

(g) thin to thick interbedded mudstone and sandstone beds with the sandstene content and bed thickness to increase
upwards

PLATE III

Photographs from the Pentalophos Formation

(a, b) lenticular sandstone lenses at the base of the Pentalophos Member and at the contact with the underlying
Eptachori Formation; (c) thin to medium interbedded mudstone and sandstone beds near the top of the Pentalophos
Member sequence; (d) coarsening upward cycles with thin to thick interbedded mudstone and sandstone beds and with
the sandstone presence and bed thickness to increase upwards; (e) Sandstone beds with mudstone intercalations



upper cyclothem, up to 920 m thick, is composed
of two sequences. The lower sequence is coar-
sening upwards, is up to 140 m thick (Fig.2B:
section 2f); it consists of bedded turbidite mud-
stone and sandstone beds, characterized by Bou-
ma T, intervals and in places with great lenti-

cularity (100 m long and 4m thick), and by chan-
nelized, clast-supported, conglomeratic lenses
(150 m long and 4m thick), deposited as slumps.
The upper sequence, up to 780 m thick
(Fig.2B:section 2g), consists of ten (10)
coarsening upward cycles 40-70 m thick (Fig.
5d). Each cycle consists of turbidite blue grey
mudstones (20-30 m thick), with sandstone
intercalations (T, Bouma intervals), which pass
laterally and upward into thinly to thickly inter-
bedded, brownish mudstone and sandstone cha-
nnels with no erosional bounding surfaces and,
into the uppermost part (8-15 m), to sandstones
(P1. 1IIe).

Interpretation: The lower sequence of the
lower cyclothem represents channel-fill and in-
terchannel deposits; the upper sequence repre-
sents lobe-fringe and/or basin plain deposits. The
upper cyclothem represents outer fan sandstone
lobe and lobe-fringe deposits.

Cross-section 4 (Fig. 2A)

Description: The Pentalophos Member, up to
350 m thick (Fig.2B:section 4b), consists of fining
upward conglomeratic cycles dipping as 30°
westwards (foresets). Each cycle consists, from
bottom to top, of well-sorted massive sandstone-
granule and imbricated fining upwards conglo-
meratic beds. Clasts are aligned parallel to the
slope direction and dip upslope. Mudstone-
sandstone lenses (3m long and 10 c¢m thick) are
present, within each cycle, in the conglomeratic
uppermost parts. Within these foreset deposits
some intraformational unconformities have been
recognized.

Interpretation: Textures and structures of
these sediments suggest fan delta deposits. These
fan delta deposits developed as a trapezoidal-
type fan delta (after Zelilidis, Kontopoulos,
1996) or as Gilbert-type fan deltas (after Ori,
Roveri, 1987). The source area of the cross-
section 4 sediments was the basement in the east.
The intraformational unconformities may have
formed during minor compressional tectonic
pulses (Riba, 1976).

Tsotyli Formation

The early Miocene Tsotyli Formation overlies
unconformably the Pentalophos Formation. As
in the case of the Pentalophos Member, two
different deposional systems are recognized in
this formation.

Cross-section I (Fig. 2A)

Description: At an outcrop west of the village
of Nestorio, the Tsotyli Formation rests uncon-
formably over the Pentalophos Formation, with
a thickness of up to 80 m, which is the minimum
thickness of the formation. It consists of thinly
to thickly interbedded mudstone and sandstone
beds (Tae Bouma intervals). The mudstone to
sandstone proportion changes from 9/1 to 1/9
in the upper 20 m.

At a second outcrop east of the village of
Nestorio, the Tsotyli Formation is up to 150 m
thick (Fig. 2B:section 1f). The lower part of this
outcrop, 80-100 m thick, is similar to that of the
western outcrop above, and passes upwards into
mudstone beds, 50-80 m thick.

Interpretation: The sediments of these two
small exposures probably represent interchannel
deposits.

Cross-section 2 (Fig. 2A)

Description: In this section, exposures of the
Tsotyli Formation are poor owing to horizontal
bedding and weak tectonic activity.

On the eastern end of the section, the upper-
most part (20 m thick) of the formation (Fig. 2
B: section 2h), consists of thickly interbedded
gray mudstone and brown sandstone beds.
Mudstone beds are thickly laminated, thinly
bedded or rippled and/or bioturbated. The sand-
stone beds are horizontal bedded or thinly lami-
nated (1 = 7 cm, h = 1 cm), micaceous; they
contain either lenticular channels or medium
to thick gray mudstone intercalations.

To the west, the Tsotyli Formation overlies
the Pentalophos Formation and consists of black
coloured, bioturbated, rippled, thickly laminated
or thinly bedded, locally calcareous, mudstone
beds (up to 4m thick); these in turn pass upwards
to medium to thickly interbedded mudstone and
sandstone beds (up to 4m thick). The latter, in
the uppermost part of the sequence, pass with
an erosional surface contact, to thinly inter-
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bedded massive and locally lenticular channe-
lized (15 m long and 70 cm thick) sandstones
(up to 3 m thick) with mudstone intercalations.
The frequence and thickness of the sandstones
increase upwards.

Interpretation: This facies represents a small
part of the Tsotyli Formation; it is interpreted
as an either channel-mouth bar or outer fan
sandstone lobe deposits.

Cross-section 4 (Fig. 2A)

Description: The Tsotyli Formation in this
section, up to 450 m thick, is composed of two
parts. The lower part, up to 150 m thick (Fig.2B:
section 4c), consists of three (3) repeated, fining
upward, cycles. Each cycle consists of thinly to
thickly interbedded mudstone-sandstone and
conglomeratic beds. The proportion of the
mudstone-sandstone to conglomerate changes
upward from 1/9 to 1/1. The mudstone-san-
dstone beds are interbedded, and in proportion
9/1. The mudstones, brownish in colour, are
fissile with cross-bedding and sandstone lenses
(5 m long and 1 m thick). The sandstones are
massive. The conglomerates, reddish orange in
colour, are well sorted, fining upward, mostly
clast-supported and in minor matrix-supported.
Planar cross-bedding is present. Clasts are well
rounded and discoidal. Mean clast size is 5-7
cm, with maximum of 25 cm. Clast lithologies
are 90% ophiolithic, 5% limestone and 5% chert.
The upper part, up to 300 m thick (Fig.2B:section
4d), consists of six (6) repeated fining upward
cycles. Each cycle consists of conglomerates at
the base, up to 5 m thick, which pass upwards
to yellowish grey massive sandstones.

Interpretation: Textures and structures sug-
gest fan delta deposits (? Gilbert- type).

Implications for the petroleum play

The geological factors capable of providing the
essential ingredients of the petroleum play are
a reservoir unit; a petroleum charge system; a
regional topseal or caprock; petroleum traps;
and the timely relationship of the above four
ingredients (Allen & Allen, 1990).

Organic matter content in source rocks; rates
of heating of kerogen; burial depth of source
rocks, reservoirs and topseals; porosity and per-
meability of reservoirs, appear to be critical in
petroleum generation.

In the case of the Mesohellenic Basin, the fo-
llowing characteristics bear on the hydrocarbon
potential of the basin: (a) Outer fan sandstone
lobes classified in this work as suprafan lobes
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Fig. 3. Schematic block diagram of the Mesohellenic Basin
during the sedimentation of Tsotyli Formation

Marine turbidites (channel-fill, interchannel, lobe, lobe-
fringe and basin plain) deposits were accumulated in the
central and northern parts of the basin; whereas fan deltas
were accumulated southwards.

Numbers: 1, 2, 3, 4 correspond to Krania, Eptachori,
Pentalophos and Tsotyli Formations respectively. Lo-
cation of villages: Kr — Krania; E — Eptachori; P —
Pentalophos; Ts -Tsotyli; K — Kalabaka

(Shanmugam, Moiola, 1991), are characterized
by stacked channel sand bodies with good lateral
and vertical communication (Fig. 3). These
features constitute excellent reservoir facies
(Shanmugam, Moiola, 1991). (b) The fine-
grained lobe-fringe and basin-plain deposits of
the studied marine turbidites may have operated
as either fertile source rocks or topseals. (c) The
geometry of the lobes (stacked channel sand
bodies) and the internal unconformities (between
the four formations) present excellent stratigra-
phic traps (either depositional or unconformity).
(d) The synchronous evolution of these deposits
assures the timely relationship among all factors
listed above. Therefore, it is suggested that the
concept of the hydrocarbon habitat is applicable
to the Mesohellenic Basin.

Since the studied sediments correspond mo-
stly to the western margin deposits it is very pos-



sible that basinwards, in the direction of the
progradation, the interchannel deposits must
laterally pass into, the outer fan sandstone lobe,
lobe fringe and basin plain deposits (Fig. 3).
Therefore, sediments of the basin interior not
presently exposed are very likely to support
favourable conditions for the petroleum play.

Concluding remarks

During the four stages of developmen* (four for-
mations), the Mesohellenic Basin was bounded
from the west by active margins characterized by
the lack of regular extensive shelves. The Mesohe-
llenic Basin deposits appear to belong to turbidite
system II of Mutti (1985), in which (1) the basin is
small and tectonically controlled; (2) relatively in
small volumes of coarse-grained sediments, chiefly
fan-delta deposits, were accumulated along the
narrow and irregular shelves and, (3) the different
turbidite stages within the same formation indicate
a rapid lowering of sea level, followed by a gradual
reestablishment of shelf deposition.

Regarding the depositional regime of the basin
the lobe deposits studied in this work are likely to
represent to suprafan lobes (classification of
Shanmugam, Moiola, 1991).

The boundaries between the Eocene-Oligo-
cene Krania-Eptachori Formations and the Oli-
gocene-Miocene Eptachori-Pentalophos Forma-
tions record the global sea-level falling during
the corresponding time intervals. The Mesohe-
llenic Basin sediments have characteristics of
lowstand fan deposits without coastal onlap. The
two fining upward cyclothems of the Penta-
lophos Member, interpreted as allocyclic (Piper,
Stow, 1991), represent sea-level fluctuations
(Shanmugam, Moiola, 1988) related to regre-
ssion and transgression events (Vail et al., 1991;
Haq, 1991). On the other hand, the coarsening
upward cycles of the studied sandstone fan lobes
suggest basinward progradations of lobes
(Walker, Mutti, 1973; Mutti, Ricci Lucchi, 1975).

More work on scdimentation rates; vertical
and lateral facies distribution-geometry of lobes;
organic matter content and origin; porosity and
permeability of lobes; and seismic profiles for
the determination of the burial depth, will enable
assessment of the hydrocarbon potential of the
Mesohellenic Basin.
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