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st belt and the Peri-Adriatic Depression are well documented by means of seismic
reflection profiles, GPS reference points, potential data, wells and outcrops. The continuous Oligocene to Plio-
Quaternary sedimentary records help to constrain both the burial history of Mesozoic carbonate reservoirs,
the timing of their deformation, and the coupled fluid flow and diagenetic scenarios.
Since the mid-90s, the Albanian foothills were used as a natural laboratory to develop a new integrated
methodology and work flow for the study of sub-thrust reservoir evolution, and to validate on real case
studies the use of basin modelling tools as well as the application of new analytical methods for the study
petroleum systems in tectonically complex areas.
The integration of the interactions between petrographic and microtectonic studies, kinematic, thermal and
fluid flow basin modelling, is described in detail. The fracturing of the reservoir intervals has a pre-folding
origin in the Albanides and relates to the regional flexuring in the foreland. The first recorded cement has a
meteoric origin, implying downward migration and the development of an earlier forebulge in the Ionian
Basin. This fluid, which precipitates at a maximum depth of 1.5 km, is highly enriched in strontium, attesting
for important fluid–rock interaction with the Triassic evaporites, located in diapirs. From this stage, the
horizontal tectonic compression increases and the majority of the fluid migrated under high pressure,
characterised by brecciated and crack-seal vein. The tectonic burial increased due to the overthrusting, that is
pointed out by the increase of the precipitation temperature of the cements. Afterwards, up- or downward
migration of SO4

2−, Ba2+ and Mg2+-rich fluids, which migrated probably along the décollement level, allows a
precipitation in thermal disequilibrium. This period corresponds to the onset of the thrusting in the Ionian
Zone. The last stage characterised the uplift of the Berati belt, developing a selective karstification due likely
to the circulation of meteoric fluid.
The main results of the fluid flow modelling show that the Upper Cretaceous–Paleocene carbonate reservoirs
in the Ionian zone have been charged from the Tortonian onward, and that meteoric fluid migration should
have intensely biodegraded the hydrocarbon in place. Concerning the migration paths, it has been
demonstrated that the thrusts act principally as flow barriers in Albania, mainly due the occurrence of
evaporites (non-permeable), except in the foreland, where they do not occur.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The main challenge for the study of sedimentary basins relates to
the coupling and interactions between various processes, acting either
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deep in the lithosphere and crust (i.e., the heat flow and tectonic
subsidence), at shallower burial levels in the sediments (i.e., the
diagenesis), or eventually at the surface (i.e., erosion and sedimenta-
tion), in the course of ongoing deformation. The more we learn on
sedimentary basins, the more we identify the need for integration of
data and expertise from various disciplines such as (1) geophysics,
structural geology and sedimentology to properly describe at different
scales the architecture, dynamic and sedimentary infill of the basin,
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but also (2) petrography, geochemistry and basin modelling, that are
ultimately required to reconstruct the evolution of the porous
medium through time and to provide realistic predictions (quantifica-
tion) of present-day characteristics of the reservoirs in areas that have
not yet been investigated by drilling.

From 1996 to 2002, collaborative studies dedicated to the
prediction of reservoir characteristics, coupling both petrographic
work and basin modelling, have been the driving force of the SUB-
Thrust Reservoir APpraisal joint industry project (SUBTRAP Consor-
tium; Roure et al., 2005), with case studies dedicated to sandstone
reservoirs in Sub-Andean Basins in Venezuela and Colombia, and to
carbonate reservoirs in Pakistan, Mexico, Canada, as well as in Albania
(Swennen et al., 1999; Ferket et al., 2000; Swennen et al., 2000; Van
Geet et al., 2002; Benchilla et al., 2003; Ferket et al., 2003; Vandeginste
et al., 2005; Breesch et al., 2006; Ferket et al., 2006; Breesch et al., 2007;
Vandeginste et al., 2006; Vilasi et al., 2006; Dewever et al., 2007).

During the Albanian part of the SUBTRAP project and subsequent
collaborations with the Albanian Petroleum Institute in Fier, Triassic
dolomites (Muska, 2002) and Upper Cretaceous carbonate turbidites
(Swennen et al., 2000; Van Geet et al., 2002; Dewever et al., 2007) have
been successively studied. We have also extended the quantification to
kinematic and sedimentary modelling by coupling Thrustpack with
Dionisos (Barrier et al., 2003, 2005), as well as to fluid flow, pore fluid
pressure and hydrocarbonmigration modelling with Ceres (this study).
Other projects supported by NATO (Science for Peace Programme) have
also provided new information on tectonically active features of the
Albanian foothills (synthesis on current seismicity, focal mechanisms
and GPS measurements; Nieuwland et al., 2001; Kiratzi and Muço,
2004), as well as on the timing of tectonic uplift and unroofing of the
hinterland (Apatite Fission Tracks; Muceku, 2006; Muceku et al., 2006),
making Albania one of the best documented natural laboratory for the
study of active European onshore compressional systems.

2. Architecture, evolution and data base of the Albanian
natural laboratory

2.1. Geological and geodynamical background of the Albanian foothills
and Peri-Adriatic Depression

The Albanian foothills result from the Neogene deformation of the
former eastern passive margin of Apulia. Located west of the Mirdita
ophiolite and the Kruja Zone (Fig. 1A), the outer zones of the Albanian
thrust belt are subdivided in twovery distinct tectonic provinces by the
NE-trendingVlora-Elbasan lineament,with up to10 kmofOligocene to
Plio–Quaternary clastics being still currently preserved in the Peri-
Adriatic Depression in the north, and Mesozoic carbonates of the
Ionian Zone being directly exposed at the surface in the south (Fig. 1A
and C). As evidenced on seismic profiles, the main décollement level is
localised within Triassic evaporites and salt in the south, ramp
anticlines accounting for the tectonic uplift of Mesozoic carbonates
in the Ionian Zone, whereas it is located within the Cenozoic clastics in
the north, where no carbonate reservoirs are exposed at the surface.
Accordingly, the Vlora-Elbasan transfer zone is best described as a
lateral ramp connecting these two distinct décollement surfaces
(Roure et al., 1995). The tectono-stratigraphic evolution of the outer
Albanides can be summarised as follows (Fig. 1B).

2.1.1. Evolution of the Tethyan passive margin and deposition of
carbonate reservoirs

Tethyan rifting accounts for the development of Late Triassic to
Liassic tilted blocks and grabens, thick organic-rich dolomitic platform
carbonates characterising the paleo-horsts, whereas Liassic blackshales
(Posidonia shale) were deposited in the grabens (Meço and Aliaj, 2000;
Zappatera, 1994), thus accounting for the two main source rocks
intervals of the basin. Post-rift thermal subsidence resulted in the
deposition of deepwater cherts during theMiddle and Upper Jurassic in
the Ionian Basin, whereas prograding Cretaceous carbonate platforms
from the Kruja Zone in the east, and from the Sazani Zone in the west,
contributed as a distal source for the thick carbonate turbidites
deposited in the Ionian Basin during the Late Cretaceous and Paleocene
(Velaj et al.,1999). These turbidites,which reworked platformcarbonate
material (Van Geet et al., 2002), are interbedded within finer grained
pelagic carbonates, and constitute the main hydrocarbon reservoirs
onshore Albania, but also offshore in the Italian part of the Adriatic Sea.

2.1.2. Foothills development and sedimentary records of the deformation
Up to 10 km of synflexural and synkinematic siliciclastic series

have been deposited in the Peri-Adriatic Depression, ranging from
near-shore and littoral facies in the east and south, toward deeper
water and turbiditic facies in the north and in the west (offshore),
providing a unique and continuous sedimentary record of the
deformation (Frasheri et al., 1996). Sequence stratigraphy and bio-
stratigraphy by means of foraminifer and nannoplancton in pelagic
facies are able to provide accurate correlations of very good resolution
for the dating of geologic events in this basin:

(1) Tectonic loading applied by the hinterland (Mirdita ophiolite)
from the Upper Cretaceous onward and westward thrusting of
far travelled basinal units of the Krasta Zone induced the
progressive development of a wide flexural basin, which
ultimately impacted the outer Albanides lithosphere in Oligo-
cene times (Shallo, 1991; Kodra and Bushati, 1991; Melo et al.,
1991a,b; Shallo, 1992).

(2) Growth anticlines started to develop in Late Oligocene–
Aquitanian in the Ionian Basin (Velaj et al., 1999; Meço and
Aliaj, 2000; Robertson and Shallo, 2000; Nieuwland et al.,
2001), accounting for the development of Burdigalian reefal
facies and paleo-karst at the crest of the Kremenara anticline,
this main episode of shortening being sealed by Langhian–
Serravalian clastics (Van Geet et al., 2002).

The second episode of tectonic shortening is best documented near
the Vlora-Elbasan transfer zone (Roure et al., 1995) and farther north
in the Peri-Adriatic Depression, where Pliocene backthrusts account
for major lateral and vertical offsets of a pre-Messinian erosional
surface. Although Neogene deposits aremostly absent from the Ionian
Zone itself, it is obvious that this post-Messinian tectonic episode
strongly affected also the southern part of the Albanian Foothills, thus
increasing the deformation in both Kremenara and Saranda anticlines,
which will be discussed in more detail below (Tagari, 1993).

Apart of thrusting and development of ramp anticlines, these
Neogene episodes of deformation have also contributed to remobilise
former salt diapirs, i.e. in the Dümre area (Fig. 1A; Monopolis and
Bruneton,1982; Underhill, 1988; Bakiaj and Bega,1992; Velaj and Xhufi,
1995), where an allochthonous salt unit has been thrusted along a low
angle fault over underlying carbonate duplexes and deformed Cenozoic
clastics. At this stage, however, it is difficult to date the onset of the salt
motion, and at which time Triassic salt indeed breached the surface
(Velaj et al., 1999). High Sr-contents of some paleofluids with otherwise
meteoric signature may account for early exposures of the Triassic salt
(Travé et al., 2000), and one of the current challenge is to determine
whether this exposure pre-dates or post-dates the onset of thrusting.

2.2. Ongoing integrated work

Coupling kinematic, thermal and petroleum Thrustpack modelling
has already been attempted along various transects of the outer
Albanides, where the database and paleothermometers (Ro, Tmax)
are plenty, in order to account for the timing of the hydrocarbon
generation in both the Ionian Basin and underthrust units, which are
currently buried beneath the Kruja Zone (Roure et al., 2004). Basin
modelling results, presented below, refer to additional coupling made
with Thrustpack and Dionisos in order to better predict the spatial and



Fig. 1. (A) Structural map of the Albanides with location of the studied areas (e.g. Kelcyra quarry, Kremenara and Saranda anticlines). CR13 line represents the geological profile (C),
interpreted from seismic lines crossing the outer Albanides (from Roure et al., 2004). (B) Representative stratigraphic section for the Ionian Zone (Kurveleshi unit). The location of
Fig. 5 is shown on the structural map (A). Vertical scale is approximate as exact thicknesses are unknown (Van Geet et al., 2002).
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temporal distribution of clastic reservoirs (Barrier et al., 2003, 2005),
and to Ceres fluid flow and pore fluid pressure reconstructions, aiming
at a better coupling between deformational pore-fluid pressure and
fluid flow appraisal of carbonate reservoirs.

New apatite fission tracks and (U–Th)/He thermochronology from
the Mirdita allochthon (Muceku, 2006; Muceku et al., 2006) have
provided new evidence for the early unroofing of the hinterland,
which predates the thrust emplacement of the allochthon over the
outer Albanides. The western Internal Albanides is characterised by
slow cooling and low exhumation rate (b0.1 km/my) throughout the
Late Eocene that are related to isostatic uplift as a consequence of
crustal thickening near the frontal thrust. At present-day, Muceku
(2006) demonstrates that the symmetric structure of the ophiolite
units in the Internal Albanides is a result of Mio–Pliocene extensional
collapse, affecting the eastern ophiolites and the Korabi Zone. Apart of
providing new challenges for Topo-Europe (Cloetingh and Topo-
Europe team, 2005), these new paleo-topographic constraints may
open new perspectives for the exploration of sub-thrust units located
east of the Kruja front, as they may have escaped cracking beneath a
thinner-than-expected allochthon. Proper risk appraisal would how-
ever still require to perform a complete coupled kinematic and
thermal modelling across the Inner Albanides, using these new data,
in order to reconstruct the complete burial and maturation history of
potential source rocks in the underthrust foreland.

3. Paragenetic sequence in Late Cretaceous–Early Tertiary reservoirs
and characterisation of paleofluid flow

In an attempt to deduce the main processes controlling the
diagenetic evolution of the main reservoirs as well as to reconstruct



370 N. Vilasi et al. / Tectonophysics 474 (2009) 367–392
the fluid flow history in the foreland thrust system, several studies
have been carried out on: (1) the role of the Upper Triassic evaporites
(Swennen et al., 1999;Muska, 2002; De Paola et al., 2007), (2) the dual
(matrix and fracture) porosity evolution of the Upper Cretaceous to
Eocene carbonates (Swennen et al., 2000; Van Geet et al., 2002;
Dewever et al., 2007), and (3) the reconstruction of the entire fluid
rock interaction history through time and space (this study). The
combination of these previous studies in conjunction with our new
results allows to establish a precise paragenetic sequence. Major
attention will be paid to characterise the timing of the overpressures
that relate to tectonic deformation. The section below focuses on the
Triassic and Cretaceous to Eocene carbonates only. The intervening
Jurassic to Lower Cretaceous series have not been studied since they
consist of deep marine non porous carbonates.

3.1. Triassic dolomites and evaporites

Since many years, the Palaeozoic and Permian–Triassic platform
carbonates associated with evaporites have been of major interest for
petroleum exploration in the Mediterranean region (e.g. Italy, Spain,
Greece; Travé et al., 2000; Marfil et al., 2005). The interplay between
carbonates and evaporites is very significant during any orogenic
activity, as it controls the seal characteristics of the reservoirs, their
ductile behaviour during tectonic deformation, the occurrence of high
thermal conductivities, and diagenetic processes (i.e. tectonic-
induced dolomitisation). Sometimes the potential reservoir qualities
of carbonates can improve, especially in relation to the dehydration of
the gypsum that can create overpressured regimes and consequently
hydrofracturing (De Paola et al., 2007) during the burial stage. At
present, the Upper Triassic dolomitic interval consists of cyclic
sequences, characterised by occurrence of mud at the base, followed
by evaporitic strata, containing many chicken wire fabrics, and
dolomite collapse breccias at the top, testifying of the dissolution of
the evaporites.

In the Ionian Zone, the Triassic evaporitic succession (i.e. an
alternation of gypsum-anhydrites, dolostones and clays) is locally up
to 2.5 km thick. The latter reflects hypersaline, shallow-water
depositional conditions.

3.1.1. Evaporitic occurrences
Lower Triassic evaporites (i.e. mainly gypsum) are widespread in

the Albanides and constitute the main décollement level of the
Albanides Foreland Fold-and-Thrust Belt (FFTB). Triassic evaporites
locally crop out but are more common in the subsurface, where they
either form diapirs or flow along main faults. Two main types of
diapirs (Velaj, 2001) are recognised in the Ionian Basin: (a) those that
are emplaced along longitudinal tectonic faults (i.e. NNW–SSE
thrusting faults), where they intersect transversal ones (i.e. NE–SW
rifting faults), as the Dümre diapir (Fig. 1A); and (B) diapirs that are
located in local structures such as in the core of anticlines (i.e. the
Delvina, Bashaj, Fterra diapirs).

Since themechanical properties of the evaporites changed through
the geodynamic evolution of the basin, according to the applied stress,
pressure and temperature regimes, the mode of formation of diapirs is
actually still discussed. After sedimentation the first step of their
formation occurred prior to the orogeny during the extension stage
(i.e. rifting period) from the Upper Triassic till the Lower Cretaceous.
During this period, the light evaporites have migrated vertically
according to the gravitational forces. They have been subsequently
affected from the Oligocene onward by folding and thrust tectonics.
The normal faults were then reactivated and inverted as thrusts or
strike–slip faults, forcing the evaporites to move towards lower
pressure gradients. According to Velaj (2001), most Albanian diapirs
have been thrusted westward with a displacement exceeding 20–
30 km, which is in agreement with the average shortening of the main
thrust units.
3.1.2. Dolomitic intervals
Recently, Triassic evaporitic, shaly and dolomitic intervals, crop-

ping out in the south-western part of the Ionian Basin (Kurveleshi
unit, Delvina area) have been investigated by Muska (2002),
especially in an attempt at understanding the formation of the
Upper Triassic dolomites and the thermal evolution of the Kurveleshi
tectonic unit. It appears, based on diagenetic and kinematic modelling
studies, that the dolomites are not precursor and come from the early
dolomitisation of the initial carbonated matrix, deposited during the
rifting stage. This diagenetic process occurred afterwards the dissolu-
tion and the brecciation of the Triassic evaporites during the burial
phase. The fluid inclusion analyses, performed on these dolomites,
display a maximum homogenisation temperature of 80 °C (Muska,
2002), which can be related to the maximum burial during the Late
Oligocene. However, the thermal evolution of the Triassic interval is
not homogeneous along the Albanides, since the tectonic units have
not been formed and thrusted simultaneously. In fact, the Kurveleshi
unit was the first unit to be uplifted with the Cika belt, whereas the
Berati and Kruja units have been formed out-of-sequence (Fig. 10).
Finally, even if only low temperature dolomites occur in the Delvina
oil field (in Kurveleshi unit), high temperature dolomites may exist
locally in deeper buried structures (i.e. Berati and Kruja units).

In order to trace a possible interaction of Triassic evaporites with
fluids, the Triassic evaporates–dolomites, located in the south Albania,
i.e. Mali Gjere section, have been isotopically characterised in the
framework of the SUBTRAP consortium (Swennen et al., 1999). The
evaporitic interval displays a Sr87/Sr86 of 0.707777 (+/−0.000020),
whereas the dolomitic layers have higher values of 0.708010 and
0.709498 (+/−0.00003). The carbon and the oxygen values of the
dolomite/evaporite section plot respectively from −3 to +0.9‰ V-
PDB and from −0.7 to −2.15‰ V-PDB. The section, where only
dolomites occur, possess δ13C between −0.7 and 0.9‰ V-PDB and
δ18O from −0.35 to −2.75‰ V-PDB.

3.2. Dual matrix–fracture porosity of Upper Cretaceous to Eocene
limestone reservoirs

The study of the matrix porosity represents a major interest for
carbonate reservoir characterisation, since active tectonic deformation
can generate a succession of diagenetic processes due to important
fluid migrations. Determining the evolution of the porosity is a
complicated task and requires good and precise sampling and
petrography. The fractured Upper Cretaceous to Paleocene carbonate
turbidites of the Ionian Basin, which aremade up of classical turbidites
or Bouma sequences (Bouma, 1962), constitute an excellent rock-type
to study the dual matrix and fracture porosity characteristics and thus
the reservoir evolution.

3.2.1. Matrix porosity of carbonate turbidites
Exposed Cretaceous to Eocene limestone turbidites constitute

reservoir analogues for the deep water carbonate reservoir interval of
the Mediterranean zone (Albpetrol, 1993). They are equivalent to the
Scaglia carbonate formation in Italy (Cazzola and Soudet, 1993), and
have been studied in the Kremenara anticline (northern part of the
Ionian Zone), which has the specificity to reveal oil seeps in a dual
matrix–fracture porosity.

Carbonate turbidites of the Ionian Zone display important matrix
deformation due to the successive diagenetic processes. Van Geet et al.
(2002) and Dewever et al. (2007) described precisely these
lithological intervals and the different diagenetic processes control-
ling the matrix porosity evolution (i.e. creation and/or destruction).

Petrography and porosity measurements demonstrate that the
actual porosity and permeability distributions are principally con-
trolled by initial sedimentological contrasts (fabric, mineralogy) and
the eogenetic dissolution/precipitation, which occurred since the
onset of the burial history. Turbidite beds, which are thicker than



Table 1
Summary of the petrographic, cathodoluminescence, geochemical, isotopic data and fluid inclusion for calcite and dolomite cements.

Cements Frac. generation Petrographic characteristics Geochemical characteristics Th (°C) Salinity
(wt.% NaCl)Optical microscope CL Other minerals δ18O–δ13C (‰) Sr87/Sr86 Sr (ppm) Mg (ppm) Fe (ppm)

Cal-2 N150°, 80S Blocky calcite Minor sector-zoning,
from dull to bright CL

Strontianite, quartz
and barite

δ13C=+1.18 to − 6.32 0.707770 3678 1010 523 b40–50 21.9 to 35
δ18O=−3.98 to −2.82

Non transparent, large and
blocky calcite crystals

Light sector zoning from
dull to orange CL, Partially
recrystallised

Dol-1 (10%), barite,
celestite and strontianite

δ13C=−1.68 to −3.00 2238 3263 bdl 95 to 142 0 to 8.4
δ18O=−2.10 to +0.10 (Recrystallisation)

Cal-3 N138°, 83S
N150°, 80S

Non transparent, large and
blocky elongated calcite crystals

Recrystallised Dol-1 (10%) δ13C=+0.56 to +1.92 0.707823 653 2775 185 34 to 60 19 to 30
δ18O=−2.52 to −0.40 Recrystallisation

or heterogenous
entrapment

Blocky to elongated Recrystallised Dol-2, barite, Fe-oxides,
strontianite and quartz

δ13C=0.67 to 1.74 623 2237 bdl 120 to 140 14 to 24.4
δ18O=−0.13 to +1.66 (Recrystallisation?)

Cal-4 Parallel to BPS Fibrous to elongated calcite crystals Dull Pyrite and barite δ13C=1.61 597 440 597
δ18O=−5.57

Cal-5 N138°, 83S Elongated to blocky calcite crystals
with regularly spaced trails of pieces
of wall rocks

Dull Pyrite, quartz and barite,
Dol-2

δ13C=1.28 to 1.92 3573 1550 2193
δ18O=−5.78 to −1.48

Cal-6 – Blocky Dull Pyrite and quartz δ13C=0.82 255 2425 bdl
δ18O=−2.88

Cal-7 N138°, 83S N03°,
subvertical

Blocky Dull sector zoned Fluorite, Feldspath,
Dol-2 (partially calcitised)

δ13C=1.91 to 2.09 0.708039 54 3466 bdl
δ18O=0.12 to 1.12

Cements Fracture Optical microscope CL Other minerals δ18O–δ13C (‰) Fe (ppm) Sr (ppm) Si (ppm) Mn (ppm)

Dol-1 – Micrometric sub- to euhedral crystals Red-dull Strontianite (4%), Barite δ13C=0.82 to 0.94 11700 2963 bdl 1300
Dol-2 N138°, 83S

N150°, 80S
Non-transparent rhombohedric
crystals

Red-dull partially calcitised
(bright CL)

Phyllosilicates, Quartz, Barite δ18O=−1.75 to −0.9
Dol-2 predominantly
(dolomite correction)

1243 822 450 472

Dol-3 N138°, 83S Coarse subhedral and transparent
crystals; exhibit slighlty curved surfaces

Red-dull Barite δ13C=0.26 bdl bdl 200 375
δ18O=−12.21
(dolomite correction)

The abundance of various chemical elements was analysed by using electron microprobe.
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35 cm, i.e. B to C horizons of the Bouma sequences, still possess some
primary matrix porosity over one third of the bed thickness. The
occurrence of diagenetic processes such as dissolution, cementation,
neomorphism and compaction, operating shortly after the deposition,
modified the primary porosity characteristics and distribution. Today,
the matrix porosity is only preserved in the bioclastic grain- to
packstones (i.e. middle part of the turbidite beds), where syntaxial
cementation around rudist and crinoid fragments (i.e. ideal substrates
for calcite cementation) stabilised the framework (Dewever et al.,
2007; Swennen et al., 2000). Here, the dissolution of aragonite
components plays a major role in the reservoir characteristics. Its
dissolution increases the matrix porosity and saturates the expulsed
fluid in HCO3

− and Ca2+, thus allowing to stabilise the pore network by
inducing a rapid cementation, wherever nucleation sites occurred
(Halley et al., 1984; Hendry et al., 1996). However, when no substrate
for cementation occurs, the porosity is lost by compaction. This is the
case for the A and D horizons, which are characterised by high matrix
micrite content. Consequently, even if the lithology displays good
initial porosity, the reservoir characteristics evolve drastically accord-
ing to the diagenetic events like aragonite dissolution, burial
compaction, and stabilisation of the pore network.

3.2.2. Fracture and stylolite porosities as a function of tectonic stresses
During the Albanides FFTB development, the carbonates of the

Ionian Zone have been subjected to several stylolitisation processes
and fracturing events, being subsequently filled by various calcite ce-
ments. In the case of Kremenara anticline and in some other locations
in the vicinity of transfer zones, many fractures and stylolites are im-
pregnated by oil due to a late reactivation of the structures (Roure et al.,
2004).

During field campaigns, structural characterisation of stylolites,
fractures was realised in three reservoir analogues (e.g. Kremenara
and Saranda anticlines, Kelcyra outcrop), based principally on cross-
cutting relationships between fractures and stylolites, unfolded
orientations (i.e. azimuth and dip) and density measurements.

Two episodes of development of burial stylolites and of tectonic
stylolites, related to the kinematic evolution of the FFTB, have been
identified. The first generation of burial stylolitic planes forms mainly
parallel to the depositional fabric (i.e. bedding). They formed during
the burial stage before thrusting, which should consider to be Lower
to Middle Oligocene. The second recorded BPS, which crosscuts the
first one, was determined in the Kremenara anticline and is dated as
post-folding. It must be related to a second post-Miocene burial phase
(Breesch et al., 2007).

The tectonic stylolites record two dominant directions of the main
principal stress σ1, respectively trending about N70°, which is roughly
orthogonal to the frontal thrusts, and N160° (after rotation according
to the bedding). However some uncertainties still exist concerning the
chronology between both phases of tectonic stylolite development,
since no cross-cutting relationship has been observed.

The N70° oriented σ1 is consistent with the main compression
developing the NNW–SSE thrusts and folding structures in the
Albanides. Tectonic stylolites should record a syn- to post-deforma-
tional stage, since they are roughly orthogonal to the direction of
maximum stress and mostly parallel to the fold axes.

The second recorded maximum stress shows either a pre-folding
NNW–SSE compression or a post-folding NW–SE compression. This
change in the orientation of the maximum stress attests of the
occurrence of a second main tectonic phase.

This deformation stage is also characterised by five generations of
fractures. The first main orientation characterises the pre-folding
stage and trends about N150° with subvertical dip (see Table 1, Cal-2).
The second generation is oriented N138° with subvertical dip and
interpreted as pre-folding. These fractures represent the most
important fracturing stage during the Albanides FFTB development.
Both fracture generations developed simultaneously with the regional
flexuring of the foreland and could be contemporary with the
maximum burial in the basin, under high fluid pressure (see also
discussion on calcite twins in Section 4, set I veins).

Subsequently, other generations of fractures developed, the later
being only observed in the anticlines of Kremenara and Saranda. These
younger fractures characterise the evolution of the folding stage in the
Ionian fronts. The first fractures are sub-parallel to the bedding and
characterise the syn-folding displacement along bed contacts. The
second stage is defined by a main N60° orientation of fractures with
subvertical dip angle, which is consistentwith themain compressional
stress in the Albanides (i.e. Section 4, set II). It may be linked with the
syn-folding stage. The lastmain fracturing stage is still syn-folding and
trends about N110° with subvertical dip. This conceptual model is in
agreement with the work published by Graham-Wall et al. (2006).

A last generation defined by N–S orientation (Table 1; Cal-7) with
subvertical dip has also been observed but unfortunately without
relationship with stylolites. Assuming a syn- or post-deformational
origin, these fractures may be linked to an E–W or NE–SW
compression. Under this regime, the NE faults would act as transfer
zones with dominant dextral strike–slip motion and subsidiary
normal displacement. This interpretation is in agreement with the
work of Mantovani et al. (2002), which demonstrates an E–W
compression during the Late Miocene.

3.3. Evidences for meteoric flushing and important fluid/rock interactions

Many geologists have worked on the characterisation of fluid flow,
especially in the case of petroleum systems, in order to obtain a
precise chronology of the different generations of diagenetic phases as
well as to determine the nature/origin of the fluids and water–rock
interactions. This characterisation requires an integration of techni-
ques, including: (1) a detailed field survey to establish a primary
chronology of the diagenetic features involved. At the same time a
thorough field sampling is realised; (2) an accurate petrographical
(e.g. classical petrography, cathodoluminescence and fluorescence
microscopy, scanning electron microscopy) and geochemical study
(e.g. stable isotopes, Sr-isotopes, trace element characterisation by
means of electron microprobe analysis) or other techniques (e.g.
microthermometry,...) in order to define the different generations of
diagenetic phases and to link this to fluid composition and origin.
However, often petrographical and geochemical signatures have been
reset by later water–rock interactions. Experience learns that,
especially in carbonates, addressing the primary nature of the
diagenetic products and their related fluids is often very difficult.

In the Ionian Basin, three reservoir analogues located in different
thrust units (i.e. Berati, Kurveleshi and Cika units) have been sampled
(Fig. 1A) to characterise the fluid flow evolution and the fluid water–
rock interactions as well as the main migration pathways for the
hydrocarbon fluids during the successive steps of the kinematic
evolution of the Albanides FFTB.

In this paper, the case study of the Kelcyra area (i.e. Berati unit)
(Vilasi et al., 2006), located in the inner part of the Ionian foothills, is
presented as a case study. This case was selected especially since
complex water–rock interactions, resulting from the occurrence of salt
either as diapirs or along the décollement level, have been
determined. A summary of the paragenesis and the characteristics of
the main vein fillings (i.e. called cements) are shown on the Fig. 2 and
Table 1. Six major stages of fluid cementation have been identified and
associated with the FFTB evolution. For each stages, major to trace
elements (e.g. Sr, Mg, …) have been determined by the use of
Scanning Electron Microscope (SEM), allowing quantitative geochem-
ical analyses of areas as small as 2 μm.

3.3.1. Early meteoric diagenesis
The pre-deformational diagenesis is characterised by the occur-

rence of a meteoric-derived fluid (Vilasi et al., 2006), which accounted



Fig. 2. Paragenesis of Late Paleocene–Eocene deep marine carbonates in Berati unit (Kelcyra area, Albania). The stars in the first column indicate that the cement shows signs of
interaction with evaporites.
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for the precipitation of Cal-2 cement in N150° oriented fractures
(backtilted data) during an extensive phase. The signature of this early
fluid has been buffered by a succession of interactions either with rock
matrix along its migration pathways or has been affected by
interaction with late fluid migration by reopening former veins. Due
to this interaction, it is difficult to trace their initial origin and
migration pathways, which is essentially based on the presence of
some remnants of cements.

Cal-2 calcite cement is characterised by sector-zoned calcite
crystals in cathodoluminescence (Fig. 3A and B) and high Sr-content,
on average of 3678 ppm. It precipitated during the burial stage from
meteoric-derived fluids that is attested by isotopic data. Values are
plotting on the meteoric water line (Lohmann, 1988) with rather
constant δ18O, varying around −3.2‰ V-PDB and negative δ13C
displaying values from−2 to−6.25‰ V-PDB (Table 1). These results
are also consistent with the occurrence of non-metastable one-phase
fluid inclusions, which can point to an entrapment below about 40–
50 °C (Goldstein, 2001), corresponding to a maximum depth of 1.5 km
(cf. geothermal gradients of 21 °C/km). Cal-2 is also characterised by
various salinities from 21.9 to 35 wt.% NaCl (Bodnar, 1993), corre-
sponding to Tm (melting temperature) values from −19 to −38 °C.

The precipitation ends with thewidespread cementation of calcite,
with high Mg-content (values up to 4960 ppm) and slightly lower Sr-
content (up to 6960 ppm). This change in the Mg composition points
either to an interaction with a later Mg-rich fluid or to a progressive
enrichment during its precipitation. At present, the main part of the
cement displays intense recrystallisation under CL, where only few
remnants of zoned calcite crystals still exist (Fig. 3C). This intense
recrystallisation supports the hypothesis of an interaction with a
postdating Mg-rich fluid. Moreover a longitudinal dissolution occurs
often in the vein, which attests of the migration of a post-Cal-2
corrosive fluid, causing diagenetic alteration, recrystallisation and
secondary porosity development. Cal-2 cement contains also many
scattered micrometric dolomite crystals (i.e. Dol1), characterised by
uniform red-dull luminescence (Fig. 3A and D). These rhombohedric
dolomite inclusions precipitated mainly along calcite twins and are
usually associated with barite (BaSO4) and acicular strontianite
crystals (SrCO3) (Fig. 4D). They have high Sr-content, with an average
content of 2963 ppm (Microprobe analyses). The high Sr-content of
the dolomite and its association phases, i.e. strontianite and barite,
attest of the migration of a fluid that was rich in SO4

2−, Sr2+, Ba2+ and
Mg2+ and not fully undersatured to calcite. It may be explained by an
interaction or an expulsion from SO4

2−, Sr2+, Ba2+ and Mg2+ rich-
bearing unit, like evaporites. A second generation of fluid inclusions,
located in recrystallised Cal-2, displays Th (homogenisation tempera-
ture) from 95 to 142 °C, which should correspond to the temperature
of the fluid responsible to the recrystallisation (Dol1 fluid).

Consequently, two intervals can be proposed in the Ionian Zone,
which are the Messinian interval (i.e. in the flysch) and the Triassic
unit (along the décollement level or in diapirs). According to the Sr87/
Sr86-isotopes, the second hypothesis, explaining an interaction with
Triassic evaporites, is retained, since they display similar Sr-isotopic
signatures. The geochemical differences in Mg- and Sr- contents in the
Cal-2 cement can consequently be explained by fluid–rock interac-
tions between Cal-2 cements and Dol1 phase, resulting in an
enrichment in Mg and a depletion in Sr of the Cal-2 cement.

3.3.2. First main compressive stress
Cal-3 (Table 1) precipitates in large N°150 oriented fractures. The

calcite cement usually is characterised by the incorporation of



Fig. 3. Thin-section petrography of diagenetic processes: (A) and (B) CL and transmitted light views of Cal-2 vein generation, showing highly twinned calcite crystals and many
scattered dolomitic inclusions (red-carmine luminescence, Dol1); (C) CL view of a rest of sector zoned luminescent calcite into the Cal-2 cement; (D) CL view of recrystallised Cal-3
cement, where occurs red-dull luminescent Dol1; (E) CL view of Cal-3 cement, displaying brecciated fragments of partially calcitised dolomites (yellow luminescent, Dol2) in a dull
luminescent calcite cement; (F) Transmitted light view of Cal-3 cement, stained in a pink colour (i.e. Alizarin Red-S and potassium ferricyanide) with transported unstained
dolomites (Dol2). Note the occurrence of dolomite crystals with altered borders. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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numerous brecciated wall-rock fragments (dolomite Dol-2 crystals;
Fig. 3E and F), which are different from the immediate neighbouring
veinwall. That suggests that Cal-3 vein formed by hydraulic fracturing
during the syn-deformational stage. The brecciated fragments contain
transported minerals like phyllosilicates, strontianite, apatite and
barite.

Based on fluid inclusion analyses, Cal-3 cement displays an
homogenisation temperature Th varying from 34 to 60 °C and a
melting temperature Tm varying between−14 and−32 °C. The latter
correspond to salinities from 19 to 30 wt.% NaCl. However, due to the
partial recrystallisation of the calcite crystals, the variation in Th does
not allow to determine the original precipitation temperature of the
cement. The two end-members of Th, i.e. 34 an 60 °C, could either be
interpreted in terms of different precipitation temperatures or
correspond to a partial resetting during the recrystallisation of the
calcite (Nielsen et al., 1994). Geochemically, Cal-3 cement has high Sr-
content up to 4080 ppm and Mg-content of averagely 2500 ppm. A
possible interaction with Triassic evaporite can also be suggested to
understand the quantity of Sr and the similarity of their Sr87/Sr86 ratio
of respectively 0.707777 (Swennen et al., 1999) and 0.707823.

Based on the C- and O- isotope results, the cement displays a δ13C
signature buffered by the host-rock and a δ18O more depleted, with
values ranging from −2.5 to −0.4‰ V-PDB. In vein samples, where
brecciated fragments occur, the O-isotopic signature is shifted towards
the positive values, between −0.13 and +1.66‰ V-PDB, whereas the
δ13C remains homogeneous.

Based on the C- and O- isotope results, the positive δ18O signature
is of major interest since they attest of a fluid system either influenced
by clay diagenesis (Boles and Franks, 1979; Van Geet et al., 2002) or
derived from Triassic evaporites during its migration.

As it is the case for Cal-2 cement, Cal-3 cement is also highly
recrystallised and characterised by the presence of many scattered



Fig. 4. Thin-section petrography of diagenetic processes: (A) Transmitted light view of the fibrous antitaxial texture of the Cal-5 cement, showing many trails of pieces of wall-rock;
(B) Transmitted light view of Cal-5 vein crosscutted by Cal-6 veins; (C) Transmitted light view of Dol-3 cement, which precipitates in re-opened fracture. The unstained dolomite
crystals are subhedral. This generation predates Cal-7 cement, which consists of dull sector zoned calcite crystals; (D) Transmitted light view of unstained strontianite crystals
occurring in the Cal-2 cement; (E) Selective dissolution of dolomite crystals; (F) Backscattered electron image of Dol1 crystals. It is clear that the dolomite precipitates close to the
dissolved area of the Cal-2 vein.
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red-dull luminescent dolomite and barite. The latter have the same
petrographic and geochemical characteristics than those contained
into the Cal-2 cement. They also precipitated close to a central
dissolution, developed by post-Cal-3 aggressive fluid migration.

Finally, high salinities and precipitation at low temperature likely
under high pressure characterise the Cal-3 cement. During its
migration, this fluid has interacted probably with the Triassic
dolomite/evaporites, located along the décollement level. This
precipitation should have occurred at a depth of 2.5–3 km.

Afterwards, this vein is crosscutted by a corrosive fluid, rich in
strontium, barium and sulphate. The latter allows to develop a
secondary porosity and a recrystallisation in the hosted cement and
precipitate dolomite (Dol-1), barite and strontianite. This latter
diagenetic process occurs at minimum 142 °C, which is consistent
with a depth of 6 km.

3.3.3. Second compressive stress
The subsequent evolution is defined by a possible second increase

of the pressure. Cal-5 cement precipitates after the shear veins (Cal-4;
fibrous calcite cement), which developed subsequently to the tectonic
stylolites, during the thrust emplacement.

The elongate-blocky calcite crystals of Cal-5 are ferroan, with on
average 2193 ppm of Fe, and display a dull luminescence. They have
high Sr-content, up to 4870 ppm. Stable isotopes for these veins show
negative δ18O values from −1.48 up to −5.78‰ V-PDB and δ13C
signatures between +1.28 and 1.92‰ V-PDB, that are buffered by the
host rock (Table 1). This spread in δ18O values is interpreted either in
terms of precipitation at different elevated temperatures and/or
differences in non-equilibrium precipitation temperature between
host-rock and fluids or recrystallisation of the cement.

The characteristic features of the Cal-5 cement are the presence of
pieces of wall-rock, i.e. inclusion bands, aligned parallel to the vein
wall (Fig. 4A and B). These regularly spaced trails are clearly bands of
wall-rock detached from the neighboured vein-wall and relates to
crack-seal growth (Ramsay, 1980; Cox, 1987; Bons, 2000).

The origin of this fluid cannot yet be determined with the current
data. Only few fluid inclusions have been recognised in this cement,
most of them being metastable. Cal-5 cement is likely linked with the
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generation of overpressures in the front of the tectonic units during
the thrust emplacement, which is in agreementwith the occurrence of
N°150 oriented veins.

Moreover, the timing of this second compressive stress cannot be
made more accurate with the available dataset. Consequently, Cal-5
could either originate from the previous recorded overpressure, i.e.
Cal-3, or have developed during a second episode of high pressure.
Here, the change in the cement composition (Sr and Fe contents)
supports the second hypothesis, describing the development of a
second compression event.

3.3.4. Transition stage
During the syn-deformational stage, the development of thin

fractures is coeval with the migration of marine fluids in the system.
Cal-6 vein are cemented by dull luminescent blocky calcites. Here, few
amounts of Sr, with on average 255 ppm, and high Mg-content on
average of 2425 ppm, compared to the previous vein generations, are
determined. Only one isotopic analysis was realised (Table 1),
displaying δ18O and δ13C values of −2.88‰ V-PDB and +0.82‰ V-
PDB respectively. This value is similar to those of the host-rock, which
supports a rock buffering system. The origin of this fluid is still
unknown, since no stable fluid inclusions were found.

3.3.5. Dolomite phase (Dol-3)
This stage is characterised by the cementation of a subhedral

dolomite (i.e. Dol-3, Fig. 4C), defined by slightly curved surfaces. They
precipitate in re-opened veins, as encountered in Cal-3 cement. They
display double twins and red-dull luminescence. Geochemical
analyses reveal that these dolomites have low Sr-content, defined by
values below the detection limit. Unfortunately, no fluid inclusions
have been encountered in these crystals. However if the recrystallisa-
tion of the calcite cement, pointing out in Cal-2 and -3, relates
effectively to the migration of the dolomitising fluid, Dol-1, the
precipitation temperature of Dol-1 occurred at elevated temperature,
about 140 °C.

Only one isotopic analysis was carried out in order to characterise
the corresponding fluid. But since the vein is surrounded by other vein
generations and is 1.5 mm wide, the sampling is not very phase
selective and therefore likely mixed with Cal-7 cement (Fig. 4C). The
result of this single measure shows very depleted O-isotope with a
value of −7.58‰ V-PDB and a δ13C signature of 0.26‰ V-PDB. This
result can be interpreted as a precipitation at elevated temperature
(i.e. deep-sourced fluid origin).

Based on SEM observations, micrometric barite inclusions, with
high Sr- and Al-contents, occur scattered in Dol3, pointing probably to
the remobilisation of sulphate. This fluid should have highly
interacted with or expulsed from an SO4

2−, Ba2+ and Mg2+-rich
bearing layer, like the Triassic (i.e. along décollement level or in
diapirs) or the Messinian evaporites (i.e. in the Peri-Adriatic
Depression). Except their distinct content in Sr2+, Dol1 and Dol3
cements display the same petrographic and geochemical character-
istics, revealing a likely similar origin. In this way, the initial fluid must
have low Sr-content, which is attested by the geochemical analyses
performed on Dol-3 cement. Its enrichment, observed in Dol-1, should
have occurred by interaction with Sr-rich cements, like Cal-2 or Cal-3,
during its migration through the secondary porosity. An overestima-
tion of the Sr-content can also be suggested, since the penetration
depth of the microprobe may be higher than the size of the dolomite.

To summarise, a dolomitic fluid, enriched in barium and sulphate,
migrated along re-opened veins at elevated temperature and dissolved
partially former calcite cements (i.e. Cal-3 and Cal-2 cements). This
diagenetic process caused the development of a secondary porosity
and induced also a recrystallisation of the former calcite cement. By
fluid/cement interaction, the fluid became enriched in Sr (i.e. Dol-1)
due to intense interaction with the high Sr-content calcite cement,
whereas it precipitated as low Sr-content dolomite (Dol-3) in the
fractures. This migration could point to a hydrothermal origin, but
additional research is needed to confirm this hypothesis. The second
possibility, which can be considered, described the migration of two
distinct dolomitising fluids, i.e. Dol-1 and Dol-3, at different moments
However, their association with barite and the similar cathodolumi-
nescence signature of the two generations of dolomite support thefirst
hypothesis, describing the migration of a single dolomitising fluid.

3.3.6. Late calcite cement
Cal-7 cement (Fig. 4C) postdates the tectonic stylolites and

precipitates in NW–SE and N–S oriented fractures. The cement
displays dull sector-zoned luminescence, and is usually associated
with brecciated fragments of dolomite (Dol-2 generation). The
brecciated fragments are similar to those in Cal-3 cement, but less
numerous and smaller in size. In some places, especially along grain
boundaries, accumulations of transported fluorite are observed,
associated with pyrite and detrital phyllosilicates.

The occurrence of brecciated fragments of dolomite gives a clue for
a migration under high pressure regime. The Sr-isotope signature of
0.708039 for Cal-7, which is similar to previous measurements
realised on the Triassic evaporites of 0.708010 (Swennen et al.,
1999), possibly supports intense interaction with Triassic dolomite
interval. However this signature also suggests a Middle Oligocene
marine signature, which is characterised by a Sr-isotopic signature
varying from 0.707900 to 0.708050 (McArthur and Howarth, 2004).

The positive δ18O signature of the Cal-7 cement between +0.12
and +1.12‰ V-PDB can also be explained by the intense host-rock
buffering with evaporite intervals or by clay diagenesis. Geochemi-
cally, Cal-7 cement is as low Sr-, Al-, Si-, and Fe-contents.

This cement can be associated to a fluid, which underwent intense
water–rock interaction with evaporites-bearing unit and with Triassic
dolomites.

3.3.7. Late dissolution stage
The last stage in the diagenesis is characterised by the develop-

ment of a possibly subrecent karst system. It caused a selective
dissolution of dolomite crystals, as testified by the rhombohedral
shape of the moldic secondary porosity (Fig. 4e). Some dolomite
crystals however are also replaced by bright yellow luminescent
calcite, which points to a dedolomitisation process. This probably
occurs at the subsurface, as a telogenetic process, due to the effect of
percolation of meteoric water (Chaftez, 1972).

4. The use of calcite twins within veins as paleo-stress and
paleo-burial indicators

4.1. Aim and method

This part of the study aims at placing constraints on the tectonic
framework of paleofluid flows in the vein systems observed in the
folds of the southern Outer Albanides. No detailed microtectonic
analysis had been made previously to constrain the timing of fracture
development in the foreland and to accurately characterise the related
paleostress orientations and regimes, in relation with the regional
tectonic evolution. The ultimate purpose was therefore to bridge the
gap between geochemical analyses at the local scale and regional-
scale tectonic history, through the analysis of mechanical twins within
the calcite cements filling the veins. Combining this approachwith the
study of microstructures observed in the field and at the scale of the
samples allowed to establish a chronology between vein formation/
cement crystallisation (and hence the timing of fluid flows within
these veins) and development of the frontal folds.

Calcite twin analyses have been widely used to constrain both the
structural and kinematic evolution of fold–thrust belts, e.g., Sevier and
Appalachian forelands: Craddock and Van Der Pluijm, 1999; Northern
Pyrenean foreland: Rocher et al., 2000; Southern Pyrenean foreland:
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Holl and Anastasio, 1995; Gonzales-Casado and Garcia-Cuevas, 1999;
Subalpine chain: Ferrill and Groshong, 1993; Taiwan: Lacombe et al.,
1993;Rocheret al.,1996;HungandKuo,1999;Hudsonvalley fold–thrust
belt:Harris andVanderPluijm,1998; Zagros: Lacombeet al., 2007. These
studies have led to regionally significant reconstructions of tectonic
stress and strain patterns, and, in few cases, to the quantification of
differential stresses associated with folding and thrusting.
Fig. 5. Detailed map of Saranda anticline with reported paleostress orientations determin
projection. Bedding as dashed line; in each diagram, the vein in colour (green, set I; red: set II
references to colour in this figure legend, the reader is referred to the web version of this a
Twinning in calcite occurs at low temperature and requires a low
critical Resolved Shear Stress (RSS) of 10 +/−4 MPa that depends on
grain size (e.g., Rowe and Rutter, 1990; Lacombe and Laurent, 1996)
and internal twinning strain (e.g., Turner et al., 1954; Laurent et al.,
2000). Calcite twinning is not sensitive to either strain rate or
confining pressure, and therefore fulfils most of the requirements for
paleopiezometry.
ed from calcite twin analysis. Stereodiagrams: Schmidt lower hemisphere, equal area
) is the vein fromwhich the stress tensor has been determined. (For interpretation of the
rticle.)
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Calcite twin data being basically strain data, Groshong's (1972)
strain gauge technique is commonly used to produce a strain ellipsoid,
while differential stresses are given by the Jamison and Spang (1976)
technique. In this paper, we used the Etchecopar method of inverting
calcite twin data (Etchecopar, 1984; see details in Lacombe, 2001) that
computes simultaneously stress orientations and differential stress
values and is, therefore, the only technique to date that unambigu-
ously relates differential stress magnitudes to a given stress orienta-
tion and stress regime. This method applies to small twinning strain
that can be approximated by coaxial conditions. Therefore, orientation
of twinning strain can be correlated with paleostress orientation
(Burkhard, 1993).

The inversion process takes into account both twinned and
untwinned planes, the latter being those of the potential e-twin
planes which never experienced a RSS of sufficient magnitude to
cause twinning. The inverse problem consists of finding the stress
tensor that best fits the distribution of twinned and untwinned planes.
The orientations of the 3 principal stresses σ1, σ2, and σ3 are
calculated, together with the Φ ratio [Φ=(σ2−σ3)/(σ1−σ3)] and
the peak differential stresses (σ1–σ3) sustained by rocks. If more than
~30% twinned planes in a sample are not explained by a unique stress
tensor, the inversion process is repeated with the uncorrelated
twinned planes and the whole set of untwinned planes. Where
polyphase deformation has occurred, this process provides an efficient
way of separating superimposed twinning events (e.g., Lacombe et al.,
1990).

4.2. Sampling and measurements

As mentioned earlier (Section 3.2.2), two main vein systems have
been identified in the Saranda and Kremenara anticlines (Fig. 1A). The
first set (I) is oriented N140° (+/−20), and likely predated folding.
This set developed during burial, possibly in response to high fluid
pressure (Section 3.2.2). The second set (II) is oriented N60° (+/−20)
Fig. 6. Examples of twinned calcite crystals in veins from the Saranda anticline. A: AL25 sam
twinning occurred in the thin twin regime in all samples, suggesting low strain recorded at
and is likely a vein system formed in response to the regional
compressional stress responsible for folding. In both folds, pervasive
pressure solution is evidenced by widespread stylolitisation.

Oriented samples were collected from homogeneous, poorly
deformed, marine limestone of late Cretaceous age, cut by the
above-mentioned vein systems. The fine-grained facies of these
limestones did not enable us to carry out analysis of calcite twins
within the rockmatrix, so only four samples from the western flank of
the Saranda anticline (AL05, AL25, AL26 & AL27; Fig. 5) were available
for calcite twin analysis. An additional sample from the Kremenara
anticline has been studied in order to allow comparison with results
from Saranda. Thin twins are dominant in the samples, indicating that
calcite deformed below 200 °C (Burkhard, 1993; Ferrill et al., 2004)
(Fig. 6). Twinning strain never exceeds 3–4%.

Sampling in fold limbs allowed to constrain the chronology of
twinning relative to folding. For example, one might expect that if a
twin set formed during Layer-Parallel Shortening (LPS) and was
subsequently tilted with the strata during folding, then one axis of the
stress tensor should be perpendicular to bedding with the other two
lying within the bedding plane. In contrast, late/post folding twin sets
should yield two horizontal stress axes and one vertical one, within a
range of 10° uncertainty. Examination of abutting/cross-cutting
relationships between veins and bedding-parallel/tectonic stylolites,
together with collection of twin data in crosscutting set I and set II
veins, also helped to constrain the chronology of twinning events.

4.3. Results: paleostress orientations and regimes and relation to vein
development and regional fold–thrust belt evolution

Despite the low number of samples available for this study, calcite
twin analysis consistently revealed the main states of stress in both
Saranda and Kremenara anticlines. The first stress regime corresponds
to a N70° compression and a sub-perpendicular extension. The
different tensors related to this stress regime are linked by stress
ple, high twin density; B: Al27 sample, low twin density. C, D: DR10 sample. Note that
low (b200 °C) temperature (Burkhard, 1993; Ferrill et al., 2004).
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permutations: after backtilting, σ1 is either horizontal, with σ2 or σ3
trending N160°, or vertical and associated with a N160° trending σ3
(Fig. 5). This stress regime accounts well for the formation of set II
veins and associated tectonic stylolites. The attitude of the computed
stress axes with respect to bedding reveals that twinning recorded LPS
in the samples from Saranda and late stage fold tightening in the
sample from Kremenara; the N70° compression, that lies at high angle
to fold axes, therefore likely prevailed during the entire folding
history.

The second stress regime corresponds to a pre-folding nearly E–W
extension, perpendicular to the local N–S trend of the Saranda
anticline (Fig. 5); it likely reflects outer-rim extension during fold
development. The third stress regime also prevailed before folding; it
corresponds to a N30°-directed extension, which is likely responsible
for the opening of the early set I veins in response to the flexure of the
foreland in front of the advancing thrust sheets, contemporary with
burial and possibly under high fluid pressures.
4.4. Results: from differential stress values to paleoburial

Lacombe (2007) has shown that paleo-differential stress against
depth suggests a trend of increasing differential stresses with depth,
supporting that stress in the upper crust is mostly at frictional
equilibrium, in agreement with contemporary stress measurements
(Townend and Zoback, 2000). For given stress and pore pressure
regimes, and knowing the differential stress values from calcite twin
analysis, one can make use of this relationship to estimate the
paleodepth of deformation. Fig. 7 reports the curves of differential
stress values as a function of depth in a crust in frictional equilibrium,
for strike–slip (SS) and reverse faulting (C) stress regimes, values of λ
[λ=Pf /ρgz, where Pf is the pore fluid pressure, ρ the density of the
overlying rocks, g the acceleration of gravity and z the depth] of 0.38
Fig. 7. Differential stress values determined from calcite twins reported on stress/depth
paleoburial values for pre-and post folding stress tensors. Labels a and b refer to stress estim
obtained from the whole data set in each sample.
(hydrostatic) and 0 (dry) and for values of the friction coefficient μ of
0.6 and 0.9.

We focused on stress tensors related to the regional compression
that has been recorded either at the very early stage (LPS) or at the
very late stage of folding (fold-tightening). Extensional stress tensors
were not considered. Reporting the differential stress values corre-
sponding to reverse, strike–slip ormixed reverse/strike–slip (i.e., with
low Φ ratio) stress regimes related to the N70° regional compression
on the above-mentioned curves yields the probable range of depths at
which Cretaceous limestones recorded twinning strain. In Saranda,
the depth range of the investigated samples just before the onset of
folding (i.e., at the maximum burial) was about 1.5–5.5 km, around a
mean value of 4±1 km that represents the most likely burial depth of
these limestones.

These preliminary paleodepth estimates, although scattered and
possibly overestimated (see discussion in Lacombe, 2007), are
consistent to a first-order with other independent paleoburial
indicators. Although the thicknesses of sedimentary formations in
the Ionian zone are poorly constrained, at least 2000–2500 m of
Paleogene (including the Oligocene flysch) can be considered above
the Cretaceous limestones (e.g. Collaku et al., 1990). Muska (2002)
estimated from Genex-1D modelling a thickness of eroded rock of
nearly 1600 m above Eocene formations. In addition, taking into
account a thermal gradient of about 16–20°/km (e.g., Roure et al.,
2004), and paleotemperatures between 40 and 60° derived from
microthermometry of paleofluids, the possible depth range is about 2–
4 km, consistent with our estimates from calcite twins. Additional
constraints are provided by the maturity rank of the organic matter in
the Mesozoic series sampled in surface outcrops of the Ionian Basin
and Kruja Zone: Ro values for Toarcian samples were found lower than
0.55 and, therefore, the rocks are immature (Roure et al., 1995); Ro
values lie between 0.7 and 0.9 for the late Triassic. Taking into account
the low geothermal gradient, these Mesozoic limestones were
curves built for a crust at frictional stress equilibrium (Lacombe, 2007), and derived
ates obtained from subsets of twin data of homogeneous grain sizes, while others were
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probably never buried to depths greater than 4 km, in agreement with
our estimates.

In the Kremenara anticline, the post-folding differential stress
values correspond to a depth of 0.5–0.6 km. Assuming that the
maximum burial was nearly the same than in Saranda, this may
indicate an erosion of ~3 km at the crest of the anticline during
folding. Note, however, that these two tectonic units (i.e. Cika belt and
Kurveleshi belt) have different evolutions and are therefore not
directly comparable, so further studies should confirm these
conclusions.

5. Coupled 2d-stratigraphic, kinematic, thermal and fluid
flow modelling

Before performing a coupled thermal and fluid flow modelling, a
good knowledge of the basin scale structural geometry and history is
needed. This begins by the construction of regional structural
balanced cross-sections with lithological attributes, representative of
the present-day deformation state of the studied area. In this study,
the present-day cross-section was built using geological maps, well
data (ages, lithologies and seismic velocities from well logs and
cuttings) and depth-converted interpreted seismic data. In the
Albanides, the seismic data provide also a strong control on the
architecture of pre-, syn- and post-kinematic strata and their space-
time relationships with faults and folds. These observations permit to
sequentially retrodeformed the present-day cross-section and recon-
struct intermediate deformation states.

5.1. Coupled Thrustpack–Dionisos forward kinematic and stratigraphic
modelling (Input templates for Ceres)

The 2D kinematic evolution of the Albanian studied section was
modelledwith the Thrustpack software that uses an algorithmbased on
the kink-band method for fold-bend fold of Suppe (1983). The
Thrustpack simulations consist of performing a series of forward time
steps to reproduce successive deformations (faulting, folding and
flexure) on the basis of the geological restored cross-sections (Sassi
et al., 2007; Sassi and Rudkiewicz, 1999). In this software, the observed
geometry of the syntectonic deposits and of the fault paths into them is
drawn at each stage before to apply the tectonic offsets. Former strata
located above erosional unconformities are then erased before initiating
the next kinematic stage. Finally, the software calculates the compaction
in the section between two deformation steps, depending on the
lithologies given by the user for each new sedimentary layer. A
reasonably good fit to the observed section geometry can be obtained
in this way, in spite of the restrictions imposed by the fold-bend fold
model. There is however no real constraint on the topographic profiles
reproduced into the Thrustpack modelling, except those approximated
from the geological profile and the distribution of sand/shales.

The 2D stratigraphic evolution of the Albanian studied sections
was also modelled with the Dionisos software. The Dionisos software
is a multi-lithological dynamic-slope forward computer model that
uses deterministic physical laws to simulate the transport of
sediments in 3D (Granjeon and Joseph, 1999). In the Dionisos
simulations, the interactions between three main processes (accom-
modation, sediment supply and sediment transport) are numerically
solved at each time step. The changes of accommodation are linked to
the basin deformation, induced by tectonic movements and sediment
loading, the sea level variations and the sediment compaction. The
supply of sediments can be an inflow coming from the erosion of
adjacent source areas (i.e. clastic sediments), or an in-situ production
controlled by ecological rules and physical parameters such as water
depth and wave energy (carbonates). The transport of sediments is
simulated using two sets of water-driven diffusive equations, in order
to reproduce the interaction between the long-term fluvial and gravity
transport, and the shorter-term transport induced by catastrophic
floods, slope failures and turbiditic flows. The numerical quantifica-
tion of the interactions between accommodation, sediment supply
and sediment transport leads to a 4D (x, y, z and t) model that
represents the evolution of the stratigraphy and the topography of the
studied area trough time.

As many other stratigraphic computer model, Dionisos was first
developed to simulate the vertical tectonic movements that are a
component of the accommodation space. Although it can now
reproduce some horizontal displacements such as listric normal
growth faults, it is not yet able to reproduce such tangential offsets
repeating layers as thrusting. This is why a newly developed coupling
between the Thrustpack and the Dionisos softwares was tested in this
Albanian study.

The coupled kinematic and stratigraphic modelling consists in an
exchange of data between the two softwares, each one supplying the
other one with complementary information (Albouy et al., 2003a,b)
(Fig. 8). At the end of each kinematic stage, Thrustpack thus exports
towards Dionisos the initial topography and lithologies of the model
surface, as well as its vertical displacement vectors corresponding to
the underlying thrusting, folding and flexural deformation. On the
basis of these inputs, Dionisos incrementally performs a simulation of
the accommodation changes, the sediment supply and the sediment
transport on the duration of the same kinematic stage. Dionisos then
sends back toThrustpack a template for the final topographic profile of
the stage, which in that case takes into account the physics of the
erosional and depositional processes. Incremental Thrustpack kine-
matic stages can finally be performed again using the new information
on the topography and if needed, on the lithologies also calculated by
Dionisos for the syn-tectonic deposits between the wells data. At the
end of this computation, the structural, stratigraphic and topographic
knowledge of the area is considerably improved and the final
geometric results of the Thrustpack modelling can be ultimately
used as intermediate boundary conditions/templates for a regional 2D
coupled thermal and fluid flow modelling using the Ceres software as
described below.

5.2. Fluid flow modelling

Basin-scale modelling techniques are required to understand the
velocity and trends of fluid migrations, pore fluid pressures,
temperature evolution of the basin and the hydrodynamic behaviour
of faults. The Ceres software is a 2D-basin modelling that allows to
model sedimentary basins and understand the petroleum systems in
complex structural environments, such as salt-driven tectonic areas,
diapirism and foreland-fold-and-thrust-belts, where blocks are dis-
placed along faults (Schneider, 2003; Schneider et al., 2002).

In addition to the simulation of overpressures, Ceres software is
able tomodel the formation and evolution of the petroleum system by
reconstructing the hydrocarbon generation and migrations but also to
trace the changes in the water flow through time. In this way, a link
between the thermal evolution, the fluid pathways, the diagenetic
processes and the deformation history is required to replace the fluid
migrations within the kinematic evolution.

5.2.1. Work flow
To carry out such study, the work flow operates with three main

steps (Schneider et al., 2002), which are the edition of the initial
section, the restoration of the section and finally the forward
simulations:

(i) The initial section can be edited on the screen or using a
template geometry imported directly from another study or
other softwares such as Thrustpack (i.e. the final section that is
equivalent to Present Day geometry). At this stage, it is
recommended to use a structural software that is able to
balance the section, such as Locace, 2D Move, Restore or 2D-



Fig. 8. Workflow of the coupled structural/stratigraphic forward modelling. For explanation see text.
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Fig. 9. Geometry and lithology distribution of the section at present day. The three main source rocks (SR) are located in the section.
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GeoSec softwares (Gibbs, 1983; Moretti et al., 1988; Moretti and
Larrère, 1989; Tozer et al., 2006). The geological attributes are
then assigned, including the horizons, faults, décollement
levels, section boundaries, the age of the horizons and finally
the lithologies, which may evolve spatially but not in time. The
sub-domains are subsequently defined as small independent
kinematical units or blocks. The meshing, which is specific for
each block, is built with no constraint coming from the other
blocks. Geometrically, the initial section holds the Brittle Upper
Crust as well as the Ductile Lower Crust and the Moho (Fig. 9).

(ii) The section is then restored with a backward process, where
the intermediate geometries built with Thrustpack are directly
used as templates in Ceres to rebuild the eroded parts and to
perform the displacements along faults. Once the erosion and
the sedimentation are accounted for, the resulting section is
uncompacted using porosity-depth relationships. At this stage,
the displacement along individual faults is applied using
translations and vertical shear (version 4.0). As for the edition
of the eroded parts, this operation may be facilitated by the use
of templates as it was the case for the present study.
Once the thickness is restored, the last step of the backward
simulation requires the correction of local inconsistencies in
the computed thicknesses that result from the use of the
vertical shear mode of deformation. The correction of the
eroded part may be also done at this stage. However, this step
allows mainly to account for salt or mud tectonics and
diapirism as well as thickness modifications. These steps were
done for each layer of the initial section at present day. The final
scenario of the restoration was then validated using input data
derived from former kinematic studies.

(iii) The last step is a forward modelling coupling the fluid flow
simulations, the heat transfer, the hydrocarbon formation, the
compaction and pore space evolution, the building up of
overpressure, etc. To solve the problems of permeability and
pore saturation in complex tectonic setting, Ceres defines
several sub-domains, the boundaries of which being mainly
defined by faults and model boundaries. The principal
equations are mass conservation of solid and fluids (cg. 3
phases: water, oil, gas), coupled with Darcy's law and
compaction law (Schneider et al., 2002).

Three options have been implemented to handle the permeability
nd long term behaviour of the faults. Faults can either be assumed as
ervious (i.e. first option) or impervious (i.e. second option), being
hen considered as a flow barrier. Alternatively their permeability can
lso evolve through times according to the neighbouring lithologies
i.e. third option). Permeability can also change with the strain rate.
hichever option is chosen, the faults are considered as inactivewhen
heir velocities are lower than the defined speed limit of 50 m/Ma.

In the framework of this study, the three options have been
odelled but only the second option, where the permeability is
ependant to the lithologies on both sides, is illustrated in detail. A
uick comparisonwith the two other options, considering the faults as
ither impervious or pervious, will be carried out.

.2.2. Kinematic scenario
The kinematic evolution of the Albanides is strongly influenced by

he occurrence of the Triassic evaporites, deposited during the rifting
tage. The east-trending studied transect cross the Albanides from the
eri-Adriatic Depression in the west to the Kruja Platform in the east.
his section crosses also the Vlora-Elbasan transfer zone, where all the
ajor Albanian oil fields occur (Fig. 1A).
This fluid flow modelling was used to study essentially the impact

f the faults on the fluid migration, to determine whether they acted
s fluid barriers or drains, to quantify the fluid flow, and to reconstruct
he pore fluid pressure history of the subthrust reservoirs. The
esulting scenario, modelled with Ceres, is illustrated in the Fig. 10 and
emonstrates successive major kinematic episodes, based on thework
reviously done by Barrier et al., 2003, 2005:

- end of the passive margin during the Oligocene (−23.7 Ma), with
active folding in the internal Albanides andflexuringof the foreland
basin which was subsequently filled by the Oligocene flysch.

- thrust emplacement of the Kruja belt, resulting in the flexuring and
turbiditic sedimentation in the Ionian Basin during the Aquitanian
(−20.52 Ma).

- onset of the thrusting in the Ionian zone during the Langhian
(−13.7 Ma).

- out of sequence thrusting, accounting for the development of an
intermediate tectonic unit in the Ionian Basin (i.e. Berati belt)
during the Serravalian (−11.6 Ma).

- maximum shortening of the Ionian zone during the Tortonian
(−7.5Ma), causing an importantflexural subsidence in the foreland.
At the same time, the easternmost thrust unitswere already uplifted
and eroded.

- burial increases related to thrusting and coeval synorogenic
sedimentation in the foreland increased the flexural subsidence.
The compressive front was still active and many compressive
structures were growing in the foreland during the Messinian
(−5.3 Ma).

- the present day profile shows partial erosion of the Oligocene seals
located at the top of the tectonic units that allows the unroofing
and emersion of the main reservoir interval in the Kruja and Berati
belts.



Fig. 10. Kinematic evolution of the Ceres model along the studied CR 13 section (Fig. 1) from the Late Oligocene (−23.7 Ma) to present day.
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For this modelling, three organic-rich source rock formations have
been considered (Mattavelli et al., 1991; Curi, 1993; Speranza et al.,
1995; Rigakis and Karakitsios, 1998): a) the Upper Triassic–Lower
Jurassic blackshales, which are the main effective source rock, with
TOC values up to 5,5%; b) the Middle Cretaceous bituminous shale and
limestones with 2,5% of TOC; and c) the Paleocene–Eocene shaly
limestone in the Kruja belt, where the TOC reached 4,5%. Their organic
matter is types I to II marine origin.

As previously described, carbonate reservoirs range in age from
Upper Cretaceous to Eocene and essentially consist of pelagic facies of
the Ionian Zone, characterised by a dual fracture–matrix porosity.
Their reservoir characteristics are largely enhanced by the presence of
numerous open fractures. Other reservoir intervals, located in the
Peri-Adriatic Depression, such as the Pliocene and Messinian
sandstones, are also oil-bearing.
The trapping mechanisms have a dominant stratigraphic control
that must account for the seal capacity of the Oligocene flysch and the
Messinian evaporites. However, in places where the Oligocene flysch
has been tectonically removed, the Triassic evaporites along the
decollement level also constitute a composite stratigraphic and
structural seal, i.e. in the Delvina oil field.

5.2.3. Thermal calibration
Accurate forward structural modelling allows a direct control on

the burial history of source rocks in foreland fold–thrust belt systems.
However, one of the most important steps in the fluid flow modelling
is the thermal calibration of the section, in order to predict a realistic
evolution of the source rocks, the timing of hydrocarbon generation
and expulsion and the possible way of hydrocarbon migration
between the sources to the traps. Many paleothermometers can be



Fig. 11. Determined heat flow variation through time for the studied E–W transect.
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used along the profile, such as Bottom Hole Temperature (BHT),
present-day heat flow, geothermal gradients, as well as petrophysical
and laboratory data such as Vitrinite reflectance, Apatite Fission
Tracks, microthermometry and Rock-Eval analyses. Even if the present
temperature of buried reservoirs can be easily calibrated since this
parameter is not too sensitive to its fluctuation through time, the
difficult step remains to determine the best evolution of the heat flow
in order to obtain an accurate present day maturity repartition.

In the case of foreland-fold–thrust belts, the evolution of the heat
flow, which occurs during the sedimentary filling of the flexured
basin, is very difficult to determine, since folding and thrusting stages
are often associated with important sedimentation rates (i.e. flysch
deposition). The intense flexuring may imply a blanketing effect for
the thermal evolution due to slow sediment compaction. It is usually
followed by an important subsidence (i.e. the filling of the accom-
modation space) during the maximum shortening (Barrier et al.,
2003, 2005). For this study, different hypotheses on the heat flow
variation have been tested, especially to determine the importance of
the blanketing effect and to constrain better the model.

In the Albanides, low geothermal gradients exist at Present, ranging
from 16 to 20 °C km−1 (Cermak et al., 1996; Frashëri, 2005) with
generally an increase towards the east. These values are associated with
anomalous heat flow values as low as 30 to 40 mK m−2, with unclear
distribution. In some places, strong variations of the temperature
gradient are also observedmostly due to the complex tectonic structures
in the vicinity of salt diapirs (high conductivities), transfer zones (i.e.
Vlora Elbasan lineament) and local reversal in temperature gradient due
tometeoric circulation and karsts. For this study, the heat flow variation
used tomodel thefluidflow, corresponding to thebestfitwith the actual
data, is described on the Fig. 11.

5.3. Fluid flow

Source rockmaturity is estimated either by the vitrinite reflectance
values (Easy Ro; Ardic, 1998), or through the transformation ratio (TR)
that represents the advancement of the transformation of kerogen
into hydrocarbon. This has been computed for the three source rocks
previously described.

5.3.1. Maturation vs. kinematic evolution
According to fluid flow modelling, sedimentary burial was already

ufficient during the Late Oligocene to already mature the Triassic
source rocks in the still subsiding Ionian basin (Fig.12A). Alternatively,
shallower source rocks, i.e. the Toarcian and the Middle Cretaceous
blackshales, remained largely immature in the Ionian Basin and the
Paleocene–Eocene shaly limestones of the Kruja platform until the
Tortonian episodes of the deformation (Fig. 12B), when tectonic burial
ultimately forced them to enter the oil window.

At the present-day (Fig. 12C), the Upper Triassic–Jurassic source
rocks are overmature in the foreland, whereas in the thrust units they
are still mature or in the condensate-gas window. Only the top of the
Kurveleshi belt is still immature, since this unit uplifted at the onset of
thrusting and consequently always remained at lower temperature.

The Middle Cretaceous source rock is principally mature to
immature in the Ionian tectonic units from the base to the top of
the tectonic units respectively, whereas the maturity of the Paleo-
cene–Eocene shaly limestone of the Kruja unit is higher and has
reached the gas-condensate window.

Finally, the model shows two main steps of maturation: the first
one during the sedimentary burial, which allows the Triassic source
rock to enter the oil window as early as the Oligocene and to increase
the maturity of the shallower source rocks. Afterwards, during the
syn-deformational stage, thrusting will help to keep the source rocks
of allochthonous Ionian units in the oil window and to progress slowly
towards the condensate-wet gas window, whereas source rocks are
overmature in the foreland since the Late Tortonian.

The variation in maturity between the Berati–Kruja belts and the
Kurveleshi–Cika belts can be explained by the development of out-of-
sequence thrusting during the Albanides evolution, allowing an
increase of the source rock maturity for the tectonic units that have
been uplifted later.

5.3.2. Water saturation
Thewater saturation has beenmodelled since it is complementary

to the oil saturation. The Fig.13 shows the oil accumulation in present
day, in the case of light oil migration (oil density of 33° API). The
known oil-bearing reservoirs are accounted for by the model, but
other untested reservoirs, such as the Triassic dolomites, sealed by
the Triassic source rock according to the model results, could also
account for interesting accumulations with oil saturation higher than
45%.

Amore realistic fluid flowmodellingwould require the input of the
true oil density. Unfortunately, different types of oil, in terms of
density, have been recovered in Albania, whose degrees API fluctuates



Fig. 12. Repartition of the maturity (Vitrinite reflectance in %) along the CR 13 profile at (A) the Late Oligocene, (B) Tortonian and (C) present day.
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in a range between 9 to 37 °API corresponding to densities from 840 to
1000 kg.m-3.

Hence, the migration has been simulated for the two main oil
densities (i.e. 33 and 16° API) to clarify whether these two types of oil
have been expulsed from the different source rock, or if this density
variation relates to late diagenetic processes such as biodegradation or
secondary cracking of the hydrocarbon. Several parameters andmodel
results point towards the biodegradation of the hydrocarbon in a post-
deformational stage, since the migration of heavy oil would not be
able to reach the known reservoir intervals and because the amount of
free hydrocarbons in the samples remains too high (i.e. Rock-Eval
pyrolysis) to have been subjected to a secondary cracking. This is in
agreement with the single burial stage observed in the Ionian Zone.

5.3.3. Migration pathways as a function of the fault behaviour
The pre-deformational stage is characterised by early generated

hydrocarbons, which migrated vertically up- and down dip as early as
the Oligocene until the Burdigalian. During this early migration stage,



Fig. 13. Water saturation at the present day. Note that the decrease in water saturation is complementary to the oil saturation.
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developing during the foreland flexuring, themain faults acted as fluid
conduits allowing the oil of the Triassic source rock to be trapped in
the reservoirs of the Kruja unit.

The syn-deformational stage is still characterised by up- and down
dip vertical migrations but accounts also for east- and westward
migrations in the foreland, particularly towards the Italian offshore.
This is attested by direct oil-source rock correlations in the Aquila
field, which relates to a distal Triassic source (Albpetrol, 1995). The
specificity of the period is a change in the fault behaviour. The
presence of evaporites along the décollement level enables to block
the oil migration through the faults, even if FFTB evolution and the
strain rate would rather predict that they should be pervious during
such period. Alternatively, hydrocarbon migration is required along
faults in the Cika unit for reaching the sandstone intervals of the
foreland and the Italian offshore, where no evaporites exist.
Fig. 14. Water saturation and hydrocarbon migration at the present day with two detailed
accumulations of hydrocarbon in the Upper Cretaceous to Eocene carbonates located benea
From the Tortonian onward, the hydrocarbons were trapped in the
Upper Cretaceous–Eocene fractured carbonate reservoirs. This period
is characterised by the major expulsion and migration of hydrocarbon
in connection with the maximum shortening and thermal burial.

Since the Messinian (Fig. 14), the migrations are relatively short
and partly up- and down dip vertical but other important pathways
are east and downward (i.e. reflux). This period is characterised by a
shift of the hydraulic head from the thrust belt toward the foreland,
where many compressive structures are formed. The later allows a
change in the faults behaviour, from fluid conduits in the foreland to
fluid barriers in the thrust belt. The evolution of the compressive
stress enables to develop oil reservoirs in the foreland, i.e. in the
Messinian oil-bearing sandstones. Finally, the sealed faults have
completely compartmentalised the fluids within the thrust belt,
isolating independent volumes of rocks since the onset of the orogeny.
zones: the Cika unit on the left and the Kurveleshi unit on the right inside. Note the
th the thrusts, sealed by Triassic evaporite and Oligocene flysch.



Fig. 15. Conceptual model for the diagenetic study (s.l. = sea level; BPS = Bedding
Parallel Stylolites; TS = Tectonic Stylolites). The green arrows show the downward
migrations, whereas the red arrows illustrate the upward migrations. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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These results of fluid flow modelling account for the hypothesis of
fault permeability being dependant from the neighboured lithologies
(i.e. third option). When considering that the faults are pervious (i.e.
first option) all along the FFTB evolution, the fluid migration remains
unchanged. In fact, the occurrence of evaporites along the décolle-
ment level stops the migration pathways of fluids along the faults.
However, when considering the second option, i.e. the hypothesis
with impervious faults, results are quite different especially in the
foreland, where reservoirs can no longer be charged by hydrocarbons,
as they become isolated from the kitchen areas.

6. Conclusions and perspectives

The present paper illustrates an integrated workflow for carbonate
reservoir characterisation, coupling kinematic, fluid characterisation
and thermal evolution of a fold-and-thrust belt system and associated
foreland basin, which has been developed to improve our knowledge
of the petroleum system and predict the exploration risks in complex
tectonic systems (overpressures, evaporitic diapirs, important ero-
sions …). Such multi-scale study, from outcrop and petrography to
basin-scale fluid modelling, could be performed in Albania, which
constitutes a unique natural laboratory for the study of active
processes in an emerged tectonic wedge. This regional integrated
petrographic and basin modelling approaches could precise the
timing of deformation and erosion, of the cementation and dissolution
episodes, the velocity of the fluids and their evolving chemistry during
migration, giving evidence of important water–rock interactions.

The main diagenetic processes are dependent on the fracture
characteristics (orientations…) and the fluid flow, e.g. fracture
opening, fluid velocity, vicinity to main faults, allowing either large
influx of exotic water or instead precluding rock interactions,... Once
the different diagenetic episodes of a specific reservoir have been
identified, basin modelling can help to validate possible scenarios,
based on thermal evolution and faults behaviour, evolving through
time, and to replace the characterised fluids (i.e. oil and water) into
the kinematic evolution of the FFTB.

In the Albanides, the fracturing of the reservoir intervals has a pre-
folding origin (Fig. 15A), whereas the first recorded cement infill has a
meteoric origin, implying downward pathways ofmeteoricwater from
surface to the Eocene deepmarine limestones at the onset of forebulge
development. During its migration, this fluid interacts highly with
Triassic evaporites, allowing its enrichments in strontium. Regarding
the low temperature of precipitation, reaching only 40–50 °C, this
meteoric fluid must have reacted with evaporitic diapirs at the surface
or sub-surface to finally precipitate at a maximum depth of 1.5 km.

From this stage onward (Fig. 15B), the maximum principal stress
becomes horizontal due to tectonic compression. The majority of the
fluid generated in the Ionian Zone migrated under high pressure
regime, accounting for the occurrence of brecciated fragment with
Triassic dolomite, crack-seal veins (Fig. 15C) and attesting also for
intense fluid–rock interactions with the Triassic rocks (i.e. near diapirs
or along the basal décollement level).

This period is also characterised by two stages of tectonic stylolites
development that must be linked to the main thrusting episodes, i.e.
the thrust emplacement of the Kurveleshi belt and the out-of-
sequence development of the Berati unit. The fluids, which migrated
with brecciated fragments during an overpressured regime, precipi-
tated at low temperature, at a depth of 3 km. Afterwards the tectonic
burial increased due to overthrusting of the Berati unit by the
overlying Kruja unit, the temperature of precipitation becoming
higher. This stage is characterised by the development of hydro-
fracturing and is likely coeval with maximum burial of the Berati belt.

The following stage corresponds to upward migration of sulphate-
enriched fluids (Fig. 15D), derived again from Triassic evaporites–
dolomites, along the décollement level, which acted as a conduit for
deep sourced fluid or the Late Messinian interval. The velocity of this
saline fluid flow along the décollement level should be higher than
through the fractures, allowing a precipitation in thermal disequili-
brium. This period accounts for the onset of the thrusting in the Ionian
Zone, and consequently for its associated uplift.

The last stage is characterised by the migration of meteoric fluids
along fractures during emersion, which results in the formation of a
selective dissolution of a part of the euhedral dolomites and a partial
dedolomitisation of the others (Fig. 15E).

Concerning the petroleum system, we have demonstrated that
only light oil (33°API) from Mesozoic source rocks (Toarcian source)
migrated since the Langhian onward, ultimately reaching the Upper
Cretaceous–Eocene reservoir interval in Tortonian times (i.e. max-
imum shortening). At Present, the hydrocarbons in place are highly
biodegraded, certainly due to important meteoric fluid migrations
during post-folding stage, which is in agreementwith the chemistry of
cemented fractures.

An important result of the Ceres modelling, however, relates to the
fault permeabilities. In fact, themain generations of fluids, whichwere
petrographically and geochemically characterised during this study,
account for intense fluid–rock interactionwith the Triassic evaporites,
located either in diapirs (during the pre-deformational stage) or along
the décollement level. According to the fluid flowmodelling, the faults
act principally as flow barriers during the FFTB development due to



391N. Vilasi et al. / Tectonophysics 474 (2009) 367–392
the occurrence of evaporites (non-permeable), except in the foreland,
where there is no evaporite. Ultimately, some contradictions still exist
between observations and modelling results, which point towards the
current limitations of the software, as local fractures and successive
changes in their porosity–permeability properties related to diage-
netic processes, which are not taken into account.

Such coupling of the paleofluids characterisation with the water
flow modelling would be required in any other FFTB to document
properly the fluid flow history and to get a better prediction of their
fluid–rock interactions and overall reservoir characteristics.
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