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Abstract

This dissertation reviews the geological evolution of Western Greece by presenting the most
external geotectonic zones, Gavrovo-Tripolis, lonian, and Pre-Apulian (Paxos). Furthermore,
there is a special emphasis on the internal lonian Zone. The zone comprises Triassic evaporites to
Jurassic-Upper Eocene carbonate sediments, and minor cherts, and shales. The Mesozoic
sequence is overlain by the characteristic Oligocene turbidite sediments (flysch) of the area and
the Miocene to present-day clastic sediments. Three organic-rich intervals of the Mesozoic
sequence were used as potential source rocks for the present study. These are the Triassic shales
which are dominated by kerogen type | organic matter, the Middle-Upper Jurassic shales, known
as Posidonia beds, dominated by kerogen Il organic matter and the Lower Cretaceous shales,
known as Vigla shales, which are also dominated by kerogen type Il organic matter.

A detailed basin modeling study is presented, considering the western Patraikos Gulf area. A
variety of applied values were chosen based on data provided by Hellenic Petroleum S.A. and
previous papers. Integrated analysis with 1D/2D/3D basin models is presented to better
understand the petroleum system activity of the area. Burial history, thermal maturity, timing and
extent of petroleum generation and expulsion, migration, and accumulations were modeled for
the three source rocks. Based on the modeling results, the most conservative scenario suggests
increasing maturity trend as following: Vigla shales < Posidonia beds < Triassic shales. Triassic
shales are considered the most important source rock of the area with the capability to generate
significant quantities of oil and gas, while Vigla shales, due to its limited expulsion generated low
quantities of oil and often do not contribute to the trapped hydrocarbons as modeled. Posidonia
beds generated and expelled low quantities of oil.

Sensitivity analysis, considering the thermal regime, rifting stage, seal properties, and source rock
properties, was also conducted. The analysis was applied to 2D/3D modeling with outcomes of
maturation modeling, migration, and hydrocarbon trapping possibilities. The analysis is also
separated into two parts. In the first part, the models of various thermal regimes (increasing heat
flow value) and rifting stage scenarios result in changes in the maturity level for all three source
rocks thus, increasing the trapping hydrocarbons. In the second part, the models of various seal
and source rock properties scenarios keep the maturity level constant. However, the increase in
the applied values resulted in an increase in the trapped hydrocarbons. No change in the
migration process is noticed for the different models.
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[epiinwn

H mopovoa duthopatiky| epyocio agoroyel v yewloywn e&éMEn g Avtiknig EAAGdag
napovoialovrag Tig eEmtepikég (oveg, I'afpopov-Tpimoing, Ioviov kat [MaEbv (ITpo-AmovAlag).
EmmAéov, &xel d00el peyardtepn éupoon oty ecotepikn [ovia {ovn. H {dvn avt amoteleiton
and Tpradwotvg efamopiteg kar lovpacikd-Aveo Hokawvikd avOpokikd iiquoato pe eAdyloteg
TOGOTNTEC TUPITIKOV Kot oyotng opyilov. H Mecolwwkn okoAovBio vmoxertor ToV
YapokTPLoTIKOV  OAyoKaviK®v TtoupBlditikwv Wnudtwy (PAVOYNG) TG TEPLOYNG Kol Ta.
Melokavikd €o¢ onuepvd kKhaotikd Wnpata. Tpio Thodolo 6e opyavikd VAIKO GTp®UOTH TNG
Meoolmikng axolovbiog ypnoyomomonKay g UNTPIKd TETPMOUATO YI0. TOV KOO OVTNG NG
uehétne. Avta eivon to Triassic shales mov mepiéyovv opyavikn VAN knpoyovov tomov I, tnv
Méoo-Ave lovpacikn oyot) apyiho, yvootr w¢ Posidonia beds mov @ilo&evoiv opyaviky OAN
knpoyoévov tomov II kot v Kdatow Kpnudikr oyioty dpytho, yvootode wg Vigla shales, mov
eMmiong mePLEYOVV opyaviK VAN knpoydvou tomov 1.

[Mopovocialetor poe Aemtopepn|g poviehomoinon Aekdvng, Aappdvovtag vmdym Tov SUTIKO
[Motpaixkd KoAmo. [Tnbodpa epoppoouévov Ty emAéyOnkay Paciopéveg oe 0E00UEVE TOV
napoyopnnkav oand ta EAinvika ITletpéhoo A.E. ko omd mponyolueveg epyoaciec mov
ueketnOnkav. Mio Aemtopepng avaivon pe poviéda Aekavng 1D/2D/3D mapovoialetat yo tnv
KOADTEPT KOTOVONOT TNG OpacTNPOTNTOS TOL TETPEANIKOD GULOTAUNTOS NG TEPOYNS. To
0TopIKO TOPNG, 1 Oepuikn ®pipavon, 1o YPOVOSIAYPOUUO Kol 1) €KTOON NG YEVEONS Ko
amoBoANG TV VIPOYOVAVOPAK®OV, 1) LETAVAGTEVCT) KOl Ol GUYKEVIPMOOELS LOVIELOTOON KOV Kot
v o Tplon punTpikd metpopote. Bdoel tov amotelespdtov, 10 MO cLVTNPNTIKO GEVAPLO
VITodNAGVEL avEnon g thong wpipavong og e&ng: Vigla shales < Posidonia beds < Triassic
shales. ‘Etot ta Triassic shales Bempovvtor mg 1o mo onuavtikd untpikd TETpopa TG TEPLOYNG,
evo ta Vigla shales, e&ottiag meplopiopévng amofoing vdpoyovavOpakmy, cUYVA dEV GUUUETEYEL
GTOVG Tay3eVUEVOVG VOpoyovavOpakes. Ta Posidonia beds yevvobv kot amofdiiovy pkpéc
TOGOTNTEC TETPELAIOV.

[paypatomomfnke emniong avaivon evoicOnoiag, Aappdvovrog vroyn to Bepuikd Kabeotd, TO
otadto rifting kot Tig TapapETPOVS TOV KOADUUATOVY KoL TOV UNTPIK®OV Ttetpoudtov. H avaivon
epapudéomke oe poviehomoinon 2D/3D  pe omoteléopota  amd UOVTEAD  @Pinavong,
HETOVACTEVOT KOl OLvaTOTNTEG TTaryidevong vopoyovavOpakwv. H avdivon yopiletor oe ovo
pépN. ZT0 MPMOTO HUEPOG TO HOVTEAN amd molkilo oevdpla ®g mpog Tto Oepuikd KabeoTMOC
(aw&avopevn T Bepukng pong) kot to otddio rifting odnyodv oe aAlayéc tov EmMmESOL
OpIHOVoNG Kol TOV TPLOV UNTPIKOV TETPOUATOV, OVEAVOVTOS £TCL KOl TOLG TOYOEVLUEVOLS
vopoyovavOpakes. 10 0e0TEPO UEPOC, TOL HOVTEAL SOPOP®V CEVAPI®MV Yo TIC 1O1OTNTEG TV
KOADUUATOV KOl TOV UNTPIKOV TETPOUATOV dtatnpovv otabepd to eninedo wpipovone. Qotdco,
n ovénon TV EQUPUOCUEVOV TIUOV £XEL OC OMOTEAEGUN TNV OOENGCT TOV TOYOEVUEVOV
vopoyovavOpakwv. Agv mapotnpeitor oAlayr oty OodKocio.  HETOVACTELONG Yol TO
SLOLPOPETIKA LOVTENQL.
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Exploration and Exploitation) in cooperation with Hellenic Petroleum S.A. (HELPE). | would
like to express my sincere gratitude to Dr. loannis Oikonomopoulos, Senior Geochemist of
HELPE, for the continuous support and his patience, motivation, and immense knowledge. His
guidance helped me in all the time of research and writing of this thesis.

The dissertation focuses on the petroleum system activity at the broader area of Patraikos Gulf at
western Greece. Past research provides information for the numerous oil seeps and the promising
source rocks of the lonian Zone. In particular, a basin modeling for western Patraikos Gulf is
carried out, along with a sensitivity analysis to specify the parameters that mostly affect the
results of the basin modeling.

The thesis summarizes the burial history, thermal maturity, timing of petroleum generation,
expulsion and migration, and the accumulations trapped for a defined scenario which better
reflects the conditions of the area. Afterward, full sensitivity analysis regarding hydrocarbon
accumulations, migration paths, seal properties, source rock properties, and rifting stage will be
quoted using 2D and 3D basin models. For all the above, the three possible source rocks, Triassic
shales, Middle-Upper Jurassic shales known as Posidonia beds, and Lower Cretaceous shales
known as Vigla shales were studied.

For the analysis and the creation of the geochemical models two software were used.
Schlumberger’s PetroMod software was used for 1D modelling as Schlumberger sponsorship
with a full academic license to MSc Hydrocarbon Exploration and Exploitation. The Zetaware’s
Genesis and Trinity 3D software were used for the 1D/2D/3D modeling and were provided by
HELPE.

loanna Xanthopoulou
July, 2020
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1 Introduction

Previous hydrocarbon exploration in western Greece has shown that the region is characterized
by the existence of organic-rich intervals classified as rich source rocks (Karakitsios, 2013).
Former studies (Karakitsios, 1995; Karakitsios, 2013, Rigakis et al., 2013, Mavromatidis, 20009,
Karakitsios and Rigakis, 2003, Rigakis and Karakitsios 1998, Rigakis, 1999) focus on the
sedimentary rocks that establish their petroleum generation potential along with potential
reservoir rocks and traps. Certainly, there is a need for systematic exploration activities and new
data due to limited scientific knowledge and research in Greece.

2 Study Area

Taking into account the Alpine orogenic system, the paleogeography, and the evolution of
formations in the region, Greece is distinguished into geotectonic zones (Figure 1). The
geotectonic zones are grouped into two groups, namely the «Internal Hellenides», where the
orogenetic activity took place during Upper Jurassic-Lower Cretaceous, and the «External
Hellenides», which only suffered under the orogenetic action during Tertiary.

II] Paxos Z.

[ 1l Jionian Z.

I Gavrovo Z.
Pindos Z.
Beotian Flysch
VIR Ossa Unit - ;
Bl Parnassos Z. Bl serbomak. M. S . ‘
A Pelagonian Z. [XII'/Rhodope M. o
[1X7] Axios Z. Bl Cycladic M.
Il Circum Rhodope B :.*|Molasse v
Yk Philippi Sub-Basin [l Ophiolithe < Vulcanoes

150 km

Figure 1: The geotectonic zones of Greece (Source: http://users.uoa.gr/~hvasilat/files/maps/)
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Western Greece consists of three geotectonic zones, the Gavrovo-Tripolis Zone, the lonian Zone,

and the Pre-Apulian (Paxos) Zone. They are characterized as the most external geotectonic zones
of Greece.

Post-Alpine
formations

Paxi zone

lonian zone

Gavrovo zone

Pindos zone

Parnassos zone

Kefallinia

Internal zones

Fault
Thrust

Dverthrust

Figure 2: Geological map of the external Hellenides in NW Greece (Source: Karakitsios, 1995,
Karakitsios and Rigakis, 2007).

The external geotectonic zones of Greece (Figure 2) with a NNW-SSE development have been
described as indigenous and are characterized by the thrust and fold belt tectonics. The
boundaries between them have been observed both in the field and in wells drilled in the region
and found to be tectonic. The Pindos Zone is located thrusting towards the Gavrovo Zone and in
many places, it has overlapped and has been thrusted over the lonian Zone. The Gavrovo Zone,
which was the margin of the Apulian platform, thrusted towards the lonian Zone. Both of these
boundaries have been studied in detail, while there is a clear lack of evidence about the boundary
between the lonian and the Pre-Apulian Zones because the latter displays only small outcrops in
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the region. It is considered that the lonian Zone thrust towards the Pre-Apulian (Mountrakis,
2010).

The formations of the Gavrovo and Pre-Apulian Zones are considered rigid and easily fractured,
whereas the lonian Zone is composed of ductile sediments and thrust tectonic prevails in the
region. The boundary between the lonian and the Pre-Apulian Zones is characterized by the
intrusive evaporites. The evaporites moved westwards due to pressures from the opposite
direction. Many detachment levels were favored from the intrusive evaporites, resulting in the
movement of blocks for long distances. Also, listric faults gave analogous movements (Rigakis,
1999).

The gradual emersion of the external zones occurred from east to west. Primarily, the Gavrovo
Zone emerged during the Oligocene-Miocene boundary, followed by the compressional phase of
NEE-SWW direction at Lower Miocene with the emersion of the lonian Zone. Also, during this
time the thrusting of Pindos and Gavrovo Zones along with the imbrications of the lonian Zone
took place in the region. The emersion of the Pre-Apulian Zone took place during the Lower-
Middle Miocene. Finally, during the compressional phase and the diapiric movements during
Upper Miocene-Pliocene times, the lonian Zone thrusted towards the Pre-Apulian Zone (Rigakis,
1999).

From Triassic to the Late Cretaceous period, Western Greece was part of the Apulian continental
block on the southern passive margin of Tethys (Karakitsios and Rigakis, 2007).
Paleogeographically the Gavrovo Zone was a shallow submarine ridge that received platform
carbonate sediments and separated Pindo’s groove from that of the Ionian. The Pre-Apulian Zone
was the slope of the Apulian platform to the lonian basin (Rigakis, 1999).

Numerous oil seeps have been recorded during exploration in the three above mentioned
geotectonic zones strengthening the possible down-deep hydrocarbon accumulations in the
region. From detailed geological and geochemical oil-source correlation studies in the lonian
Zone (Western Greece), attribute the surface occurrences of hydrocarbons to the Mesozoic
potential source rocks. Specifically, shales within the Lower Cretaceous (Vigla), Middle-Upper
Jurassic (Posidonia), and Triassic Formations have been characterized (Rigakis and Karakitsios
1998) as good to excellent potential source rocks from which the oil seeps may have originated.

1.1 Gavrovo-Tripolis Zone

The Gavrovo-Tripolis lithostratigraphy is shown in Figure 3. Generally, the zone consists of
platform carbonates deposited in a high-energy intertidal environment. The sequence comprises
Lower Cretaceous to Eocene limestone followed by the Oligocene flysch (Rigakis et al 2013). No
potential source rock intervals have been proved within the Mesozoic sediments of this particular
geotectonic zone up to the present day.
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Lithostratigraphic Evolution

Sedimentation started at Mesozoic with Upper Triassic dolomites and continued at Tertiary with
Upper Eocene with dark-colored, shallow platform limestone intercalating with breccia. At
Senonian-Campanian dissolving erosion took place and at Campanian-Maastrichtian deposition
continued with internal platform sediments with a bioclastic interval at east, while reefal

sedimentation took place at the western part of the region (Rigakis, 1999).

Also, the discontinuation of the sedimentation in the region, in the Middle Eocene, is supported.
Furthermore, the flysch deposition alternating with marly sandstones, siltstones, and carbonate
conglomerates, took place from Upper Eocene to Oligocene as the final stage of the Alpine

orogenesis where subsidence is observed for the area (Rigakis, 1999).
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Figure 3: Synthetic lithostratigraphic column of the Gavrovo Zone. 1) Flysch, 2) Platform carbonates
with clastics, 3) Reefal-bioclastic carbonates, 4) Platform limestone (Source: Rigakis, 1999).
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Another emersion of the Gavrovo Zone is possible just before the flysch sedimentation at Upper
Cretaceous, presented with an unconformity at the base of flysch. As a result, sedimentation
conditions have changed. The Eastern part of the area constituted an external platform
environment, while westward a high sea-bed environment existed. From Upper Eocene onwards,
the sedimentation continued with marly limestone until the flysch deposition (Mountrakis, 2010).

1.2 lonian Zone

The lonian lithostratigraphical column is shown in Figure 4. The lonian Zone, according to the
latest theories, was characterized as a basin with hemipelagic-pelagic sedimentation formed
during the Middle Lias between Apulian and Gavrovo platforms. It can be divided into Internal
(eastern), Central and External (western) lonian on the basis of thickness variation.

The zone comprises sedimentary rocks ranging from Triassic evaporites to Jurassic-Upper
Eocene carbonates and minor cherts and shales, which are overlain by Oligocene flysch. Organic-
rich intervals occur within Triassic evaporites and Jurassic-Cretaceous pelagic argillaceous-
siliceous sediments (Karakitsios and Rigakis, 2007).

Lithostratigraphic Evolution

The lonian Zone consists of Alpine sedimentary rocks and is distinguished by three distinct
stratigraphic sequences.

I) The pre-rift sequence, the first alpine sediments, is represented by Lower to Middle Triassic
evaporites (>1500 m) dominated by anhydrite, gypsum, halite, and associated with dolomitic and
carbonate breccia, high in clay content. The sedimentation took place in a shallow-platform
environment. Triassic breccia formed by tectonic movements occurred during evaporitic
substratum halokinesis. Further, at the stratigraphic sequence, Foustapidima limestone (50-150
m) of Ladinian-Rhaetian age, overlie the evaporites. They consist of black limestone with
carbonate breccia and marls and are located in the External lonian Zone. During Middle Lias the
lonian Zone undertook tensile forces resulting in its subsidence. The sequence is completed with
the deposition of shallow water-platform limestone, known as Pantokrator limestone (>1000 m),
of Lower Jurassic age. In many regions, Pantokrator limestone has been subjected to
dolomitization (Karakitsios, 1995; Rigakis, 1999; Karakitsios, 2013).

1) The syn-rift sequence starts with the deposition of Louros Limestone and their lateral
equivalent Siniais Limestone (20-150 m). Locating fossils like foraminifera, brachiopods and
ammonites declare Pliensbachian age and hemipelagic sedimentation. The lonian Basin was
divided into smaller basins which were characterized by different accommodation spaces. The
Siniais Limestone occupy the Central lonian Zone, while the Louros Limestone occupy the
External and Internal lonian Zone. Subsequently, the half-graben geometry of the lonian Zone
during the Jurassic/Cretaceous rifting stage, gave differentiation of formations’ thicknesses for
the syn-rift sequence. The deeper parts of synclines consist primarily of the formations
Ammonitico Rosso and their lateral equivalent Lower Posidonia beds of Toarcian-Bajocian age.
In regions of complete development Filamentous Limestone, of Bajocian-Callovian age, are
identified shortly after at the stratigraphic sequence. The sedimentation proceeds with the Upper
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Posidonia beds and their lateral equivalent Tokas Limestone, of Callovian-Tithonian age. The
thickness of the syn-rift sequences varies from 20 to 200 m (Karakitsios, 1995; Rigakis, 1999;
Karakitsios, 2013).

Regarding lithology of the formations, Ammonitico Rosso consists of limestone and marls, red in
color, with an oversupply of ammonites. At the base of the formation grey marly layers have
been identified. Lower Posidonia beds consist of marly limestone layers of limited thickness and
cyan to grey color and laminated marls with high silica and bitumen content. Filamentous
Limestone consists of limestone of grey-beige color, high in actinozoan and filament fossils.
Upper Posidonia beds consist of alternating cherty and shale beds and Toka Limestone consist of
pelagic limestone with cherty nodules and marls. The succession of the syn-rift sequence is
interrupted by hiatuses and unconformities. Occasionally, Filamentous Limestone is absent, so
the Upper Posidonia beds lie directly on the Lower ones (Karakitsios, 1995; Rigakis, 1999;
Karakitsios, 2013).

III) The post-rift sequence begins with the deposition of the Vigla Limestone, of Berriasian-
Turonian age. It is about pelagic limestone with cherts. Two important zones are also presented,
consisting of cherty layers with shale and marl intercalations. From Tithonian time, extended
subsidence took place at the lonian Basin, and thus, the sedimentation conditions were
homogenized throughout the region. It is important to point out that sometimes the Vigla
Limestone lies directly on the pre-rift sequence, so its base represents the breakup unconformity
of the post-rift sequence (Karakitsios and Rigakis, 2007). Different thicknesses are observed for
the Vigla Limestone and are attributed to continuous halokinesis of the evaporites in the region.
Afterward, the lonian Zone was separated as a topographically higher area. As a result, the
sedimentation suffered a reduction.

Furthermore, the Carbonate platforms of Gavrovo and Apulian gave the feed of clastic material.
So, the sequence continues with the Senonian Limestone (100-300 m). Two facies are identified
in the formation, which consist of calciturbidite limestone with intervals of globotruncardis,
rudist and microbreccia, and limestone with rudist fragments and calcareous cement with a high
content of pelagic fauna (Karakitsios and Rigakis, 2007).

The Gavrovo and Apulian platforms suffered an erosional phase during Cretaceous, more intense
during Paleocene, which provides lonian Zone’s brecciated material. In the lonian Zone, during
Paleocene-Eocene time, sedimentation was homogenous and proceed with the deposition of
limestone with rare cherty intercalations and clastic material (200-400 m). There is also a zone
with marly limestone, which indicates the transition from the Senonian Limestone to the flysch
deposition (Karakitsios, 1995; Rigakis, 1999).

During Oligocene, flysch deposition took place in the lonian Zone, namely siltstone and
sandstone overlying a basal conglomerate. The thickness largely varies, but in some regions, it
exceeds 1400 m. The flysch represents deep marine environments of a developing orogen. Its
deposition took place during the early stage of the orogenesis and is characterized as syn-
orogenic sediment. At the end of Burdigalian, the inversion of the lonian Zone took place with
major orogenic movements. The uplift of the zone took place during Aquitanian with the
formation of shallow basins, so the zone accepted clastic sediments at Burdigalian (Karakitsios
and Rigakis, 2007).
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Figure 4: Synthetic lithostratigraphic column of the lonian Zone. 1) Scree, 2) Pelites, sandstone and
congomerates, 3) Limestone with rare cherty intercalations, brecciated, 4) Pelagic limestone with
calciturbidite intercalation, 5) Pelagic limestone with cherts and shale intercalations, 6) Upper:
Alternating cherty and shale beds, Lower: Marly limestone and laminated marls, 7) Pelagic limestone
with cherty nodules and marls, 8) Pelagic limestone with lamellibranches, 9) Pelagic, nodular red
limestone with ammonites, 10) External platform limestone with brachiopods and small ammonites, 11)
Pelagic Limestone with rare cherty intercalations, 12) Platform limestone, 13) Thin-bedded black
limestone, 14) Evaporites with shale horizons (Source: Karakitsios, 1995; Rigakis, 1999).

Tectonics

Structural analysis of the lonian zone shows that orogenesis essentially took place during the
major phase of deformation at the end of early Miocene. It was the result of the compression of
Tertiary age, with intense imbrications favored by the evaporitic halokinesis. The folding of the
zone is accompanied by rifting which created continuous thrust and imbrications. The lonian
zone was considered to be the assemblage of anticlines and synclines pushed against each other
by a system of moderate westward overthrusts, which were accompanied by a transcurrent fault
system that made the thrust mechanism easier (Karakitsios, 1995).

The structures of the zone present divergence whereas the western and central zone is displaced
towards the west and the eastern zone towards the east. Generally, extensional faults were
reactivated with either reverse or transcurrent displacement, consistent with classical inversion
tectonics. In some cases, during the compressional phase, extensional faults were not reactivated
as simple thrusts, but the elevated extensional footwalls were thrusts over pre-existing hanging
walls due to movements of the basal evaporitic units. This was facilitated by diapiric movements
involving the basal evaporitic interval. Field and available seismic data suggest that at least
moderate décollement took place along the evaporites (Karakitsios and Rigakis, 2007).

1.3 Pre-Apulian Zone (Paxos)

The Pre-Apulian Zone (Figure 5) is the most external domain of the Hellenic fold and thrust belt
and is characterized by continuous neritic sedimentation and the absence of flysch. However, it is
believed that an informal flysch formation shows up at Pre-Apulian platform, due to the gradual
transition from the typical flysch of the lonian Zone to the calcareous facies of Pre-Apulian. Part
of the zone is detected in the lonian islands. The zone, during Mesozoic-Cenozoic period,
constituted the internal Apulian Platform that extended towards the lonian Basin (Karakitsios and
Rigakis, 2007).

Lithostratigraphic Evolution

The Pre-Apulian sedimentation begins, at shallow platforms, with the Triassic Evaporites (>1700
m), containing dolomites with shale intercalations and anhydrite. Their age has been attributed to
Upper Triassic, due to the identification of Glomospirella sp. and Trochamina Almalensis
microfossils. The sedimentation continues with limestone and dolomitic limestone, anhydrite, and
shale intercalations of Lower Jurassic age (1650 m). Further, marly limestone and basal anhydrite
with cherts and shale layers, rich in organic carbon, were deposited during Middle Jurassic (150
m), which are covered with limestone, marly limestone and marls of Upper Jurassic age (500-730
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m). Occasionally, the Upper Jurassic succession represents a possible hiatus and the total
thickness of the Jurassic sequence is much more developed than the corresponding lonian
succession due to transition towards the Apulian well (Rigakis, 1999; Karakitsios, 2013).

In some cases, at the base of the Cretaceous succession, a conglomerate formation is detected
with calcareous and magmatic elements which afterward continues with pelagic limestone and
chert nodules. At the upper parts of the sequence, the limestone become more brecciated, high in
rudist fragment, and sometimes are represented by a hiatus. The thickness of the sequence varies
from 700 to 1550 m (Rigakis, 1999; Karakitsios, 2013).

The sedimentation continued at Paleocene with the deposition of pelagic limestone with
brecciated intercalations which in the upper parts contain marly layers. During this time, intense
tectonic activity and erosional facies at Oligocene had a result of a differentiation of the Pre-
Apulian Zone with the inversion of some parts of the zone and the presence of unconformities.
Subsequently, the deepening of the zone at Early Miocene gave the deposition of marly limestone
at the lower parts, and marls at the upper parts of the sequence. The Pre-Apulian succession is
completed with the presence of marine marls and sands with lignite intercalations of the Plio-
Pleistocene age. Besides, the bound between the Miocene and Pliocene successions is
characterized by an unconformity and the presence of evaporites (Rigakis, 1999; Karakitsios,
2013).

Figure 5: Synthetic lithostratigraphic column of the Pre-Apulian Zone. 1) Marine marls and sand, 2)
Limestone commonly marly, 3) Pelagic limestone or marly limestone and brecciated intercalations, 4)
Mixed pelagic-neritic limestone sometimes with breccias, 5) Pelagic limestone, 6) Mixed pelagic-neritic
calcareous and magmatic elements, 7) Pelagic limestone with nodules and rare cherty intercalations, 8)
Conglomerates, 9) Pelagic limestone commonly marly, 10) Limestone, shales and basal anhydrite, 11)
Limestone and dolomitic Limestone, anhydrite and shale intercalations, 12) Evaporites, 13) Shale layers
(Source: Karakitsios, 1995; Rigakis, 1999).
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2 Petroleum system elements

The geological conditions of Western Greece have been assumed to be favored for the
development of petroleum accumulations. Many researchers have already studied the area and
found possible traps, source rocks, reservoir rocks and cap rocks. In thrust and fold belt areas,
like in Western Greece, where the geological setting is quite complex, the areas with favorable or
unfavorable conditions vary drastically within a few kilometers. Therefore, the petroleum system
elements along with the generation, expulsion, migration, and accumulation of hydrocarbons
should be determined by detail in each area separately. The petroleum system elements will be
discussed in the next chapters.

2.1 Source rocks
Six possible source rocks have been discovered in the lonian Zone.

= Triassic shale fragments
=  Ammonitico Rosso marls
= Lower Posidonia beds

= Upper Posidonia beds

= Vigla shales

From east towards the west, in the Gavrovo Zone, no possible source rock has been discovered
yet. In the Internal lonian Zone, the most promising source rock, in terms of TOC (Total Organic
Carbon) and HI (Hydrogen Index), is the Vigla shales of Albian-Cenomanian age which are
interbedded within the Lower Cretaceous Vigla Limestone. In the Central and External lonian
Zone, the Middle-Upper Jurassic, Posidonia shales, and the Lower Triassic shales are considered
as the most important source rock intervals in terms of TOC and HI. In the Pre-Apulian Zone, the
Upper Jurassic shales, the Lower Jurassic thin shaly intervals, and the Upper Triassic shales are
of the greatest interest (Rigakis and Karakitsios, 1998).

2.2 Reservoir rocks

The reservoir rocks, one of each petroleum system elements, must be characterized by good
porosity and permeability to have the ability to store and accumulate fluids inside the pores. The
research for reservoir rock in Western Greece has focused on the carbonate formations and clastic
sediments. The most promising reservoir rocks of Western Greece are primarily the Senonian
Limestone and the Paleocene-Eocene Limestone. Hydrocarbon accumulations within such rocks
have been proved in many cases in Albania through discoveries. However, the following
potential reservoir rocks could be considered, and are currently under investigation:

= Pantokrator Limestone
» Vigla Limestone (Partially the case of Katakolo)
= Neogene sands

27



It is important to mention the extensive dolomitization that occurred at the Internal lonian Zone,
which is more intense towards deep. The layers that suffered dolomitization have a better ability
as reservoir rocks. Also, areas with intense tectonic activity have given formations with high
secondary porosity and highest permeability and therefore, better reservoir characteristics
(Rigakis et al., 2013).

2.3 Seal/Cap rocks

Cap rock is an impermeable rock, usually shale, which is an obstacle preventing the leakage of
hydrocarbons to the surface. Cap rock is characterized by low porosity and permeability.
Oligocene flysch and the Upper Pliocene-Miocene marls (as is the case of Katakolo) are
considered as the primary seal formations in Western Greece. However, formations that
potentially can act as seals in Western Greece are the following:

= Triassic Evaporites
= Jurassic shales and limestone

It is worthy to mention that the seal formations should not have been affected by the tectonic
activity of the area and have not acquired secondary porosity (Rigakis, 1999).

2.4 Trapping

In the lonian Zone, due to intense erosion, most topographic highs, anticlines, were eliminated
together with the hydrocarbon accumulations that came along. However, topographic lows,
synclines, and their corresponding minor anticlines, of the area have been preserved, avoiding
erosion, along with their flysch cover and are considered good potential traps (Rigakis, 1999).

Important hydrocarbon traps may be found at the tectonic boundaries of the lonian, Pre-Apulian,
and Gavrovo Zones. Also, at the Pre-Apulian Zone, major anticlines are assumed to form good
hydrocarbon traps.

Major traps are considered between the evaporitic succession and their basement. The Jurassic
extensional phase triggered halokinesis of the basement evaporites. This affected the syn-rift
mechanism by enhancing the extensional fault throws, resulting in the formation of small,
structurally controlled subbasins with half-graben geometry. During the compressional
orogenetic phase, pre-existing extensional structures were reactivated. The precise geometric
characteristics of inverted basins depend on the intensity of evaporitic halokinesis and on the
lithological properties of the evaporites, as well as on diapiric intrusions in the lonian tectonic
Zone and on the detachment of the individual thrust sheets along the Triassic evaporites. The
result is the tectonic duplication of the lonian series which favors hydrocarbon trapping within
the lower carbonate series (Karakitsios, 2013).
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3 Basin Analysis

3.1 Introduction

The overall goal of the current basin modelling scenario is to simulate the thermal and maturity
evolution of the western Patraikos Gulf area. Basin analysis was conducted, with a special
emphasis on a specified charging model, with multiple input data, such as crustal thickness, beta-
factor, rifting time, radioactive heat, source rock parameters, and seal properties. Consequently,
basin analysis is to estimate and reconstruct the burial and the hydrocarbon charge history. More
specifically, it estimates the hydrocarbon generation, expulsion, migration, accumulation, and
respective timing.

3.2 Modeling method and parameters

The modeling processes for the Patraikos Gulf area were performed using the PetroMod 1D
Modeling software by Schlumberger and the Genesis and Trinity 3D petroleum modeling
software by Zetaware.

Hellenic Petroleum S.A. (HELPE) provided 32 selected points, known as ‘“Pseudowells” derived
from the combination of onshore equivalents and seismic interpretation. For each pseudowell, a
model was simulated. For this dissertation, pseudowell-A (PW-A) was selected for 1D modeling.
Figure 6 shows a detailed location map for the western Patraikos Gulf block area. In the 3D
modeling, pseudowell-B (PW-B) was also used for better optimization of the results. All created
images for PW-B are presented in the Appendix (Figures A-1). The location of both wells is
under confidentiality and is not included in this study.
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Figure 6: Detailed location map for the Patraikos Gulf block (https://www.greekhydrocarbons.gr/)

29


https://www.greekhydrocarbons.gr/

The input data that was used for the modelling, issued from published literature and HELPE. The
input parameters include:
= Formation tops derived from the seismic interpretation (seismic depth grids).
= Thicknesses were interpreted and calibrated by onshore equivalents, well data, and
published data.
= Lithologies based on onshore equivalents and according to the published work (Getsos et
al., 2007; Rigakis, 1999; Rigakis and Karakitsios, 1998; Rigakis et al., 2013).
= Tectono-stratigraphic history of the area (ages and additional tectonic events such as
thrusting, non-preserved deposition, and equivalent erosion).
= Source rock parameters (Kerogen types, initial TOC, HI values, etc.) based on
geochemical analyses data.
= Paleo-bathymetry was estimated based on paleo-depositional environments and known
lithologies from onshore equivalents.
= Sediment surface interface temperature based on equations of Beardsmore and Cull
(2001).

For the better understanding of the results, some key parameters for the predicted sequence of
PW-A, concerning two erosional and one thrusting events, are pointed out. Those were
considered critical and would affect the thermal maturity of the underlying source rocks.

The first erosional event applied in the Oligocene (30-28 Ma) age, represents a missing section of
700-m-thick sediments. The second erosional event applied during Miocene (7-5 Ma) and
corresponds to the removal of 1600 m of previously deposited sediments. Furthermore, a thrusted
sheet, known as Echinades thrust, was added on the section at Oligocene-Miocene (23.7-16.6
Ma) age, between the two previous erosional events. The thrust caused the addition of 1312 m of
sediments in the area.

The following tables list information about the applied values considering the heat flow
parameters (Table 1), the seal capacity parameters (Table 2) and the source rock properties
(Table 3). The values considering the thermal regime of the area were sorted after thorough
research of published maps (Appendix, Figures J-L). An average composition of the crust was
selected. In addition, values for the stretching factor and the radioactive heat were used based on
analogues (geological settings) of nearby areas.

Table 1: Parameters used to constrain the different thermal and maturity models considering the thermal
regime of the area.

Parameters Scenario 1 Scenario 2 Scenario 3 Scenario 4
Crust (km) 35 35 25 35
Lithosphere (km) 90 85 95 85
Radioactive Heat Production
(MW/m?) 2.5 2.8 3 2.8
1.3 247-242
e 1.3 190-180
b-Factor Rifting (Ma) 25 190-145 1.3 190-145 1.1 190-145 14 180-170
1.8 170-160

Heat Flow (mW/m?) 36 44 49 -
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Table 2: Parameters used to constrain the different basin models considering the seal capacity of the
formations for the area. Seal capacity values are in meters.

Formation Scenario | Scenario |l Scenario 11 Scenario IV
Plio-Pleistocene 1 50 100 800
Late Miocene 1 50 100 800
Middle Miocene 1 50 100 800
Early Miocene 1 50 100 800
Late Oligocene 1 50 100 800
Early Oligocene 1 50 100 800
Eocene 1 50 100 800
Senonian 1 1 1
Vigla Shales 1 1 1 1
Early Cretaceous 1 1 1 1
Posidonia Beds 1 1 1 1
Early Jurassic 1 1 1 1
Triassic Shales 1 1 1 1

Table 3: Parameters used to constrain the basin models considering the source rock properties of the
area (Sc: Scenario).

Parameters Triassic Shales Posidonia Beds Vigla Shales
Sc.A Sc.B Sc.C Sc.A Sc.B Sc.C Sc.A Sc.B Sc.C
Age Tithonian-Norian Callovian-Tithonian Albian-Cenomanian
Kerogen Type I 1S I
Organo-facies C A A
Average TOC (%) 15 3 6 1 2 4 1 1.8 3.6
Average Hl 600 650 700 550 600 650 450 500 550

Average Thickness

25 30 60 40 60 100 40 60 100
(m)

The results of the 1D modeling were used for the estimation of the thermal maturity level of the
organic matter and the timing of hydrocarbons’ generation and expulsion. On the other hand, 3D
modeling provides information about the petroleum generation and accumulation processes, the
calculation of the expelled hydrocarbons and the vertical and lateral migration process.

Figure 7 illustrates the workflow for the Patraikos Gulf thermal maturity model simulation.

It is advisable to firstly present a model in order to understand the general status of the area. For
the simulation of this model the following parameters were used: Scenario 2 from thermal regime
parameters (Table 1), Scenario 11l from seal properties (Table 2), and Scenario B from source
rock properties (Table 3). Furthermore, the 1D modeling charts for Scenario 1 issued from the
dissertation of Styliani Bragou with the title “Hydrocarbon generation and expulsion sensitivity
analysis by applying 1D/2D/3D basing modeling, Patraikos Gulf, Western Greece”, 2020. It also
represents a detailed sensitivity analysis for the timing window of the hydrocarbons’ generation
and expulsion.
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Figure 7: Workflow during the reconstruction of the Patraikos Gulf thermal maturity model.



3.2.1 Burial History

Figure 9 and Figure 10 show the burial history curves of the representative PW-A. Information
on the current depth and calculated maximum depth of the burial for the three source rocks of the
area are listed in Table 4.

Table 4: Current depth, calculated maximum depth of burial.

Burial history location Source rock
Pseudo-well #A Vigla Shales Posidonia Beds Triassic Shales
Current depth 3570 m 3930 m 7454 m
Maximum depth 4100 m 4550 m 8100 m

The thermal regime through time is shown in Figure 8. For heat flow measurements PetroMod
1D Modeling Software utilizes the McKenzie Heat Flow Model. According to this model, the
rifting event is instantaneous. An explanation of this event is based on the “instantaneous” finite
extension (stretching) of a double-layer lithosphere (Sheplev and Reverdatto, 1998). In the pre-
rift period, the model’s function is linear, capturing the rapid increase of crustal heat. In the syn-
rift and post-rift period McKenzie’s model function becomes exponential, capturing the smooth
decrease of the crustal heat.
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Figure 8: Heat Flow curve for Scenario 2. Heat flow values are in mW/m?,

The burial history curves suggest that during Middle Triassic to Upper Triassic (240-230 Ma),
Triassic Evaporites and the first (deepest in the normal stratigraphic sequence) potential source
rock of the area known as Triassic shales, were deposited. The sediment accumulation thickness,
according to published research, is more than 3000 m, although at PW-B appears with almost
1550-m thick sediments. Later, from Upper Triassic to Lower Jurassic (230-193 Ma) the
deposition of Pantokrator platform carbonates took place. The formation appears with 3464 m
thickness. During the Syn-Rift period from Lower Jurassic to Upper Jurassic (190-145 Ma), and
more specifically from 193 to 146 Ma the sedimentation rate looks fairly constant and relatively
slow. During this period, the second potential source rock of the area, known as Posidonia beds,
was deposited, with 60 m thickness. Between, Lower to Upper Cretaceous (146-89 Ma) the
deposition rate remains slow, with the deposition of the Vigla Carbonates and the third potential
source rock

33




Cretaceous Paleogens Meog. | |

- L Jur. | Lower Cretaceous L Crt. .| Eocene | Oli.
Plio-Pleistocens
2000 Thrust
Top Eocene
“igla Shales
4000 Posiconia
E
=
i1
i)
a1
000 Pant &
Triassic Shale
000
Triassic Evaporites
0 1.00 200 3.00 4.00 500
SweeneyiBurnham{1990)_EASY
%R [%Ro]
T T T T T -
200 150 100 a0 0
Time [Ma]
Figure 9: Burial history plot (240 Ma to Present) of the PW-A at Patraikos Gulf.
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Figure 10: Burial history plot (50 Ma to Present) of the PW-A at Patraikos Gulf.
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of the area, known as Vigla shales. The formations appear 300 m and 60 m thick, respectively.
During Upper Cretaceous to Oligocene (89-36.6 Ma) Senonian Carbonates, Paleocene-Eocene
Limestone, and the lonian Flysch were deposited with approximately 940 m of thickness. The
first erosional event lasted about 2 Ma and ended with the beginning of thrusting. There is a
removal of about 700 m of the section. After that, the burial history curve drops steeply,
representing the rapid increase in sediment accumulation rate during thrusting between 23.7 to
16.6 Ma. Maximum burial occurred around 7 Ma when the second erosional event lasted about 2
Ma. The erosional event started with the end of thrusting and ended with the deposition of the
Plio-Pleistocene sediments. Removal of 1600 m of sediment was observed. In the last 5 Ma
almost 1100 m of sediment have been deposited in the area of western Patraikos Gulf.

A comparison between the two applied pseudowells is necessary to better understand their
differences. The results of PW-A are, in detail, in the previous sections, while all resulted
diagrams for PW-B are shown in the Appendix (Figures A-l). The thermal regime for both
models remains the same.

At first, only Triassic shales and Posidonia beds appear at PW-B as the potential source rocks of
the area. Triassic shales at PW-A show earlier generation and expulsion compared to PW-B,
considering that the source rock remains at the late oil window and the wet gas window, for a
longer period. On the other hand, Posidonia beds generated and expelled hydrocarbons at an
earlier time and to greater extent in PW-B than in PW-A, due to its higher maturation level. The
above variations may be due to different erosion and thrusted thickness. As modeled, the
thickness for the applied erosional and thrusted events are doubled in PW-B, illustrating deeper
burial and higher temperature and pressure conditions. Besides, the effect of the thrusted sheet
appears more intense in PW-B.

3.2.2 Maturation History

The maturation history performed for PW-A, is based on calculated vitrinite reflectance (%Ro).
As illustrated for VRo in Figures 11 and 12, the blue-colored area represents the immature to
marginally mature organic matter (< 0.55 %Ro). The light green-colored area represents the early
window of oil generation (0.55 — 0.7 %R0). The green-colored area represents the main window
of oil generation (0.7- 1.0 %Ro0). The dark-green colored area represents the late oil window (1.0-
1.3 %Ro0). The orange-colored area represents the wet gas window (1.3- 1.5 %Ro0). The red-
colored area represents the dry gas window (2.0- 2.4 %Ro).

The three source rocks of the area are considered oil-prone. Triassic shales are composed of Type
| Kerogen and at present (0 Ma) are partially in the oil and partially in the gas window depending
on the location as Figure 12 shows. Posidonia beds and Vigla shales are mostly composed of
Type Il Kerogen. Both source rocks at present are either immature or within the early oil window
depending on the location as Figure 12 illustrates. An increase in maturation for all three source
rocks is noticed due to the thrusting event in Miocene. In particular, Triassic shales VRo vs. Time
chart suggests that the thrusting event affected the maturation process of the source rock, thus,
entering the gas window.
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Figure 11: Vitrinite reflectance equivalent present-day maturity maps for A) Triassic shales, B) Posidonia beds and C)
Vigla shales source rocks.

36



T T
200 150 100 50 a

Time [Ma]
—— SweeneyaBurnhami1990)_EASY
%eRo at Mid of Triassic Shale

:

Witrinite Reflectance [%Ro]
=)

g

o T T T
150 100 50 1]
Time
— Sweeney&Burnham{1990)_EASY fhee]
%R0 at Mid of Posidonia
0800 Miocerne

= 0.600
'
#
L
L5}
[=
L=
T 0400
o
o
2
E
=
0200

i

T T 1
100 =0 u]
Time [Ma]
— Sweeney@Burnham(1990)_EASY
%R0 at Mid of vigla Shales

Figure 12: Vitrinite reflectance curve- Time based on Burnham and Sweeney (1990). The
black frame highlights the thrusting effect. The green-colored area corresponds to 0.55 —
1.3% Ro and the red-colored area corresponds to 1.3 — 2.4% Ro.

37



Table 5: Timing of oil and gas generation for modeled source rock horizons and the burial
history location. Age values are in Ma. Depth values are calculated at depth at which %Ro value
is reached (in meters).

Burial History Source Rock
Location Vigla Shales Posidonia Beds Triassic Shales
PW-A Age Depth Age Depth Age Depth
0.55 %Ro — Start Oil 11 3750 14 3850 190 3850
1.0 %Ro — Peak Oil - - - - 48 5500
1.30 %Ro — Start Gas - - - - 12 7500

Table 5 lists information about the time (Ma) that each of the potential source rock attained the
%Ro values of 0.55, 1.0 and 1.3% and the depths of the source rock at the specific %Ro maturity
level. In addition, Figure 11 illustrates the Vitrinite reflectance equivalent maturity maps for the
source rocks described in Table 3. The maturity maps for each source rock show increased
maturation to the east, towards the kitchen area. Therefore, the effect of the thrusting event of the
area on the maturation of the organic material is critical.

3.2.3 Petroleum Generation History

The generated volume, has a positive relation with the transformation ratio. Thus, based on the
transformation ratio data, the main timing and extent of hydrocarbon generation of the three
potential source rocks at the burial history location of the PW-A, were calculated. The results are
listed in Table 6 and summarized in Figures 13 and 14.

The transformation ratio derives from Rock-Eval Pyrolysis. It represents the ratio of the
petroleum formed by the kerogen to the total amount of petroleum that the kerogen is capable of
generating (Aguilera, 2018). It takes values from 0 to 1 and is represented as a percentage. It is at
the discretion of the modeler to choose the percentage that represents the starting time of an
effective generation. For this dissertation, the applied value is 20%.

Table 6: Timing of oil generation for the three modeled source rocks based on transformation ratio
curves. Age values are in Ma. Depth values are in meters. Transformation ratio percentages are in %.

Generation Effective Generation
1 1 o)
Source Rock (Al\jiqae) Transformation ratio (%) Age (Ma) Transformation ratio (%0)
Triassic Shales 190 1.75 138 20
Posidonia Beds 14 3.71 7 20
Vigla Shales 11 6.13 0 14.19

As expected, earlier and most extensive petroleum generation occurs for Triassic shales, which
are characterized by most deeply buried history. Also, the thrusted sheet affected the Triassic
source rock, thus cracking the oil to gas. In addition, for the Jurassic and Cretaceous source
rocks, the most extensive petroleum generation occurs at Posidonia beds which experienced
deeper burial depths comparing to the Vigla shale source rock horizons.
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Triassic shales represent the earliest timing and greatest extent of petroleum generation,
following a normal process and starting at about 190 Ma. The timing of oil cracking to gas is
observed at the end of the late oil window at about 12 Ma and is controlled by the thrusting event,
due to the deeper burial depths. Oil generation in the Posidonia beds and Vigla shales began at
about 14 Ma and 11 Ma, respectively. Both source rocks generate hydrocarbon to a limited extent
for the first years. The
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source rocks (Triassic shales, Posidonia beds, and Vigla shales) through geological time. Blue, green and
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ages suggest that the thrust emplacement significantly affected the generation process for all three
source rocks due to the increasing rate during Miocene. The above is more intense for Posidonia
beds and Vigla shales since both generated oil after the thrusting event. Considering the effective
generation, Triassic shales and Posidonia beds reach 20% TR at 138 Ma and 7 Ma,
correspondingly. On the contrary, Vigla shales, at the present time, have reached only 14.19%
TR. The values confirm the previous conclusions.

Figure 15 illustrates the Generation vs. Time curves for each of the potential source rock. The
timing and extent of petroleum generation from the prescribed source rocks are summarized in
Table 7.

3.2.4 Petroleum Expulsion and Migration History

Efficient petroleum expulsion occurs after a minimum hydrocarbon saturation reached in the
source rock. The amount is around 4%. The above interprets the existing lag between the
petroleum generation and expulsion timing. The main expulsion for the Triassic shales occurred
at 140 Ma
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Figure 16: Expulsion Mass curves through geological time for two modeled source rocks, namely the
Triassic shales and the Posidonia beds. Expulsion mass values are in mg HC/g Rock and time values are
in Ma.

following the normal process. Expulsion for Posidonia comes after thrust emplacement at about 7
Ma. No expulsion is observed for Vigla shales. There is a possibility that the petroleum mass
which has generated from Vigla shales to be not competent to expel hydrocarbons, according to
the standards of PetroMod 1D modeling. Figure 16 illustrates the Expulsion vs. Time curves for
each of the potential source rocks. The expulsion timing mass values are summarized in Table 7.

Table 7: Generation and Expulsion critical times, generation and expulsion mass values, and generation
mass value at expulsion starting time. Time values are in Ma. Mass values are in mg HC/ g Rock.

Generation

. Expulsion Generation Value at Expulsion End
Generation End Value . . .
Source Rock (Start Ma) (mg HC/ (Start Expulsion Starting Time Value (mg
F\gock) g Ma) (mg HC/g Rock) HC/g Rock)
Triassic Shales 190 19.43 140 3 17.08
Posidonia Beds 14 2.9 7.00 2.36 0.31
Vigla Shales 11 1.28 - - -
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Figure 17: Migration and accumulation maps for: A) Triassic shales,
B) Posidonia beds, C) Vigla shales.
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Figure 18: Predicted volumes of oil and gas expelled from A) Triassic shales, B) Posidonia beds, C) Vigla shales.
The red frame and circle highlight the thrusting and high sedimentation rate effect, respectively.
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Figure 18 shows that charging from Triassic shales started at Paleogene, whereas for Posidonia
beds and Vigla shales began at Miocene. In more detail, in the pre-thrusting period, a minimum
expulsion of hydrocarbons is noticed. In contrast, in the post-thrusting period, two stages can be
pointed out. A period of intense increase in hydrocarbon volumes due to the thrusting
emplacement in Miocene, and a static period after the thrusting effect. The static period may
occur due to the erosional event that negatively affects the expulsion process. Besides, a slight
increase in hydrocarbon volume is detected in the last 5 Ma due to the high sedimentation rate.

As previously described, Triassic shales followed a normal process of petroleum generation and
the deepest burial history. From the specific simulated model, it was observed that 4.8 MMstb of
oil and 1.8 Tcf of gas were expelled totally from the source rock. Considering that the potential
trap we study was created with the thrusting event at 16 Ma the available volumes will be 477
MMstb of oil and 672 Bcf of gas. Expulsion for Posidonia beds comes after thrust emplacement
and results in 103 MMstb of oil and 10.3 Bcf of gas, however at 16 Ma the available volumes at
the possible prospect nearby the kitchen area will be 102 MMstb and 10.2 Bcf. For Vigla shales
the expulsion was observed at the 3D simulated model only, suggesting post-thrust expulsion of
8.4 MMstb of oil as well as 0.83 Bcf of gas. More specifically, at 16 Ma the available volumes
will be 8.2 MMstb oil and 0.8 Bcf of gas. All the above are illustrated in Figure 18, and
summarized in Table 8.

Losses for Posidonia beds and Vigla shales are limited, as modeled. Triassic shales appear with
an extent of petroleum loss, due to early generation/expulsion when compared with the formation
of the potential trap.

Posidonia Beds Vigla Shales

Figure 19: 3D Perspective View of Migration for
A) Posidonia beds, B) Vigla shales.
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Triassic Shales

Figure 20: 3D Perspective View of Migration for Triassic shales.

Migration and accumulation graphs for the three potential source rocks are shown in Figures 19
and 20. The 3D migration graphs are modeled for the prediction of possible migration pathways,
according to the geometry and the lithology of the area. Besides, they aim to acknowledge traps
with access to charge, and movements between them until hydrocarbon accumulation.

The migration is observed westwards. More specifically, Triassic shales are distinguished by both
lateral and vertical migration. Closer to the kitchen area to the east, the migration is
combinatorial. This terminates at the base of the Pantokrator limestone where hydrocarbons
migrated vertically, throughout, due to fracturing. At the base of Posidonia beds, migration
continues combined, due to restricted fracturing, until the petroleum gets trapped. Some gas flow-
paths are identified, which are joined with those of oil due to solubility. Furthermore, Posidonia
beds and Vigla shales are characterized by a combination of vertical and lateral migration. It is
noteworthy that in all three potential source rocks northwest flowpaths occur. Therefore, further
research is needed. All the above are illustrated in Figures 20 & 21. The accumulations in Figure
21 are analyzed in Chapter 5.3.

For Scenario 2 of the area, a multilayer reservoir system (Figures 20 & 22) is identified with
accumulations at Vigla shales, Vigla Carbonates, Senonian, Eocene, and Oligocene formations.
The representative cross-section shows accumulation at the latest three formations. This indicates
that enough charge volumes are available to fill more than one formation. The inclined OWC
shown with the red circle is due to limitations.

According to the initial GOR (Gas to Oil Ratio), for each source rock, the generated oil can be
characterized as heavy oil (<300 scf/bbl) or light oil (300-10000 scf/bbl). For Triassic shales,
GOR is slightly above 300 scf/bbl, specifically 384.84 scf/bbl, and can be characterized as light
oil. For both Posidonia beds and Vigla shales, with GOR at about 100 scf/bbl, it is characterized
as heavy oil.
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Figure 21: 3D Perspective View of Migration for Triassic shales.
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Figure 22: Representative cross-section of multilayer reservoir of Triassic shales hydrocarbon system.

Table 8: Information of initial and available volumes and GOR for the three potential source rocks.

Oil (MMstb) Gas (bcf) GOR (scf/bbl)
Initial 16 Ma Initial 16 Ma Initial 16 Ma
Triassic Shales  4808.42  477.29  1850.48 671.79 384.84 1407.51
Posidonia Beds 103.31 102.35 10.32 10.21 99.89 99.77

Vigla Shales 8.38 8.20 0.83 0.80 99.33 97.76

Source Rock

3.2.5 Accumulations

Further analysis was attempted with a special focus on the potential trap and the Eocene horizon,
taking into consideration minimum migration losses. The calculation of the predicted volumes for
each accumulation observed was based on the geometry, reservoir properties, and seal
effectiveness. In Table 2, information about the applied values of Scenario Il of seal capacity
properties, for each horizon, is listed.

From the available 3D graphs (Figures 23 & 24), a closure perspective of the multilayer reservoir
system above the Eocene horizon is noticed. Numerous restricted quantities of gas accumulations
are discerned further up from the oil accumulations. In the presented model of Scenario 2, the
third source rock of the area, Vigla shales, does not contribute to the trapped petroleum
accumulations. The above deduced from the limited expulsion of the source rock.

Tables 9 and 10 list information about the possible trapped hydrocarbons observed, applying the
Triassic shales and Posidonia beds source rocks, respectively. It is highlighted that for the
following sensitivity analysis the gas concentrations, 3 to 10, will be treated in total.

Table 9: Information of possible trapped hydrocarbons, Triassic shales.

\W 1 2 3 4 5 6 7 8 9 10
Parameters

Column high (m) 100 100 18.42 12.07 2252 3.48 1191 1201 4.48 13.94
Oil (mmbls) 228 75 00 00 00 00 00 00 00 00
Gas (bcf) 111 42 04 03 10 00 03 03 01 05
GOR 507.7 551.3
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Figure 24: 3D Perspective View of Migration and Trapped Accumulations, based on Posidonia beds source rock.
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Table 10: Information of possible trapped hydrocarbons, Posidonia beds.

Accumulations 1
Parameters
Column high (m) 9.65
Oil (mmbls) 0.20
Sol Gas (Bcf) 0.0
GOR 50.7
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4 Sensitivity Analysis
4.1 Introduction

The objective of the sensitivity analysis is to understand the impact of the variant input data on
the timing and the volume of the generated hydrocarbons concerning the migration mechanism.
The sensitivity analysis focuses on the thermal regime of the area and the quality parameters such
as the seal capacity of the overlying horizons and the source rock properties. For the evaluation of
the resultant effects, outcomes were taken for the available charging history and the hydrocarbons
filling the prospect geometry.

For the sensitivity analysis, the results focused on three potential targets. The primary target
concerns the Eocene Limestone whereas the two-secondary targets refer to Oligocene and
Miocene formations. It should be noted that there is no change in the migration process,
concerning the flow-paths, and in the effect of the thrusting event.

4.2 Thermal regime

Three representative scenarios, using the minimum, intermediate and maximum values of
present-day heat flow, were simulated. The scenarios are presented in Table 1. The models were
created using Scenario 11l of seal capacity parameters (Table 2) and Scenario B of source rock
properties (Table 3).

Heat Flow [mitiin 2]
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Figure 25: Comparison of the heat flow curves for Scenario 1 and Scenario 2 of Table 1. Heat flow values are
in mw/m?,
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Figure 26: Comparison of the heat flow curves for Scenario 2 and Scenario 3 of Table 1. Heat flow values are
in mw/m?,
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Figures 25 and 26 show the comparison between the three simulated scenarios of Table 1. As
Table 11 lists, the present-day heat flow increases from the first to the third scenario. On the
other hand, Scenario 1 has the highest peak heat flow and then follows Scenario 3 and Scenario 2.
As a conclusion, the three potential source rocks of the area reach the highest temperature with
Scenario 1 at 145 Ma. Besides, they experience slower temperature reduction with Scenario 3.
Thus, it is interesting to see the different effects of the peak and present-day heat flow.

Table 11:Values of Present-day and Peak heat flow for the three simulated scenarios of Table 1.

Heat Flow (mW/m?) Scenario 1 Scenario 2 Scenario 3
Present Day 36 45 49
Peak 57 51 55

Trigssic Shales LLNL Vilrinte Ro(%) 0 Ma

Triassic Shales LLNL Vitriaite Ro(%) 0 Ma

0 08 1 18 2

8 km

Tnassic Shales LLNL Vitinte Ro{%) 0 Ma

Figure 27: Vitrinite reflectance equivalent present-day maturity maps for Triassic shales, for Scenario 1,
Scenario 2, and Scenario 3 respectively.
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Posidonia LLNL Vitrinite Ro(%) 0 Ma
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Figure 28: Vitrinite reflectance equivalent present-day maturity maps for Posidonia beds, for Scenario 1,

Scenario 2, and Scenario 3 respectively.
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Figure 29: Vitrinite reflectance equivalent present-day maturity maps for Vigla shales, for Scenario 1,

Scenario 2, and Scenario 3 respectively.
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The comparison of the Vitrinite reflectance equivalent present-day maturity maps for the three
potential source rocks is shown in Figures 27-29. They suggest that an increase in present-day
heat flow results in increased maturity. For Triassic shales, although Scenario 2 illustrates a
larger area in the oil window the level of maturity is increased. It is noteworthy, that the increase
in the thermal regime for the third scenario gives, for Posidonia beds and Vigla shales, a slight
increase in the maturation of the organic matter but to a greater extent. The maturity increases
eastwards, where the kitchen area exists. A limited change is noticed in the other simulated
models.

Due to the important impact of the increased maturity, a following increase of the generated
hydrocarbons is expected. The increase in maturation also leads to an augmentation of the initial
charging volume of hydrocarbons. The above is illustrated in Figures 31-33 and summarized in
Tables M-O in the Appendix. Certainly, the trapped quantities depend on the geometry, the
lithologies, and the seal capacity of the overlying horizons, and will be discussed in the next
section.

The results of the Triassic shales are more complex compared to those of the other two source
rocks. The gas quantities and the GOR factor display a decrease from Scenario 1 to Scenario 2,
following the corresponding decrease of the peak heat flow. Afterward, an increase is noticed in
Scenario 2 to Scenario 3. On the contrary, the initial oil expelled volume shows a continuous
increase from Scenario 1 to Scenario 3, while the oil volume available at 16 Ma displays an
increase from Scenario 1 to Scenario 2 and afterward a decrease to Scenario 3. The different
temperature distribution in the area results in different maturation of the organic matter both in
level and time. The difference in the level of maturity, and consequently the transformation ratio,
affects the initial quantity with the rising oil production. Thus, Scenario 3 provides the highest
initial oil expulsion (Figure 30). The difference in time affects the point where the transformation
ratio reaches its maximum value. Thus, the second scenario has a higher TR (%) value at 16Ma
compared to the other two scenarios, resulting in a higher generation and expulsion volumes.
Furthermore, the higher GOR factor results from Scenario 1, with 484 scf/bbl. This value
indicates a light oil type of hydrocarbon. The same conclusion derives from the other two
scenarios.

In addition, Posidonia beds and Vigla shales show similar behavior. They illustrate a decrease in
all quantities from Scenario 1 to Scenario 2 and then an increase from Scenario 2 to Scenario 3,
following the peak heat flow rate. As expected, the greatest values, for the oil and gas volumes
and GOR factor, result in Scenario 3. Also, the GOR factor for all three Scenarios indicates a
heavy oil type of hydrocarbon.

Table 12: Timing of oil and gas expulsion for the different simulated thermal regime scenarios.

Source Rocks Scenario 1 Scenarios 2 & 3
Triassic Shales L. Cretaceous Paleogene
Posidonia Beds Miocene Miocene

Vigla Shales Miocene Miocene

Comparing the heat flow and charging history, the increased initial volumes for Scenario 3 are
due to its greater time where the source rocks experienced increased temperature conditions,

53



.taking into account that more quantities had been generated. On the other hand, Scenario 1 shows
an earlier expulsion for Triassic shales (Table 12).

Further information on the trapped volumes is listed in Table 13. It is observed that the oil
quantity, for the three thermal regime scenarios, remains constant for the three potential traps,
while the amount of gas presents slight differentiation. Also, the increase in present-day heat flow
gives a decrease in the GOR factor.

Triassic Shales Transformation Ratio 0 Ma

0 02 04 08 08 1

8 km

Triassic Shales Transformation Ratio 0 Ma.

(] 02 04 08 08 1

8 km

Triassic Shales Transformation Ratio 0 Ma

L] 0.2 0.4 08 0.8 1

8 km
— )

Figure 30: Transformation Ratio of Triassic shales for the three thermal regime
simulated scenarios.
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Figure 31: Predicted volumes of oil and gas expelled from Triassic shales for the three thermal regime

scenarios 1,2 and 3, respectively.
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Figure 32: Predicted volumes of oil and gas expelled from Posidonia beds for the three thermal regime
scenarios 1,2 and 3, respectively.
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Figure 33: Predicted volumes of oil and gas expelled from Vigla shales, for the three thermal regime
scenarios 1,2 and 3, respectively.

57



Table 13: Accumulated quantities for the three potential traps.

Eocene Mid Oligocene Miocene
Scenarios oil Gas oil Gas il Gas
(mmbls) (bc)  COR  (mmbls) (mmbls) COR  (mmbls) (mmbls) COR
1 218 106 508 75 42 551 0 23 ]
2 218 111 4875 75 42 551 0 29 i
3 218 94 430 75 35 468 0 29 :
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4.3 Rifting Stage

An extra scenario was simulated by adding two rifting events. The applied values are listed in
Table 1. The model was created using Scenario 11l of seal capacity parameters (Table 2) and
Scenario B of source rock properties (Table 3). The purpose of this model is to better understand
the impact of the Triassic rifting event in the area of the lonian Sea, which is well documented by
many researchers, to the behavior of the potential source rocks, in terms of thermal maturation.

Triassic Shales LLNL Vitrinite Ro(%) 0 Ma

Posidonia shales LLNL Vitrinite Ro(%) 0 Ma

Vigla Shales LLNL Vitrinite Ro(%) 0 Ma

Figure 34: Vitrinite reflectance equivalent present-day maturity maps for A) Triassic shales, B) Posidonia
beds and C) Vigla shales source rocks.

Comparing the Vitrinite reflectance equivalent present-day maturity maps of Figure 34 with
those of Figure 11 (Scenario 2), an increase in maturity is observed for all three source rocks of
the area. For Triassic shales, more area is shown to enter the gas window, whereas for Posidonia
beds and Vigla shales more area has entered the oil window. Furthermore, with the improvement
in maturation, an increased generated petroleum quantity is expected from the source rocks.

Charts of Figure 35 are compared with those of Figure 18. The Triassic shales source rock was
affected by two intense rifting events and the result is illustrated by changes in the expelled
volumes. Figure 35A shows the charging history from Triassic’s generated quantities. An
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increase in the initial oil and gas volume is noticed. This is expected due to the maturity history
previously quoted. On the contrary, at 16 Ma, the oil volume appears reduced while the gas
volume shows an increase. Thus, the increased maturity resulted in higher generated and expelled
total volumes, while Scenario 2 reaches higher transformation ratio values at 16 Ma. Also, an
earlier starting time for expulsion is noticed. On the other hand, Posidonia beds and Vigla shales,
appear with increased expelled quantities for both oil and gas volumes. No change is observed for
expulsion timing.
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Figure 35: Predicted volumes of oil and gas expelled from A) Triassic shales, B) Posidonia beds, C) Vigla
shales. The red frame and circle highlight the thrusting and high sedimentation rate effect, respectively.
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Figure 36: 3D Perspective View of Migration for Triassic shales.

According to the 3D graphs in Figures 36-38, for Scenario 4 of Table 1, generated volumes from
Triassic shales give a multilayer reservoir system with oil accumulations at the Eocene and
Oligocene horizons and multiple small accumulations at the Miocene horizons. An important
petroleum quantity, in the gas phase, seems to seep towards the surface. This does not issue from
any other scenario, indicating the differentiation that this scenario has to the formed structure.
Posidonia beds and Vigla shales gave accumulations at the Miocene horizons. For the
optimization of these results the source rock horizons were used.

Posidonia Beds

Figure 37: 3D Perspective View of Migration for Posidonia beds.
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Vigla Shales

Figure 38: 3D Perspective View of Migration for Vigla shales.

Table 14 below lists information about the charging volumes of hydrocarbons deriving from each
of the source rocks, both initial and available at 16 Ma.

When comparing Tables 8 and 14, an increase in the GOR factor with the addition of the second
rifting event is observed. According to GOR (Gas to Oil Ratio), for Posidonia beds and Vigla
shales, the oil can be characterized as heavy oil (<300 scf/bbl). There is an exception for Triassic
shales where GOR is highly above 300 scf/bbl, specifically 482 scf/bbl, and can be characterized
as light oil. All results were found by referring to the same fetch area.

Table 14: Information on initial and available volumes and GOR for the three potential source rocks.

Oil (MMstb) Gas (bcf) GOR (scf/bbl)
Initial 16 Ma Initial 16 Ma Initial 16 Ma
Triassic Shales  5301.57 292.25  2554.95 694.77 481.92 2377.32
Posidonia Beds  1072.60  744.22 151.89 115.09 141.60 154.65

Vigla Shales 382.54 348.07 59.80 55.31 156.32 158.91

Source Rock

Another scenario was simulated using a higher value of seal capacity, to ensure larger trapped
quantities. The value was increased to 400 m. Figures 39 and 40, show increased petroleum
quantities with two oil accumulations and various small gas accumulations. The first oil
accumulation is at the Eocene level and the second is at the Miocene level. At the second
accumulation, a gas cap is detected. It is pointed out that only in this scenario seems that a gas
cap is created at the potential reservoir, meaning that an assumption of a reservoir system under
the bubble point pressure is formed.

Although a larger area of Triassic shales has entered the gas window, the trapped accumulations
are mainly oil. This is one of the examples where the gas generation works as an auxiliary mean
to oil quantities, helping them seep towards the reservoir. After a certain point, the gas gets
dissolved into the olil.
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Figure 39: Migration and accumulation maps for Triassic shales. Seal Capacity is 400 m.

" Triassic Shales

Figure 40: 3D Perspective View of Migration for Triassic shales Seal Capacity is 400 m.
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4.4 Quality Parameters

It is important to point out that changes in quality parameters do not affect the maturation level of
the organic matter. The Vitrinite reflectance equivalent present-day maturity maps for the
potential source rocks have been discussed in the thermal regime chapter and would not be
quoted again. Furthermore, changes in seal properties of the overlying horizons are assumed to be
noticed at the hydrocarbon trapped volumes while the generated quantities remain consistent. For
changes in source rock properties, modification at the generated hydrocarbon mass is expected,
although no changes in maturation observed.

4.4.1 Seal Properties

Changes were made considering the lithologies, but also the extreme scenarios (two end
members) we aimed to create. Information about the applied values for seal capacity are listed in
Table 2. The models were created using Scenario 1 of the thermal regime (Table 1) and Scenario
B of source rock properties (Table 3).

Figure 41 illustrates a 3D perspective view of the migration and possible accumulations. The
four created scenarios illustrate a similar reservoir system for every thermal regime scenario.
Triassic shales and Posidonia beds, respectively, were applied as the potential source rocks.

On the one hand, using the minimum seal capacity value (Scenario I), no accumulations are
noticed. Due to the lack of efficient cap rock, all generated quantities seep out to the surface for
both source rocks. On the other hand, the middle scenarios (Scenario Il & Scenario Il1) present a
multilayer reservoir system for quantities generated from Triassic shales, and a single reservoir
system for those generated from Posidonia beds. This suggests that the petroleum quantities
escape from the primary target and get trapped in overlain horizons. Furthermore, in the
maximum seal capacity scenario (Scenario 1V), a single reservoir system at the primary trap,
Eocene level, is observed for both source rocks. In addition, numerous gas accumulations formed
at the middle scenarios for the Triassic shales source rock, while no gas cap modeled for the
maximum scenario. Thus, the assumption of a reservoir system over the bubble point pressure for
Scenario IV is formed.

Tables 15-17 list information about the total available petroleum quantities for each seal capacity
scenario, considering different thermal regime scenarios. From the comparison of the different oil
and gas volumes, an increase in seal capacity increases in the total petroleum accumulated
quantities, for all three potential traps. In more detail, a large increase in trapped volumes at the
Eocene level with a simultaneous decrease in the other two traps is observed with the change of
seal capacity from 100 to 800 m.

Seal Capacity VS Thermal Regime

Changing the thermal regime using different seal capacity properties infers a conclusion about
migration losses for each model. As it already has been referred, Scenario | of seal parameters
has the highest losses taking into consideration all thermal regime scenarios, with all generated
quantities spill through the surface. Accordingly, Scenarios Il and Il reveal minimum changes
concluding the influence of migration losses but not to a great extent. Finally, Scenario 1V, with
the maximum seal capacity values, shows intensely changes in the trapped volumes for Scenario
3 of the thermal regime. Thus, a minimum influence from migration losses is assumed for this
model.
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Scenario Il

Scenario IV

Figure 41: 3D Perspective View of Migration for Triassic shales at Scenario I11 and Scenario 1V,
respectively.
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Table 15: Information on possible trapped hydrocarbons for Scenario 1.

Target ' 50 m _ 100 m . 800 m
Oil (mmbls) Sol Gas (bcf) GOR  Oil (mmbls)  Sol Gas (bcf) GOR Oil (mmbls)  Sol Gas (bcf) GOR
Eocene 5.2 2.2 416.1 21.8 10.6 487.5 563.3 140.7 249.8
Mid Oligocene 1.9 0.9 416 7.5 4.2 551 11 0.9 819
Miocene 0 3.9 - 0 2.3 - 0 0 -
Total 7.1 7 - 29.3 17.1 - 564.4 141.6 -
Table 16: Information on possible trapped hydrocarbons for Scenario 2.
Target ' 50m _ 100 m _ 800 m
Oil (mmbls) Sol Gas (bcf) GOR  Oil (mmbls)  Sol Gas (bcf) GOR Oil (mmbls)  Sol Gas (bcf) GOR
Eocene 5.2 2.1 409 21.8 11.1 508 575 137 238
Mid Oligocene 1.9 1 513 7.5 4.2 551 0 0 -
Miocene 0 2.9 - 0 2.9 - 0 0 -
Total 7.1 6 - 29.3 18.2 - 575 137 -
Table 17: Information on possible trapped hydrocarbons for Scenario 3.
Target _ 50 m _ 100 m _ 800 m
Oil (mmbls) Sol Gas (bcf) GOR  Oil (mmbls)  Sol Gas (bcf) GOR Oil (mmbls)  Sol Gas (bcf) GOR
Eocene 5.2 2.1 404 21.8 9.4 430 931 355 381
Mid Oligocene 1.9 0.8 433 7.5 35 468 0 0 -
Miocene 0 2.9 - 0 2.9 - 0 0 -
Total 7.1 5.8 - 29.3 15.8 - 931 355 -
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Migration Risk Map

Various geological factors have to be certain, so the probability that a prospect will be charged
can be determined. Some of these factors that can be defined to a certain point, are the source
rock presence, maturity, expelled volumes, and migration losses. Instead, the plumbing system
also crucial to the study, comprises of factors that are inevitably uncertain. Those are the carrier
beds, structural focusing, top seal capacity, fault seals, and leaks.

Concerning the above, and the migration analysis presented at Chapter 4.2.4, it is critical to
identify the migration risk for the primary prospect of the area at the Eocene horizon. The main
drivers significant to an equivalent study is migration losses and seal capacity. For the purpose of
this dissertation, the focus remains on the properties of the seal.

Figure 42 illustrates the Migration Risk Map for the Eocene horizon. Seven scenarios are
represented with increasing seal capacity. The higher levels of the structure are filled in all
simulated models, indicating that a certain petroleum quantity gets trapped in this structure. On
the other hand, charging for the lower levels appears with a higher risk (maximum 86%). In all
scenarios, a sufficient number of flowpaths seems to supply the primary target.

Migration Risk Map at Eocene level
0 1 2 3 < S 6 7

8 km
I I ]

S S

Figure 42: Migration Risk Map at Eocene level.
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4.4.2  Source Rock Properties

In order to perform the sensitivity analysis on the source rock properties, two extreme scenarios
were created, using minimum and maximum values of TOC, HI, and SR Thickness. The applied
values are listed in Table 3 and correspond to Scenario A and Scenario C. Also, for the purpose
of the current dissertation, a restricted fetch area was simulated. The models were created using

Scenario 1 of thermal regime (Table 1) and Scenario IV of seal capacity properties (Table 2).

Petroleum Expulsion and Migration History
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Gas charge: 79.21 bef
GOR: 918.91 scf/bbl
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Figure 43: Predicted volumes of oil and gas expelled from the three modeled source rocks. The graph
represents the Scenario A.
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Figure 44: Predicted volumes of oil and gas expelled from the three modeled source rocks. The graph
represents the Scenario C.
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Figures 43 and 44 show the charging history considering all thee source rocks of the area.
Comparing the outcomes, an increase in TOC, HI, and Source Rock Thickness initially affects
with an intense increase in the volume of the generated hydrocarbons. Afterward, an increase in
hydrocarbon saturation in the source rocks is detected, increasing the expulsion rate. It is
important to point out that these scenarios represent the minimum and maximum quantities for
the generated hydrocarbons within the fetch area.

Tables 18 and 19 below list information about the charging volumes of hydrocarbons deriving
from each of the source rocks. Table 18 refers to initial volumes, while Table 19 refers to volume
available at 16 Ma. The created diagrams for each source rock separately are shown in the
Appendix, Figures P & Q.

Table 18: Information of the initial charging volumes and GOR for the three potential source rocks.

Parameters
Source Rocks Oil (MMstb) Gas (bcf) GOR (scf/bbl)
Scenario A ScenarioC  Scenario A ScenarioC  Scenario A  Scenario C
Triassic Shales 740 10337.41 525.67 2969.55 341.30 287.26
Posidonia Beds 10.08 271.53 1.18 27.26 117.38 100.40
Vigla Shales 0.67 33.15 0.09 3.86 137.71 114.75
Total 751.07 10642.09 253.95 3000.62 338.11 281.96

Table 19: Information of the available charging volumes and GOR for the three potential source rocks at
16 Ma.

Parameters
Source Rocks Qil (MMstb) Gas (bcf) GOR (scf/bbl)
Scenario A Scenario C  Scenario A Scenario C  Scenario A Scenario C
Triassic Shales 75.63 1047.53 77.96 881.24 1030.81 841.26
Posidonia Beds 9.92 265.40 1.16 26.76 117.35 100.85
Vigla Shales 0.65 32.77 0.09 3.75 137.01 114.56
Total 86.21 1345.70 79.21 911.76 918.91 677.54

No change in generation and expulsion timing observed. In all versions, expulsion for Triassic
shales starts at Paleocene (66 Ma) and for Posidonia beds and Vigla shales starts at Miocene (18
and 16 Ma, respectively). The notable in this case is the decrease observed in the GOR factor as
the parameters increase. According to GOR, for each source rock, the oil can be characterized as
heavy oil (<300 scf/bbl). There is an exception for Triassic shales given the minimum source
rock properties, that GOR is slightly above 300 scf/bbl, specifically 341 scf/bbl, and can be
characterized as light oil.

According to the 3D graphs at Figure 45 and Figure 46, for Scenario A and C, generated
volumes from Triassic shales gives a single reservoir system with accumulation at the Eocene
level, whereas Posidonia beds gave accumulation only for Scenario B at the Miocene level. Vigla
shales does not contribute to the trapped hydrocarbons for any of the simulated models. For the
optimization of these results the source rock horizons were used.
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Figure 45: 3D Perspective View of Migration and Trapped Accumulations, based on Triassic
shales source rock.

Posidonia Beds

Figure 46: 3D Perspective View of Migration and Trapped Accumulations, based on
Posidonia beds source rock.
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5 Conclusions

The western Patraikos Gulf represents an important petroleum province, with significant
potential. The petroleum system is represented by:

= Three source rock intervals known as Triassic shales, Posidonia beds and Vigla shales,
which are considered as oil prone source rocks.

= The Eocene limestone is considered as the primary reservoir, whereas potential secondary
reservoirs (Mid Oligocene, Miocene) are also expected, as modeled.

= The Oligocene flysch is considered as the primary seal formation of the area, although
several shaly layers are important cap rocks until the surface.

= The kitchen area is located towards east, where the higher maturity values of the modeled
source rocks have been reached.

The basin modeling results indicate that the Triassic shales are the most efficient source rock
when compared with Posidonia beds and Vigla shales, in terms of generated and expelled
hydrocarbon volumes through time.

The timing of petroleum generation for Triassic shales, Posidonia beds and Vigla shales occurred
at 190, 14 and 11 Ma, respectively, whereas generation is still valid as modeled. Oil cracking to
gas for the Triassic Shales occurred at 12 Ma.

The timing of the oil and gas generation suggests that all three source rocks are controlled by the
thrusting event which occurred at Early Miocene. The thrust affected the temperature and
pressure conditions, thus, increasing the maturity and subsequently the generated volumes.

The expulsion of hydrocarbons towards the potential traps was affected by the thrusting
emplacement, which gave an intense increase to the charging process. Figure 47 and Figure 48
summarize the generation and expulsion process for the three potential source rocks through
time. For the simulation of this model the following parameters were used: Scenario 2 from
thermal regime parameters (Table 1), Scenario Il from seal properties (Table 2), and Scenario B
from source rock properties (Table 3).

Summarizing the results of the sensitivity analysis in Table 20, Table 21, and Table 22, the
following conclusions are drawn:

= Scenario 3 (Table 1) gives better outcomes for all simulated volumes concerning the
thermal regime scenarios. It is observed that the oil quantity remains constant for the three
potential traps, while the amount of gas presents slight differentiation. Also, the increase
in present day heat flow gives a decrease for the GOR factor.

= The simulation of the Triassic rifting event along with the Jurassic rifting (Scenario 4,
Table 1) suggests direct impact on the maturation history, and therefore in the generated
hydrocarbon volumes of all three source rocks.

= Scenario IV (Table 2), from seal properties sensitivity analysis, resulted in the highest
trapped volumes in all three potential targets. The 3D model suggests that the single or
multilayer system is seal efficiency dependent. The value of the seal capacity controls
either the occurrence of a multilayer reservoir system for the Triassic oil and a single
reservoir system for oil attributed to Posidonia beds or the occurrence of a single reservoir
system at the primary trap, Eocene level, for both source rocks.
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= Scenario C (Table 3), from source rock properties sensitivity analysis, delivered higher
initial volumes with the quantities being almost doubled, with the increased applied
values.

= Migration risk analysis suggests that a certain petroleum quantity gets trapped in
the structure; however, charging for the lower levels appears with 86% maximum
risk.

In all modeled scenarios, migration pathways sufficiently supply the primary target. Migration is
primarily vertical due to the dominance of carbonates (mainly limestone). The generated fluids
migrate mainly through fracture system. Lateral migration is also observed due to the formation’s
dips and also the existence of shaly interval within Mesozoic section. The sandy formations at the
top of the modeled sections are also favored to lateral migration, as modeled.

Table 23 lists information about the phase of hydrocarbons trapped in the potential reservoir, on a
source rock interval basis. Posidonia beds and Vigla shales suggest a single-phase system with
oil, while Triassic shales suggest a dual phase system with both oil and gas.

Table 24 lists information about the type of hydrocarbon derived from each source rock on a
GOR basis. Triassic shales suggest light oil type of hydrocarbon with an exception of heavy oil in
Scenario C, as modeled. Posidonia beds and Vigla shales indicate heavy oil in all simulated
scenarios.
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Figure 47: Timing of oil and gas generation for the three modeled source rocks. Vertical dashed line at 23 Ma and at 16.6 Ma represents the
thrusting period.
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Table 20: Sensitivity analysis results for thermal regime simulated scenarios, Table 1.

Scenario 1 to Scenario 2 Scenario 2 to Scenario 3
Triassic Shales Posidonia Beds Vigla Shales Triassic Shales  Posidonia Beds Vigla Shales

Charging Timing Later - - - - -
Oil Expelled Increase Decrease Decrease Increase Increase Increase
Gas Expelled Decrease Decrease Decrease Increase Increase Increase
Cumulative GOR Decrease Decrease Decrease Increase Increase Increase
Oil Charge Increase Decrease Decrease Decrease Increase Increase
Gas Charge Decrease Decrease Decrease Increase Increase Increase
GOR Decrease Decrease Decrease Increase Increase Increase

Table 21: Sensitivity analysis results for seal properties simulated scenarios, Table 2.

Scenario | to Scenario Il  Scenario Il to Scenario 11  Scenario 111 to Scenario 1V
Trapped Volumes Increase Increase Increase
GOR Increase Increase Increase

Table 22: Sensitivity analysis results for source rock properties simulated scenarios, Table 3.

Scenario A to Scenario C

Oil Expelled Increase
Gas Expelled Increase
Cumulative GOR Decrease
Oil Charge Increase
Gas Charge Increase
GOR Decrease
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Table 23: Phase of hydrocarbon in reservoir conditions for every simulated Scenario.

Scenarios Triassic Shales Posidonia Beds Vigla Shales
1 Oil/Gas Qil -
2 Oil/Gas Oil -
3 Oil/Gas Oil -
4 Oil/Gas QOil Oil
| - - -
1 Oil/Gas Oil -

11 Oil/Gas Oil -
v Oil Oil -
A Qil QOil -
B Oil/Gas Oil -
C Qil QOil -

Table 24: Type of hydrocarbon, based on GOR factor, for every simulated Scenario.

Scenarios Triassic Shales Posidonia Beds Vigla Shales
1 Light Oil Heavy Oil Heavy Oil
2 Light Oil Heavy Oil Heavy Oil
3 Light Oil Heavy Oil Heavy Oil
4 Light Oil Heavy Oil Heavy Oil
| Light Oil Heavy Oil Heavy Oil
1 Light Oil Heavy Oil Heavy Oil

11 Light Oil Heavy Oil Heavy Oil
v Light Oil Heavy Oil Heavy Oil
A Light Oil Heavy Oil Heavy Oil
B Light Oil Heavy Oil Heavy Oil
C Heavy Oil Heavy Oil Heavy Oil
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Figure A. Burial history plot (240 Ma to Present) of the PW-B at Patraikos Gulf. Location shown in

Figure 1.
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Figure B. Burial history plot (50 Ma to Present) of the PW-B at Patraikos Gulf. Location shown in Figure
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Figure C. Vitrinite reflectance curve-Time based on Burnham and Sweeney 1990, PW-B. The black frame
highlights the thrusting effect.

Table D. Timing of oil and gas generation for modeled source rock horizons and the burial history
location, for PW-B. Age values are in Ma. Depth values are calculated at depth at which %Ro value is
reached (in meters).

Burial History Source Rock
Location Posidonia Beds Triassic Shales
PW-B Age Depth Age Depth
0.55 %Ro — Start Qil 14 4600 191 3700
1.0 %Ro — Peak Qil 9.5 5900 145 7500
1.30 %Ro — Start Gas - - 10.5 8500
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Table I. Generation and Expulsion critical times, generation and expulsion mass values and generation
mass value at expulsion starting time, for PW-B. Time values are in Ma. Mass values are in mg HC/ g

Rock.
. Generation Expulsion Generation Value at Expulsion End
Generation End Value . . .
Source Rock (Start Ma) (mg HC/ (Start Expulsion Starting Time Value (mg
Ff’ock) g Ma) (mg HC/g Rock) HC/g Rock)
Triassic Shales 171 19.29 96 3.12 17.11
Posidonia Beds 14 6.06 13 0.45 3.80
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Figure J. Present Day Heat Flow.
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Figure K. Maps of the a) Surface heat flow, b) Crustal thickness, c) Lithospheric thickness (Source:
Cavazza et al.,2004).

Parameters Literature

Crust (km) 35-25 (Cavazza et al., 2004).
Lithosphere (km) 120 (Cavazza et al., 2004).
2.5 (V. Pasquale et al. 1997)
Radioactive Heat Production (mW/m?) 2.8 (Raffaele Splendore, 2013)

3 (V.Pasqual et al. 1995)
2.5 (V. Pasquale et al. 1997)

b-Factor 1.3 (Davis Kusznir 2003)
1.1 (Bertotti et al. 1993)
Rifting Time (Ma) 247-242, 190-145 (Karakitsios, 2013)
36 (International Heat Flow Commission (in
Heat Flow (mW/m?) Beicip 2014)

44-49 (Cavazza et al., 2004).

Table L. Parameters used in the sensitivity analysis.
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JD i Adaic Oil (MMstb) Gas (bcf) GOR (scf/bbl)
Initial 16 Ma Initial 16 Ma Initial 16 Ma
Triassic Shales  4665.39 38541 225591  816.65 483.54 2118.94
Posidonia Beds 140.33 137.93 15.46 15.27 110.17 110.75
Vigla Shales 16.79 16.54 1.94 1.89 115.57 114.16
Table M. Information of initial and available volumes and GOR for the three potential source rocks,
Scenario 1.
Oil (MMstb) Gas (bcf) GOR (scf/bbl)

Source Rock Initial 16 Ma Initial 16 Ma Initial 16 Ma
Triassic Shales  4808.42  477.29  1850.48 671.79 384.84 1407.51
Posidonia Beds 103.31 102.35 10.32 10.21 99.89 99.77

Vigla Shales 8.38 8.20 0.83 0.80 99.33 97.76

Table N. Information of initial and available volumes and GOR for the three potential source rocks,
Scenario 2.
Oil (MMstb) Gas (bcf) GOR (scf/bbl)

SourceRock  —hial  16Ma  Initial  16Ma  Initial 16 Ma
Triassic Shales  5086.55 326.29  2359.09 693.92 463.79 2126.70
Posidonia Beds 162.69 155.36 19.52 18.92 120.00 121.77

Vigla Shales 28.83 28.66 3.63 3.60 125.90 125.60

Table O. Information of initial and available volumes and GOR for the three potential source rocks,
Scenario 3.
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Figure P. Predicted volumes of oil and gas expelled from a) Triassic shales, b) Posidonia beds, ¢) Vigla
shales. The graphs represent the Scenario A.
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Figure Q. Predicted volumes of oil and gas expelled from a) Triassic shales, b) Posidonia beds, c) Vigla
shales. The graphs represent the Scenario C.
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