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Abstract

in this study the petroleum system of one of the most important hydrocarbon bearing

basins in Algeria, the Eerkine Basin, was reconstructed by combining the geological

knowledge of the basin and the results of geochernical and basin modelling studies . In

this order, total organic carbon (Corg) measurements, Rock-Eval pyrolyses, vitrinite

reflectance measurements, gas chromatography (CSC) analyses as well as gas

chromatography-mass spectrometry (GC-MS) analyses were performed in order to

evaluate the source rocks with respect to organic richness, kerogen type, depositional

environment and maturity .

Following the previous evaluation, the burial, erosion and temperature developments

within the basin were reconstructed applying both one-dimensional (PDI/ I D) and two-

dimensional (Petro odl213) basin modelling programs . The hydrocarbon generation

history of two major Palaeozoic source rocks was reconstructed based on the pre-

determined temperature history and a kinetic model for hydrocarbon (oil and gas)

generation . The basin has the benefit of multiple hydrocarbon sources deposited during

the Silurian and the Frasnian periods within a continental shelf environment . The

development of anoxic to dysoxic bottom water conditions was a prerequisite for the

deposition of these organic rich units. Vhile increasing the commercial value of the

basin by increasing the hydrocarbon potential, these source rocks by generating

hydrocarbons at different epochs during the basin evolution generally complicate the

understating of the petroleum system and the oil a_nd gas accumulations. Therefore, the

21a (mite element program PetroMod was used to discuss the history of hydrocarbon

generation, expulsion and accumulation along a 205 kan long selected transect which

crosses various oil and gas fields . The major goal was to understand these hydrocarbon

accumulations of which the origin and emplacement are still unsolved up to date . The

understanding of such important petroleum geology aspects can considerably reduce

exploration risks. The PetroMod 2D program was also applied in order to understand

overpressure developments and the contribution of the major faults to fluid

movements.

The results of both 1D and 2D numerical simulations indicate that the maturity reached

by the source rocks reflects mainly the Cretaceous-Tertiary burial . The results show no

imprint of any higher than normal heat flow during maximum burial time and that the



maturation generally proceeded with time and burial . The results show also that the
temperature reached by the source rocks prior to the Hercynian uplift and erosion is of
great importance because it determines how rnuch hydrocarbon. generation potential
was conserved. For instance, the timing of hydrocarbon generation and conservation,
particularly for the Silurian source rock, is highly dependant on the pre-Mesozoic
burial . Furthermore, the 2D numerical simulations show that the faults related to the
Triassic-Early Jurassic rifting are permeable. These faults seem to have a great control
on reservoir pressure dessipation towards the more open systems by connecting these
reservoirs vertically and putting them in hydraulic communication. The fold-related
faults are, in contrast, closed to fluid movements. This fact might be one reason which
explains the development of overpressured deep Ordovician reservoirs .
From the above-cited temperature evolution and hydrocarbon generation
reconstructions associated with the evolution of the basin through time, expulsion,
migration (based on three phase flow; water, oil and gas) and accumulation was
reconstructed . The simulation results explain well the filling of the fault block
structures in the central part of the basin. It can be argued that oil fields such as Ted
Teh, Eerkine East, SifFatima and undrilled in-between structures were supplied by the
Frasnian source rock in which the present oil was generated only during the hate
Cretaceous and Tertiary. High drainage capabilities are associated with major
extensional faults . Other nearby oil fields such as Rhourd Khrouf, Rhourd Messaoud,
Rhourd El Rouni and Bir Eerkine may be placed in this context.
A sensitivity analysis shows, on the other hand, the importance of the pre-Mesozoic
burial and related residual hydrocarbon generation potential for the Silurian source
rock. hn fact the oil fields located in the western part of the basin along the Amguid El
Eiod- Hassi Messaoud ridge (Gassi El Adem, Nezla North, Gassi Touil and others) can
be explained only if relatively moderate Palaeozoic burial is assumed. In other words,
a Mesozoic generation is the most accurate hypothesis which increases the oil
entrapment efficiencies . It is argued that a Palaeozoic generation implies a large
destruction of the generated hydrocarbons, particularly oil, by the FIercynian erosion.



In dieser Arbeit wurde das Petroleumsystem des wichtigsten

kohlenwasserstoffführenden Beckens Algeriens, des Berkiane Beckens, durch die

Kombination von fundierten regionalgeologischen Erkenntnissen über das Becken

sowie den Ergebnissen von geochemischen Untersuchungen und

Beckensimulationsstudien rekonstruiert . Um Aussagen über die

Kohlenwasserstoffmuttergesteine hinsichtlich des Gehaltes an organischem Material,

des Kerogenyps, des Ablagerungsmilieus und der Reife zu manchen, `Anarden '1'GG

Messungen (total organic carbon), Rock-Eval Pyrolysen, Vitrinitreflexionsmessungen,

gaschromatographische Analysen (GC) wie auch gaschromatographisch-

massenspektrornetrische Analysen (GG-MS) durchgeflihrt .

Aufbauend auf diesen Ergebnissen wurden Absenkungs-, Erosions-- und

Temperaturgeschichten sowohl eindimensional als auch zweidimensional mit Hilfe der

Beckensimulationsprograrmne PDIIPC und PetroMod modelliert . Die

Kohlenwasserstoffgenese zweier paläozoischer Muttergesteine wurde aufder Basis der

zuvor ermittelten Temperaturgeschichte sowie eines kinetischen Modells zur Genese

sowohl von ®1 als auch von Gas rekonstruiert. Das Becken ist kohlenwasserstoff-

höffig, weil zwei bedeutende Kohlenwasserstoffmuttergesteine während des Silurs und

des Fransnians im Bereich des Kontinentalschelfs abgelagert wurden. Die Entwicklung

von anoxischen und dysoxischen Bedingungen im Bodenwasser war die

Grundvoraussetzung %r die Ablage~uing dieser Einheiten, die ieiCli an organischem

Material sind . Einerseits wird der kommerzielle Wert des Beckens durch das hohe

Kohlenwasserstoffpotential gesteigert, andererseits wird durch die Bildung von

Kohlenwasserstoffen während unterschiedlichen Zeiten in der Beckenentwicklung und

aus den verschiedenen Muttergesteinen das Verständnis des Petroleumsystems sowie

der .heutigen Ö1- und Gas Aldkumulationen generell -erschwert . Aus diesem Grund

wurde ' das 2D-Finite-Elemente-Programm Petro od verwendet, um die

Kohlenwasserstoffgenese, -Expulsion und -Migration zu simulieren . Dazu wurde ein

205 km langes Profil untersucht, das mehrere ®1- und Gasfelder quert. Hauptziel war

es, die Gründe für diese Kohlenwasserstoffakkumulationen, deren Herkunft und

Platznahme bis jetzt ungelöst sind, aufzuklären . Idas Verständnis dieser wichtigen



Aspekte der Petroleumgeologie kann die Explorationsrisiken beträchtlich reduzieren .
Das PetroMod-Programm wurde auch verwendet, um die Entwicklung von
Überdrucken und die Bedeutung von Hauptstörungen für die Fluidbewegungen zu
verstehen.
Die Ergebnisse sowohl der ll)- als auch der 2D-Simulationsrechnungen zeigen, daß
die heutige Reifeverteilung der Muttergesteine hauptsächlich durch die kretazisch-
tertiäre Versenkung verursacht wurde. Die Simulationsergebnisse zeigen keine
erhöhten 'änneflüsse zurr Zeitpunkt der maximalen Versenkung an. Generell nahm
die Reife mit fortschreitender Zeit und Versenkung zu. Die Ergebnisse zeigen
weiterhin, daß die rl"enmperaturen, denen die Muttergesteine vor der herzynischen
Heraushebung und Erosion ausgesetzt waren, von größter Bedeutung sind, denn sie
bestimmen wieviel Kohlenwasserstoffgenesepotenttial führ die folgende Entwicklung
konserviert wurde. Beispielsweise ist die Zeitlichkeit der Kohlenwasserstoffgenese in
höchstem Maße abhängig von der prä-mesozoischen Versenkung . Dies gilt besonders
für das silurische Muttergestein . Darüber hinaus zeigt die 2D-Simulation, daß die
Störungen, die in Zusammenhang mit dem Rifting in der Trias und Unterheide stehen,
permeabel sind . Diese Störungen scheinen einen großen Einfluß auf den
Reservoirdruck zu haben, indem sie diese vertikal verbinden und damit hydraulisch
verknüpfen . Es handelt sich daher um ein eher offenes System . Im Gegensatz dazu
stehen die Störungen, die in Zusammenhang mit dem Faltenbau entstanden sind . Sie
sind für Fluidbewegungen geschlossen. Diese Tatsache könnte eine Erklärung für die
Entstehung von Überdrucken in den tiefen ordovizischen Speichergesteinen
bereitstellen.

Aus der oben beschriebenen Temperaturgeschichte und der Rekonstruktion der
Kohlenwasserstoffgenese in Zusammenhang mit der zeitlichen Entwicklung des
Beckens wurden Expulsion, Migration und Akkumulation modelliert . Die
Kohlenwasserstofffüllung der morst- und gaben-Strukturen (fault block stzuctures) im
Zentralbereich des Beckens kann gut durch die Simulationsergebnisse erklärt werden.
Es zeigte sich, daß Ölfelder wie ed Teh, Berkine Ost, Sif Fatime und noch nicht
erbohrte Strukturen, die dazwischen liegen, durch Kohlenwasserstoffe aus dem
Muttergestein des Frasnian gefüllt wurden, wobei das heute vorhandene Öl nur
während der Oberkreide und des Tertiär gebildet wurde. Die Hauptextensions-



Störungen sind gekennzeichnet durch hohe Permeabilitäten und dienen der Drainage

des Systems . Andere Ölfelder isn der Nähe, wie Rhourd Khrouf, Rhourd Massaoud,

Rhourd El Rouni und BirBerkine, sind in. diesem Kontext zu verstehen.

Andererseits zeigt die Sensitivitätsanalyse die Wichtigkeit der prä-mesozoischen

Versenkung und das damit zusammenhängende Residual-Potential für die

Kohlenwasserstoffgenese des silurischen Muttergesteins . Die Ölfelder, die im

westlichen Teil des Beckens entlang des Amguid El Boid - Hassi Messoud Rückens

liegen (Gassi El Adern, Nezla Nord, Gassi Touil und andere) können nur erklärt

werden, wenn eine moderate paläozoische Versenkung angenommen wird . Dies ist

o¢riiese zur Erklär=ung der erhöhten Efftzienz der Balleanbildung .

Schließlich zeigte sich, daß eine paläozoische Kohlenwasserstoffgenese eine
Zerstörung der generierten ohlenwasserstofe, besonders vnn öl, durch die

herzynische Erosion impliziert .
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1. Introduction

I-1 Problems and Objectives

Located on the eastern Saharan Platform at around 30ON latitude a-rid S° E longitude

and extending into Libya (rig. 1), the Eerkine (former Ghadames) Basin has become

one of the most important petroleum bearing basins in Algeria. Thirty discoveries were

made in the last decade comprising ten oil fields . However, the estimated petroleum

reserves of the basin (Chapter 1 .3) are still considered to be insignificant compared to

the possible amounts of hydrocarbon generated by both the Silurian and the rrasnian

basal "radioactive shales" (balla et al ., 1997). Therefore, with respect to the future

exploration strategy, considerable efforts should be applied to search for further

hydrocarbon accumulations in the basin. In order to do this, it is ftnportant to

understand the major factors controlling the success or failure of petroleum exploration

at a basin scale such as, the timing of hydrocarbon generation and expulsion related to

trap formation, the dynamics of petroleum through time and the destructive events .

Despite the architecture of the basin which is relatively simple, its overall hydrocarbon

system is not well understood, particularly with respect to the origin, migration and

entrapment of petroleum. Indeed, the basin shows inconsistencies in the liquid and

gaseous hydrocarbon distributions. Oil and gas fields are located in different trap types

and reservoir levels and are located very close to each other (rig. 1) . This distribution

seems to be related to, and complicated by, the effective contribution of each source

rock lAOrJ.zoÄi, generating hydrocarbons at different times of the base evolution

Understanding the contribution of each source to the present oil and gas accumulations

is highly required, particularly when correlations of crude oils to their possible source

rock horizons are difficult to constrain.

The present study represents a multidisciplinary approach, including `geochemical,

geological and thermal history studies, used to assess the generation potential, the

history of 'oil and gas generation, as well as areas of oil and as generation and

hydrocarbon migration through geological time. Detailed geochemical studies of the

basin are generally missing. Therefore, geochemical techniques have, been applied to

evaluate source rock attributes such As lithology, depositional environment, organic

richness, kerogen type and maturity, and eventually to correlate oils, to source rocks .



As pointed out by Waples (1985), geochemistry must be used in the context of a
comprehensive model of the entire hydrocarbon system, including hydrocarbon
generation, migration pathways and entrapment . Building a consistent model for the
petroleum systems in a given sedimentary basin requires an integration of organic
geochemistry with geology, geophysics, paleogeography, hydrodynamics and
geothermics. As a holistic approach, integrated basin models were used to reconstruct
sedimentation, paleopressures, fluid dynamics, and those factors related to
hydrocarbon generation, as well as migration routes and to develop an overall
framework of the petroleum charge along a selected cross-section through the basin.
The different wells and fields investigated in this study, the wells submitted to one-
dimensional (Ilk) modelling, as well as the position of the seismic line used for two-
dimensional (21;) modelling are shown on Fig. 1 . The bas-1- modelling concepts and
materials, and their importance for the present study area are described in detail in
Chapter DTI.
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12 Tectonic Evolution ofNorth and West-CentralAfHca

About 50% of the total area of Africa (approximately 34 million km2) is covered by

sedimentary basins of various types and ages . Passive margin rift basins, interior sag

basins, foreland basins, interior fracture basins, marginal sag basins, as well as basins

related to thermal subsidence of hot-spot domes can be differentiated (Clifford, 1987;

Sahagian, 1993, Petters, 1991, Hardy and Allen, 1994). Their ages vary from

Precambrian to Tertiary (Clifford, 1987; Genik, 1992, Hartly and Allen, 1994) . The

basin fill thicknesses vary from a few thousand meters to more than 15,000 m of both

marine and continental sediments. The greatest sediment thicknesses are documented

in extensional basins overlying weak continental lithosphere. Examples are the

Cretaceous basins of West-Central Africa (partly and Allen, 1994).

This chapter gives an overview of the tectonic evolution of the west-central part of the

African plate and its northern margin. Situated between 5° and 36°N .latitude, this area

is bounded to the forth by the Mediterranean sea and extends from the Atlantic in the

West to the lied Sea in the East (Fig . 2 and 3 ).

West-Central Ai'ica is essentially composed of 2 major tectonics unit (Fig . 2 ): the

West African Precambrian craton, stable since 2000 Ma, and the surrounding mobile

belts of Upper Proterozoic age (Lesquer et al., 1990). The basement of the West

African craton is exposed in the Reguibat and Leo uplifts and remained essentially

undisturbed through the Pan-African orogeny (Hardy and Allen, 1994). The Taoudeni

basin occupies the center or the West African craton. The West African craton is

surrounded by Panafrican mobile belts (Anti Atlas, oggar shield, Benin-Nigeria

shield, Tibesti and others) (rig . 2, 3) . These structural highs resulted from collisional

processes at around 600 Mabp (Lesquer et al., 1984; laallmeyer and Lecorch6, 1989).

They are aligned along major lineaments (Guiraud et al., 1987), and are commonly

associated with volcanic activity and intervening large Paleo-Mesozoic and

Cretaceous-'Tertiary interior/marginal sag sedimentary basins. Examples are the Sahara

basins (Algeria and Libya), lullmedden (Niger), Sudan and Chad basins (Fig.3).

The main structural features of the African continental domain are linked to old zones

of weakness of Panafrican origin, and to the fact that some major fractures will show

an episodic instability during long periods of geological time (Conrad, 1969; Cuiraud

3



et al., 1987). They are generally associated with the dominant influence of the Africa-
Europe collision and the opening of the Atlantic ocean (üuiraud et al., 1991) .

Basement> 2000 Mabp

l / / I

	

sedimentary cover

M Basemen - 600 Mabp

Post-Panafr. sediment.cover

Pig. 2: Major tectonic units of West Africa. showing the relative position of the stable
vä~est A.IAiCäü CratC~ii (AQ in relation to the Panafrican mobil belts (after
Lesquer et al., l99ß). Outlined rectangles 1& 2 are areas of Fig. 6 and 7
respectively.

Since the Panafrican orogeny and up to the Triassic-Jurassic rifting phase, the African
plate is believed to have been a stable entity (Dautria and Lesquer, 1989; Goudarzi,
1970, Khtzch, 1984, 1993). No definitive continental break-up has been documented
before this time for the Platform phase (Clenik, 1993), although a significant faulting
phase in the Carnbro-Ordovician time was reported by Klitzch (1970) and Boudjema
(1987) . Accordingly most of the Palaeozoic basins in northern Africa are sag features
over earlier rift systems.
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Cret. & Tertiary Rift Basins

Pig. 3 : Schematic geological framework of West-Central Africa (after Cäenik, 1992,
completed) showing its major tectonic units and the position of the West and
Central African Rift systems (WARS and CARS) with respect to the Berkine
Basin.

The Late Carboniferous Hercynian (Variscan) movements resulting from a plate

collision with Ei'rope and responsible for the formation of the Mauritanides and the

Atlasic fold belts (Lesquer et al., 1990) ended this Early Palaeozoic rifting phase.

The whole of the continental domain situated between the Alpine chain (Atlasides)

accreted in the Tertiary, and Central African lineaments (southern Chad) was further

subjected to post-Hercynian deformations (Cuiraud et al., 1987). A rifting phase

started in the Early Mesozoic time in response to the opening of the central Atlantic

(Guiraud et al., 1957;

	

engoli and Spenci, 1985) . The strike-slip displacements caused

by the extensional movements led to the formation of a series of Mesozoic passive

margin basins and failed rifts, extending from the Moroccan margin through the Atlas

and Pelagian basins to the Abu Gharadig basin in the western desert of Egypt (Awad,



1984) . Oblique extension during the drift phase affected much of the North African
margin leading to occasional transpressional structures (rvilacgregor, 1996).
During the Late Cretaceous-Tertiary time the interior of Gondwana was a site of
numerous mega-shear zones, related to the formation of a series of rifts such as the
West and Central African rift systems (Burke and Whiteman, 1973; Genik, 1992,1993 ;
Guiraud and Maurin, 1992; Guiraud et al., 1992; Guiraud, 1993 ; Hartly and Allen,
1994) . Accordingly, the eastward motion of Central and South Africa along ENE-
WSW strike-slip trending movements resulted in the opening of forth-South and
NNW-SSE fractures inherited from Panafrican and older structures . Complex rift
systems were then initiated in Nigeria, Niger, Chad, Central Africa and Sudan . The
Western African rift system (Fig . 3) directly underlies the Chad basin and extends
from the Ben-Lie Trough in d'?e south-west to lake Chad üa the noruA-east and dhen in a
northerly direction towards Niger and Chad (Termit, Tenere and other basins). The
Central African rift system, bordering the Chad basin to the South, extends in a
roughly E-W direction from the Benue Trough to Sudan (Fig . 3) . The rift systems were
developed during the initial opening of the North Atlantic in the Early Cretaceous and
preceded the definitive break-up of the Central Atlantic in the Late Cretaceous-Tertiary
time, and consequently the separation of Africa from North and South America (Burke
and Dewey, 1974; Thiessen et al., 1976; Guiraud et al., 1987; Guiraud and Maurin,
1992). These lithospheric cracks were responsible for the formation of strongly
subsiding basins. The related extensional sub-basins (e.g . Termit basin) contain
exceptionally up to 14 km thick continental and marine sediments of Lower Cretaceous
to Tertiary age (Hartly and Allen, 1994).

The change in relative motion vector of the African and European plate from left-
lateral translation to convergence in the Late Cretaceous (Savostin et al., 1986, Le
Pichon et al., 1988) led to regional scale inversions particularly in the Alas area and
the Western desert area (Mengoli and Spenci, 1.985) .
Renewed rift activity, related to the opening of the Eastern Mediterranean (Guiraud
and Maurin, 1992; Savostin et al., 1986) started in the Late Campanian with major
subsidence occurring during the Palaeocene and Eocene times (Gumati and Kanes,
1985). This rifting phase was responsible for the formation of the Sirte basin in Libya
(Guiraud and Maurin, 1992).



The effect of the Alpine progeny at the late Tertiary (Savostin et al., 1986) was again

largely confined to the Atlas area and adjoining basins. Thrust sheets, usually of Pysch

deposits and sometimes also of carbonate rocks occurred in the northern Atlas

(Guiraud et al., 1987) passing into milder inversions in the northern Pelagian basin

(Bishop, 1975; Clifford, 1987).

A final isolated event was the rifting of the Gulf of Suez in the Miocene (Richardson

and Arthur, 1958 ; Macgregor, 1996). According to Brown (1978) more than 15,000 m

of sediments were accumulated during the Miocene time suggesting a deep structure .

1-3 Petroleum Geology ofNorthern A

	

-flica

This chapter provides an overview of the petroleum systems of the northern margin of

the African plate, bounded by the Atlantic to the North-west, the Mediterranean sea to

the forth and the Arabian plate to the Bast (Fig . 4) . This area includes Morocco,

Algeria, Tunisia, Libya and Egypt. As well as forming a geographically continuous

unit, this region also shows a common geological history forming part of a single

geological plate through Phanerozoic history (Chapter 1 .2).

Fig . 4: - Distribution of proven hydrocarbon resources in North Africa (After
Macgregor, 1996). Note that the proven oil reserves in the Sirte basin are
higher than those of Algerian Basins which contain a higher proportion of
gas.

The five countries include a sequence of mature sedimentary basins . Such examples

are the basins of Essaouira, Ahnet, Triassic (ßued Mya and Berkine), Illizi, Murzuk,



Sirte and the Golf of Suez (Fig . 4) . To these should be added the offshore pelagian
basin of Tunisia and Libya. The basins are generally separated by structural highs of
various age, origin and orientations . Examples are the ®ugarta chain, the Amguid El
Biod- Hassi Messaoud ridge, and the Hoggar and Tibesti volcanic swells (Figs . 2, 6) .
The well known hydrocarbon provinces in the five countries concerned are located,
according to Clifford, 1987, within marginal sag/interior sag basins that overlie earlier
interior sag basins (13erkine and Oued l-ya basins in Algeria), interior sag basins
(Ahnet and Illizi basins in Algeria), interior fractures basins (Syrte and Gulf of Suez
basins in Egypt), Wrench modified (Pelagian basin of Tunisia and Essaouira basin of
Morocco) . As outlined by Macgregor (1996), peüoletim resources tend to be
concentrated in a small number of significant provinces (Fig . 4) .
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Fig. 5 : Distribution of oil and gas reserves in Algeria (S®NATRACH source in Oil and
gas 'Journal, 1998). Note the high proportion of basin reserves in trro rnajor
Algerian fields (Hassi essaoud and Hassi R'Mel) and the relatively high
conuibution of the Berkine Basin to the Algerian oil reserves .

The largest oil and gas fields of Algeria are located in the 13erkine/Oued l ya basins .
These are the Hassi Messaoud and Hassi R'Mell fields with, respectively, nine billion
BBL (barrel) of crude oil and 70 TCF (trillion cubic feet) gas plus 2.6 billion BBL of
crude oil (Clifford, 1987; Macgregor, 1996). The former, which straddles a North to
South trending regional arch (Balbucchi and fommier, 1970) constitutes 65% of the
Algerian total oil reserves (Fig . 5) . The oil is produced from fractured Cambrian
quartzitic reservoirs . The latter field is situated on the Northwest side of the Oued Mya
basin and produces gas and condensate from a Triassic reservoir on a similar arch to
Hassi Messaoud (Magliore, 1970). This field accounts for 58% of the total gas reserves



of Algeria (Fig . 5) . Many other Triassic discoveries have been made during the last

decade in the Berkine Basin . Estimated reserves in these fields are 5.904 billion BBL

oil, 200 million BBL of condensate and 2.5 TCF of natural gas. The new oil

discoveries account for about 14% of total Algeria's oil reserves (Fig . 5) .

Another important hydrocarbon province in Algeria is the Illizi Platform . Edjeleh,

Zarzaitine and Alrar are the most important fields with estimated reserves of 220

million BBL oil, 900 million BBL oil plus 2.8 TCF gas and 4.7 TCF gas, respectively

(Clifford, 1987). Hydrocarbons are produced from sandstone reservoirs throughout the

Palaeozoic (Cambro-Ordovician, Devonian and Carboniferous) . Trap types include

extensional faulted blocs and inversion structures of Carboniferous age. For :instance,

the lllizi Platform contains one of the largest known hydrodynamic traps world--wide.

This ; s the Tin Fouye-Tabankort field (Chiarelli, 1978) with, approximately 1 .2 billion

BOE (barrel oil equivalent) oil and gas reserves in the Devonian and Ordovician

reservoirs . The field contributes for about 3% and 6% to the total oil and gas reserves,

respectively (Fig . 5) .

The main source rock horizons for the Algerian fields are the Silurian and Upper

Devonian radioactive shales, developed particularly in the Berkine, Illizi and Ahnet

basins.

Ire the Sirte basin reserves are more widespread . A census of 21 Eocene-Oligocene

carbonate fields was made in the basin (Clifford, 1987). Other reservoirs of importance

are Cambrian and Lower Cretaceous sandstones . For instance, the Cretaceous

sandstones constitute the main reservoir of one of the largest oil field, Sarir, with 6.5

billion BBL of recoverable oil (Clifford, 1957) . This field contributes of about 10% to

the total basin reserves (Macgregor, 1996). The traps consist mainly of extensional

blocs and overlying drape anticlines. Hydrocarbons are mainly sourced from

Cenomanian shales, filling the Aptian rift system (Shardanov et al., 1983) .

It should be pointed out that the ShLe and Illizi/Ttriassic provinces contain reserves in

the range of 30-35 billion BOE, placing them among the world's largest. Together they

contain 85 % of the oil and 80 % of the gas discovered in North Africa (Macgregor,

1996) .
The Gulf of Suez constitutes the third most important province in North Africa with

areal productivity of 7 billion BOE in an area of only 26,000 kniz (Macgregor, 1996).
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The traps consist mainly of extensional blocks. The main hydrocarbon source rock is
the Santonian Brown Limestone (Bishop, 1988).

	

.
The offshore Pelagian basin of Tunisia and Libya ranks fourth with 3 billion BCE of
reserves concentrated in an Eocene carbonate fairway (Macgregor, 1996). The most
important source rocks are the carbonate facies of the Eocene and the Turonian black
shales (Bishop, 1988) . Moderate-sized gas provinces are located in Algeria and Egypt
(Ahnet, Western Desert) with proven reserves each of around I billion BCE
(Macgregor, 1996). The Essaouira basin is another onshore hydrocarbon generating
basin in western Morocco. Gas and condensate are produced in the Mescala field from
a Triassic reservoir associated with horse fault blocs. Fractured Jurassic carbonate
reservoirs associated with closed drapes above buried salt dome are producing in other
fields such as Kechoula, Jeer, N'dark arid Toukimt in die eastern Essaouira basil,
(Broughton and Trepanier, 1993). Hydrocarbons are sourced from Jurassic (Oxfordian)
shales accumulated within the Neknafa syncline in the western part of the basin and
deeply buried Carboniferous coals underlying the eastern basin area .
The petroleum geology of North Africa is summarized in Table 1 . The petroleum
systems and the contribution of Algeria to the to the North African petroleum reserves
are summarized in Table 2.

1-4 History ofExploration an Production in Algeria

The history of exploration in Algeria started with the geological study of

	

illian
(1925) . He was the first geologist who described, in the northern Hoggar, the Silurian
micaceous bituminous shales, proven later to be one of the most important
hydrocarbon source rock in all the Algerian Saharan Platform. Despite this, strong
contrasts in the level of exploration can be observed in Algeria. Hydrocarbon
exploration was limited to the most accessible zones. Platforms and broad arches were
the prune targets. For example about 1800 exploration wells were drilled in the Illizi
Platform, but only very few hundred wells in the huge Triassic province (Cued Mya
and Berkine Basins).
The eastern Saharan region, including Triassic (Berkine and Cued Mya) and Illizi

Platform and the associated ridges, is the most important hydrocarbon-bearing
province in Algeria.
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Tab . l : Estimated recoverable reserves per field (oil and gas) and per country (total
hydrocarbon) in North Africa. Values with asterisk indicate condensate. bBBL,
TCF and BCE are billion barrel, trillion cubic feet and barrel oil equivalent,
respectively . The data are culled from the references cited in the text.

Tab. 2: Hydrocarbon distribution in Algeria . The estimated recoverable oil and gas
reserves per basin and field can be find out in the text.
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Hydrocarbon exploration started in this part of Algeria between 1950 and 1960,
particularly when the Algerian government granted oil prospecting licences to oil
companies. The first oil was discovered in 1956 at Edjeleh in the south-eastern part of
the Illizi Platform by the C.R .E.P.S (Compagnie de Recherche et d'Exploitation de
P6trole en Alg6rie) . This discovery can be considered as the trigger mechanism for
further hydrocarbon exploration. Full reconnaissance survey led to the discoveries of
the Zarzaitine (1958), Tin Fouy6-Taban-kort (1960) and others fields such as Hassi
Mazoula, ®hauet, Stah and Mereksen. In the mean time, S.N.REPAL (Soci6te de
Recherche et d Exploitation des P6troles en Alg6rie) in association with C.F.P.A
(Compagnie Francaise des Putroles Alg6rie), now TUTAL, obtained a licence for a
prospecting area of about 250,000 km2 in the north-eastern Saharan region . The first
stratigraphic reconnaissance drilling was cared out between the cities Of Ghardaia
and Laghouat, 400 km southeast of Algiers. The well Perriane-1 (Be-1) penetrated
about 3000 rn of sediments and revealed hydrocarbon shows beneath a thick salt cover.
Since this encouraging operation, the petroleum companies intensified their geological
subsurface surveys. Seismic reflection and refraction acquisitions combined with field
geology located, respectively in 1952 and 1956, the culminations of Hassi R'Mel and
Fiassi Messaoud at around 480 and 560 km southeast of Algiers. In 1956, after
cofnplem~entary seismic survey the Hassi R'Mell-1 (h-R-1) was drilled. The well
recovered a high pressure Triassic reservoir saturated with gas, and consequently the
discovery of the Fiassi R'Mel, one of the most important gas field in the world. in the
Hassi Messaoud arch, the first well drilled in 1955 was relatively unsuccessful . The
MD-1 hole crosses oil stained quartzitic sandstones attributed later to the Ordovician.
Extensional wells ca-- ied out later on revealed the existence of a large oil
accumulation, the production of which started in 1958 . Since their discoveries, the
Hassi R'MeI and

	

assi Messaoud fields have been under continuous developments . By
1957 Algeria has become the tenth largest oil producing county in the world with an
average daily production, in 1967, Of approximately 830, 000 EEL oil (Balbucchi and
Pommier, 1970) . The Hassi Messaoud oil field contributed about 40%. By March
1961, the Hassi R%Iel gas field has produced a total of 430 billion CF (cubic feet) of
gas and around 20 million BBL of condensate .



The intensification of exploration surveys later led to discoveries of several relatively

small fields, but collectively making this area a significant hydrocarbon province .

Examples are El Cassi-El Agreb (1959), Nezla (1961) Rhourd El Baguel and Rhourd

Nouss (1962) and many others . After the independence of Algeria in 1962 and the

creation of SONATRACH (Soci&e Nationale de Transport et de Commercialisation

des Plydrocarbures) in 1963, the Algerian and French states agreement created the

ASCC®P (Association Cooperative) in 1965. SONATRACH in association with

SCPEFAL, (Societe des Petroles France-Algerie) made new hydrocarbon discoveries

such as esdar (1967), Keskasa, El Forma and Oued Noumer (1969) . After the

nationalisation of'hydrocarbons reseives ir, Febiua°y, 1971, Sf-INA'TRACI becarme the

main operator and new fields were discovered particularly in the Ouargla area, such as

Draa El Te mra (1971), Guellala Nord-Est (1973), Ngoussa (1975), Takho»t (1976) and

Caret El Chouf(1978) .

As previously mentioned, the low lying areas, such as the Berkine Basin, are still not

well explored . This region is known to be difficult to access, either in the surface or in

the subsurface . This is mainly due to the existence of wide sand dunes and because of

the thick Mesozoic deposits (up to 4000 m) and particularly the thick Jurassic

evaporates . This, generally, makes the interpretation of seismic data difficult . The

partnership between SONATRACH and other companies in the last 15 years has very

much enlarged Algeria's oil and gas industry . 38 exploration agreements have been

signed with 22 foreign oil companies. 18 are now operating in Algeria on 28 distinct

blocs . Exploration efforts of S®NATRACN and its partners led to 30 discoveries in

the last decade ; 1.1 of which are oil fields and are concentrated mainly in the Berkhie

area (Berkine Basin) . These discoveries are the results of new seismic acquisition and

processing . For instance, about 57,000 lm of 2D and 670 km of 317 seismic were

realised .

In northern Algeria, exploration started in the Southeast Mesozoic basin (Saharan!

Atlas) in the late 1940s. Despite the discovery of Djebel Cnk held in 1954, exploration

remained very sparse and unsuccessful due to the geological complexity of the region.

The Ras Toumb oil field was discovered only 20 years later . The new discovery of the

Cuerguit El Kihal oil field (1988) located in the marginal zone of the Saharan flexure

renewed the interests of explorationists in this region. Nevertheless, this large
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Mesozoic basin is still devoid of giant field discoveries probably as a consequence of
the Alpine orogeny effect .
Although exploration started early (1950s) in western Algeria, only medium sized gas
fields were discovered and are located mainly in the In Salah area (Ahnet basin) .
Western Algeria which is thought to be of gas potential, with very local exception such
as the Sbaa basin, is still not well explored compared to eastern Algeria.

2. Geology of the erklne

2-1 Regional Geology and

asin

asin Development

The Berkine Basin is classified as a cratonic sag basin in which a Palaeozoic sag basin
is truncated by the Hercynian unconformity and overlain by a Mesozoic marginal sag
basin (Clifford, 1987). As inferred from seismic interpretation, the basin shows the
imprint of most of the tectonic movements documented in the Algerian Saharan
Platform which is believed to have been a single cratonic entity from the Cambrian to
Holocene (Burrolet, 1967) . Although a significant neofracturing phase affected the
structural development of the basin, the orientation of the principal structural elements
is inherited from Precambrian and older trending structures (Burrolet, 1967;
Boudjema, 1987, Petters, 1991) . Depending on the nature of the prevailed stress
regime, the reactivation of N-S Precambrian basement faults, particularly along the
northern margin of the Hoggar shield, created horsts and grabens with folds in
Palaeozoic and Mesozoic strata (Burrolet, 1967; Boudjema, 1987; Clifford, 1987) .
Following the structural evolution of the Saharan Platform, the basin has undergone
deformation under different stress regimes. A rifting phase, accompanied by spilitic
lava flows, affected the basin during Cambro-Ordovician time and can be shown to be
a sag feature over these earlier rift systems (Clitzch, 1970; Boudjema, 1987) . This
early 'Palaeozoic rifting phase was followed by a thermal sagging of the lithosphere
which allowed deposition of up to 4000 m of interlayered marine and continental
siliclastic, Cambrian to Carboniferous sediments. Frequent interruptions are mainly
`concentrated within the Illizi Platform as evidenced by reduced thickness of the
sediments (Fig.6). Furthermore, the eastern and central Sahara was an area of slower
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subsidence in contrast to the western Saharan synclines, containing mainly Palaeozoic

sediments and subjected to rapid subsidence during that time (Fig.6).

During the Late Carboniferous time and according to a plate collision with Europe, the

ancient faulted blocs were reactivated under a compressional stress regime and reverse

faults developed. Broad Hercynian folding, superimposed on Early Palaeozoic

structures (i.e. from Caledonian movements) led to the development of arches on

which fields such as the wassi- essaoud and Hassi R'N4-el oil and gas fields (Fig . 6)

are now situated (Magliore, 197®; Balbucchi and Pommier, 1978).

`Fig . 6: :Structure map of the Saharan Platform with depth of basement (after,
Makhous, 1997, simplified) . A and B refer to the Hassi Messaoud and Hassi
R"Mel oil and gas fields, respectively .

It is, however, notable that the E-W Hercynian compressional event decreases in

intensity along a roughly N

	

-SE direction and does not seem to extend significantly

into Libya (Fig . 7) . A prominent Hercynian feature projecting northwards from the
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FIoggar cristalline basement is the Amguid El Biod spur and its northern extension the
Hassi Messaoud-El Agreb ridge (Fig . 6) dividing the Mesozoic basin into 2 low lying
areas: Oued Mya and Berkine Basins. This uplift consists of horst and grabens
bounded by local, north-south trending faults with displacements of up to 1500 m.
Block movements probably were controlled by Precambrian basement faults .

Fig. 7: Simplified Hercynian suberop reap of the Berkine Basin (after BEICIP-
SONATRAC , 1991) . The highlighted areas correspond to the Frasnian-
Famennian (light grey) and Silurian (dark grey) shale formations ., which are
defined as the main source rocks in the basin.

After the Variscan `orogeny, initiated during the VTsean and strongly accentuated
during the Stephanian tune (Boudjema,1987), the Palaeozoic sediments were stripped-
off during the Permian- Middle Triassic . The absence of the Permian sediments in the
Algerian region and the age of the first Mesozoic sediments (Keuper;
BEICIPISONTATl4Av1~, 1979; Boudjema, 1ßö7) suggests üiat this area remained
uplifted . Marine transgression taking place during the Permian lead to the deposition of
thick marine sediments in Tunisia and Libya to the East (Klitzch, 1971).
A pew rifting phase accompanied by volcano-detritic and evaporitic sedimentation,
took place during the Early Mesozoic time (Busson, 1967, Boudjema, 1957). This rift
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system is linked to the opening of the central Atlantic . The consequent extension and

noi- rnal faulting result in the formation of the O'ued Mya half graben syncline

(Eoudjema, 1987). The initiation of the Mesozoic basin is difficult to constrain . Early

Jurassic (Hettangian) is a reasonable choice since the deposition of more than 15110 m

of thick salt deposits, at around 33°N, 7°E (Sahagian, 1993) indicates an abrupt

increase in subsidence rate during a very short period (about 4 Ma) . This Early

Mesozoic rifting phase was at the origine of the formation of structural lows in which

further sedimentation occurred .

An orogenic phase commonly called the Austrian phase, occurred during pre-Aptian

LrmG (...lale- and Tempere, 19,7, 13,udjerna,1987) . This cornpressäC~re phase has

strongly accentuated the main Hercynian structures . Following this phase, the

structures were stripped offI down to various levels of the Jurassic (Claret and

Tempere, 1967).

Relative movements of Africa and Eurasia during the Eocene led to more regional

scale inversions particularly in the Atlas area, in northern Algeria (bishop, 1975;

Mengoli and Spenci, 1985 Guiraud et al., 1987), with additional minor effects in the

Eerkine-Oued Mya basins (Boudjema, 1987).

The Alpine orogeny uplifted the instable paws of the African Plate and formed a

multitude of folds and complex structures represented now by the Atlas fold belts in

northern Algeria (Fig . 2, 6) . These fold belts isolated interior sedimentary basins of

north-western Algeria from the Mediterranean sea to the worth. Thereafter, interior sag

basins developed and filled with elastic sediment from the rising mountains.

2-2 SU$ os!~- aphy and

	

eogeographu

Between the uplifted zones of central Algeria, extensive Palaeozoic sequences fill

great depressions, the largest of which are the Ahnet-Timimoun basin, the Cued Mya

basin, the Berkine Basin and the lllizi Platform (Fig . 6) . Sediment depocenters were

mainly controlled by the Panafrican orogeny, accentuated later by Caledonian,

Hercynian and more recent structures (Eeuf et al., 1971 ; Boudjema, 1987; Petters,

1991). The oldest sediments of the Saharan Platform are encountered in the South and

consist of metamorphic and igneous rocks of Precambrian age (Bishop, 1975). The



first sedimentation occurred after the regional peneplanation prevailed in North Africa,
after the final assess of Precambrian orogeny (Beef et al., 1971). The huge Berkine
depression contains sediments from Cambrian to Neogene in age. Lower Palaeozoic
strata are well exposed in the South with the Tassili n'Adjer among the largest
Palaeozoic exposures (Deynoux, 1950. They form particularly a girdle around the
Hoggar cristalline massif (Fig . 7) . Otherwise the Palaeozoic strata are subcropping
Mesozoic sediments at the Hercynian unconformity . A brief description of the main
sequences making up the sedimentary fill of the Berkine Basin is given here. The
description presented below is based on Beuf et al . (1971), Whiteman (1972),
Balbucchi and Ponyurnier (1970), Bishop (1975), Furor' (1963), Busson (1957), Massa
and Moreau-Benoit (1976), Massa and Vachard (1979), Benacef et al . (1971),
Deynoux et al . (1985), Bi=olet (1959), Khtzch (1990) and Beicip/Sonatrach (1991) .
The vertical distribution of sediments is shown in Figure 5 .

2-2-1 The Palaeozoic Cycle

Cambrian to Carboniferous sediments build up the Palaeozoic sedimentary cycle of the
Berkine Basin. 1t consists mainly of interlayered continental and marine clastic
deposits with sandstones and shales being predominant.
Quartz-rich sandstones with tiggilites suggesting a marine influence began to
accumulate in Cambrian time along northern Africa . The progressive marine
transgression continued through the Ordovician time, segregated into 7 distinct units
from base to top: El Oassi shales, El Atchane sandstone, Hamra quartzite, Ouargla
sandstones, Azzel shales, Oued Saret sandstone and rrdcroconglomeratic shale units .
Strong marine inundations are generally documented by shallow marine sedimentary
rocks as evidenced by black micaceous shale deposits with graptolites, trilobites and
the presence of brachiopodes. The strongest marine transgression occurred during the
Diddle and Late Ordovician (Llanvirnian and Ashgill-Caradocian). The Late
Ordovician transgression is presumably due to the partial ablation of the glaciers then
present in central Africa .

No substantial interruption in sedimentation between the Ordovician and the Silurian is
observed. -Repeated marine transgressions during the Early Silurian resulted in a
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deposition of a thick black to dark grey graptolitic micaceous shale formation, one of

the most important hydrocarbon source rocks in the Algerian Saharan Platform . During

that time, the Berkine Basin was a major depocenter for the accumulations of argilites .

This thick formation, which is the equivalent of the Tanezouft formation in Libya, is

considered to be a result of the total melting of the Ordovician glaciers. The basal

Silurian member passes upwards into the Ludlow F6 and known as the Accacus

formation in Libya and southern Tunisia. This formation consists of interlayered

marine and continental elastic sediments with marine rocks being more prevalent in the

North .

the Devonian time is Characterised by a fluct'Üation between open marine and

transitional (deltaic) depositional conditions, episodically interrupted by continental

influences (e.g . emergence, paleosoils). Alternating sequences of clays and sandstones

reflect an extended cycle of transgressive-regressive deposition periods. Sediments of

Early Devonian age overlie Silurian sediments with local unconformities . The variation

of related thicknesses observed in the low lying areas (Central Berkine Basin) and the

Caledonian structural highs (e.g . Ahara high, at the junction zone with the lllizi

Platform) might indicate that the gradation from Silurian shales to Early Devonian

(Cedinnian) sandstones is likely to be a result of epirogenic rather than orogenic

movements. The Early Devonian sandstones grade up into interbedded sandstones and

shales and finally to silty shales and shales, indicating a progressive marine inundation.

The Middle Devonian section comprises carbonate and shale sequences indicating

deep water and more stable tectonic conditions.

At some localities erosion has removed a paw or all of the Diddle Devonian units, but

fhe Frasnia-i wiconfo%nity is not present everywhere. By the Date Devonian (Frasnian-

Famennian), the basin was inundated and thick shaly calcareous and shaly to silty

shaly formations were deposited. The whole sequence known as the Tin Meras

formation in the eastern Saharan Platform constitutes the second hydrocarbon source

of the basin.

Some of the topographic highs formed islands in the transgressive sea, leading to the

development of reservoirs such as the Emsian F4, the Eifelian F3 and the Stxunian F2

formations of the south-eastern part of the basin.



Fig. 8: Typical st°atigraphic column o¢ the Berkine Basin. R, SR and SM are reservoi
source rock and seismic marker, respectively .
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Stable conditions terminated at the end of the Devonian and the early pulses of the

Variscan orogeny seem to be of an epirogenic nature. The sea transgressed for the first

time from the north-east and shallow marine sediments including shales, evaporites,

limestones, marls and fine sandstones were deposited across the Berkine Basin and the

Illizi Platform . The presence of feragenous and hematitic levels suggest deltaic

conditions . The general uplift resulting from the Hercynian orogeny at the Late

Carboniferous led to a major withdrawal of the sea.

2-2-2 The

	

eso-Cenozoic Cycle

Restriction of the western Tethys basin and post-Hercynian and Triassic subsidence

along the margin of the African landmass led to a new cycle of sediment deposition .

Late Triassic fluvial and shallow marine sandstones commonly overlay the irregular

Hercynian unconformity . The Early Jurassic (Liassic) is characterised by the

deposition of thick confined shallow marine (lagoonal) sediments, consisting of

massive beds of salt and anhydrite . The Late Triassic and Early Jurassic sediments

which constitute one of the most important reservoir/sea! plays are widespread in the

Berkine Basin, as well as in parts of the northern flank of the Illizi Platform .

The Middle Jurassic and younger section are dominated by relatively thin lagoonal

dolomites, evaporites and shales, although continental sands were important during

certain periods.

Cretaceous sediments consist of alternating sandstones, evaporates, shales, limestones

and dolomites . The Lower Cretaceous (Neocomian-Albian) consists mainly of

continental siliclastic sediments. Continental conditions were episodically interrupted

during the Aptian time during when a nearshore carbonate facies was deposited. The

Late Cretaceous sediments grade-up from shales and evaporates to carbonates, as a

result of a, shallow marine embayment of the neo-Tethys which inundated large parts

of the North African desert.

Thin Tertiary sedimentation occurred within the basin and are of

	

io-Pliocene and

Quaternary age. They overlie the partly eroded Senonian and consist of mostly

continental sandstones. Tertiary sedimentation is particularly developed in Tunisia

with hicknesses of up to 7000 m.



3. Petroleum Geology: An Overview

3-1 The Silurian and UpperDevonian Petroleum Systems

Parts of the Berkine Basin benefit from multiple hydrocarbon sources attributed to the
Silurian graptolitic black shales (®ued Imerhou formation), omnipresent on the
Saharan Platform, and the Middle-Upper Devonian shales (Tin Meras Formation) . A
good overview of the spatial distribution of these hydrocarbons source formations was
given by Chaouche (1991). These hydrocarbon source systems seem to be related to a
widespread global sea level rise which flooded a sag basin overlying the early Ca abro-

Ordovician rift phase, and consequently created a series of restricted depositional
environments . The Silurian systerxA started vdlü thick, gräptohtlc iucaceous black
shales member with a thickness of more than 500 m being drilled in the western edge
of the basin. This member is, however, pinching out in the north-western and northern
parts of the basin below the Hercynian unconformity (Figs. 1 and 7). This formation
has been attributed a Llandoverian-Wenlockian age (Fahre, 1976; Legrand, 1981) and
is likely to be homogenous all over the basin. Sequence stratigraphic study of
BFICIPIS®NATRACH (1991) suggests that the Silurian graptolitic black shale
formation was deposited during the maximum of the Silurian transgression. As
previously outlined by Furon (1963), this thick unit indicates transgression and a
deeper, but still epicontinental sea. The organic matter in the Silurian source rock
formation consists of phytoplancton and zooplancton associations such as chitinozoa,
acritarchs, tasmanes and graptolites (Chaouche, 1991) as well as primitive spare
associations (Richardson and Ioannides, 1973).
The Frasnian-Famennian formation, a second hydrocarbon source, is generally
sandwiched between 2 major important reservoirs in the Illizi Platform (F2 and F6 of
Fig. 8) . The organic facies of the Frasnian-Farnennian is composed of tasmanites and
acritarchs at the base, whereas chitinozoa and some microspores characterise its top
(Massa and l oreau-Benoit, 1976). The presence of faunal associations such as
goniatites and brachiopodes clearly proves marine depositional conditions .



The entire Frasnian-Famennian formation ranges in thickness from a maximum of

more than 900 m, encountered near the Tunisian boundary, to an erosional pinch-ouL

in the western and northern parts of the basin (Figs. 1 and 7) .

Fig. 9: Lithofacies distribution within the Early Silurian (bottom) and Late Devonian
(top) as deduced from lithological and electrical log features . Lld, Llandoverian.

Due to some practical reasons, as well as small scale facies vanations and electrical

log features, the Silurian. and the Frasnian-Famennian formations are discretized

vertically into more than ore distinct mennber (Fig . 9) . The major emphasis is to

distinguish potential dissimilarities with respect to organic matter quantity and quality

between the different units and are therefore treated separately in the present study. At

the type section, the Silurian is about 500 m thick and consists of a highly to medium

laminated, black shaly to shaly calcareous Lower member (subfacies A on Fig. 9 ), and

a dark grey to black micaceous shaly silty Upper member (subfacies B). The nearly

700 m thick marine Frasnian-Famennian sequence is, on the other hand, segregated

into four members, which are respectively from base to top: 1) a black laminated shaly

and shaly calcareous Lower member (C 1), 2) a predominantly grey to dark grey shaly

silty to limestone silty member (C2), 3) a dark grey to black micaceous shales
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alternating with shaly calcareous strata (C3) and 4) a dark grey shaly to silty shaly
strata (D). The subfacies A and C1 are, respectively, about 20-30 and 100 in thick,
contain up to 30% CaC03, and are highly radioactive. They are easily recognized on
wireline logs, as they have usually very high gamma-ray readings (up to 200 'API) .
They correspond to an electrical log marker which is well identified within the basin.

3-2 Trap Types, Reservoirs and Sealing Strata

The Berkine Basin is characterised by a variety of trap types . Compressional and
inversion structures are of Cretaceous age or younger and characterise the western part
of the basin. Extensional fault block structures of Triassic-Liassic age are common in
the central and, to a lesser extent, the north-western parts of the basin (e.g . Rhourd El
Baguel, Bir Berkine and Berkine East) . Pure stratigraphic traps are uncommon, but
Cambro-Ordovician and Devonian pinch-out below volcanic rocks, acting as a seal,
may also be possible .

Fig. l(l : East-West synthetic cross section showing the different reservoirs, the
regional seal, and the distribution of the different trap types as inferred from
seismic data (after, BECIP-SONATIRACII, 1991). 1-Locally Cambro
ßrdovician pinch-out below volcanic sediments, 2-Cretaceous and Tertiary
compressional and inversion structures, 3- small sized compressional
structure with a Triassic closure, 4- locally possible Devonian pinch-out, 5-
Liassic fault bloc structure with Triassic and Devonian closures, 6-
Liassic/Tertiary fault bloc structure, i, 8- traps linked to a Tertiary
reactivation of pre-Mesozoic fault.



The main reservoirs in the basin are, in order of importance, the Triassic, Ordovician

(Hamra quartzites), and the Lower Devonian (Oedinnian). However, since the

discovery of oil and gas at Rhourd Khrouf, Menzel Ledjmat East, El Merk East and

13erkine East, the Lower Carboniferous, considered up to date as a secondary

objective, became also an important play particularly in the northern, north-western

and western parts of the basin. The high efficiency of the Liassic salt and evaporites

which act as a retensive seal (Boudjema, pers . com.) leads to the high degree of

petroleum preservation in the basin. The Silurian and the Upper Devonian shales

provide cap-rocks for the Palaeozoic reservoirs . The different reservoirs as well as the

different trap types are summarized along a West East cross section through the basin

(Fag . 10) .

3-3

	

il to Oil andOil to Source Rock Correlations

The discrimination of petroleum systems in Eastern Algeria are still the matter of

debate since the different studies carried out up to now have shown many

controversies. Oil to oil and oil to source rock correlations were first carried out by

Tissot et al . (1973). For this purpose, oils and rock extracts from the potential source

rocks of the illizi Platform were analyzed by gas chromatography and mass

spectrometry . The author argued that the oils exhibit the same overall composition and

that the saturated hydrocarbon fraction is fairly uniform. This fact was attributed to the

very advanced maturation of the source rocks of the oils making, consequently,

difficult to distinguish different oil types and their corresponding strratigraphic sources.

The analyses of the aromatic hydrocarbons, especially the compounds of the steroid

type, containing one or several aromatic rungs, allowed, however, the differentiation

between three oil groups, which were related to their respective source rocks. In this

order, oils from Carboniferous, Upper Devonian and Lower Devonian reservoirs were

co elated to Middle-Upper Devonian source rocks, whereas Ordovician ails were

attributed to the Upper Silurian source rock.

On the other hand, Chaouche (1991), using different classification parameters showed

his study great similarities in the hydrocarbon genetic types making correlations

very difficult. The oils could be classified according to their relative maturity.



However, the same overall composition was observed . The apparent homogeneity of
the Algerian oils was related to the similarity of the organic facies from the period of
Ordovician to Upper Devonian time .
Further geochemical investigations were made by Clontcharov (1992) using biological
markers as a tool to establish a classification of the Algerian oils . His study allowed
the differentiation between three oil families grouped with respect to the diltriterpanes
ratio. The three groups defined are, respectively, the Hassi Messaoud and :hoard
Nouss oils, the illizi oils and the northern Algeria oils .
As a part of its hydrocarbon evaluation in the lllizi and Berkine Basins by analysis of
many Palaeozoic oil samples, BHP Petroleum proposed three oil groups . The
classification was based on the relative abundance of tricyclic and pentacyclic
terpanes . 1n this order, the first group was associated to the riassi Idfessaoud area and
nearby regions, and was characterised by their higher concentrations in tricyclic
terpanes . The oils were attributed to an unproven Devonian or Silurian source rock
located further to the North. The Illizi oils, characterised according to their high
concentration in pentacyclic terpanes, constitute the second group, attributed to the
Silurian source rock. The third group located geographically between the two first
groups in the Tin Fouye-Tabankort area (lllizi Platform) showed approximately equal
proportions of tri- and pentacyclics. For this latest group a contribution from both
source rocks (i.e . Silurian and Upper Devonian) was proposed .
More recently illich et al . (1997, oral presentation) studied oil and sediments from the
Berkine Basin and the Illizi Platform. According to their study based on biomarkers,
isotope acrd other geochemical attributes, oils possessing a high degree of similarity
were identified and grouped into four families . in this manner, one group of oils was
associated with Silurian shales, mainly occurring in the northern part of the basin.
Another more widespread family was associated with sediments of Frasnian age. They
also suggested that oil mixtures from both the Silurian and Frasnian occur in the north-
western part of the basin.

3-3 Some Remarks on 'ressure Development in the erkine Basin

Formation pore pressures are of great importance for petroleum geologists at various
stages such as drilling production, reservoir engineering and geological modelling. it
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is generally accepted that the principal stresses which can increase fluid pressures in

sedimentary basins are: 1) compassion desequilibrium as a result of rapid sediment

loading, 2) aquathermal pressuring, 3) compression by tectonic forces and 4)

hydrocarbon generation (e.g . Chapman, 1994). Lateral permeability barriers such as

large faults and fades changes interrupt generally the continuity of reservoirs and

create obstacles to pressure dissipation (Chiarelli and Duffaud, 1980) and hence, fluid

migration .
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Fig. 11 : Pore pressure versus depth for selected wells of the Berkine Basin. . 0.8 and 1 .0
psilft are fracture and lithostatic pressure, respectively .

In order to give an overview on the distribution of pressures and their possible

geological significance, pressure data from 14 wells from the study area and adjacent

parts were evaluated here . This is particularly important in basin modelling for the

simulation of the mechanical processes involved during compaction.

Figure 11 shows a plot of formation pressure (in psi) versus aquifer depth for the main

reservoirs in the study area . The figure reveals that the Triassic and Early Devonian
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(Ci edinnian) reservoirs are hydrostatically pressured with a mean pressure gradient of
0.46 psilft (it is considered for the present evaluation that reservoirs with pressure
gradient greater than 0.53 psilft are overpressured; Hunt, 1996). The lowest pressure
data are generally recorded in the region situated to the Fast of the Arnguid El Biod-
Hassi Messaoud ridge. For the other reservoirs (Silurian F6, Ordovician and
Cambrian), pressure data from the western part (Silurian and Ordovician) and north-
western part (Silurian and Cambrian) show moderately pressured Silurian and
Ordovician reservoirs in the West and highly overpressured Silurian and Cambrian
reservoirs in the Northwest.
From these observations three different pressure systems can be defined:

1 - Am open system which consists of hydropressured reservoirs communicating with
the regional aquifer system (i.e . Triassic and Lower Devonian).

2- A restricted system which consists of moderately geopressured reservoirs. Excess
pressure can be the result of an incomplete dissipation towards the platform (i.e . the
open system).

3- A closed system which characterises particularly the north-western part of the basin.
This domain. is considered to be isolated from the open system .

These observations fairly correlate with the conclusions of Chiarelli (1975). Indeed,
the author has showed, on the basis of stratigraphic, hydrochenucal (water salinity and
-herrücal content) and hydrodynarrric criteria, that the pressure gradient in the north-
eastern Sahara basins increases in a roughly SE-NUJ direction from. the Illizi Platform
towards the Oued Mya basin. However, from the observations of the author, the
Triassic sandstones in the Berkine Basin were also defined as being a pail of the high
pressure regime . The related overpressures have been interpreted as being the results
of.. 1) the Triassic sandstones pinch out below the thick Liassic salt bearing strata,
cutting off direct communication with the low pressure domain of the Illizi Platform,

2) the south Atlas fault, which makes the northern boundary of the Oued Nlya basin to
the North, act as

	

permeability barrier for the dissipation of excess pressures.
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As well illustrated in Figure 11, the available pressure data do not support such

hypothesis, at least in the central Berkine Basin. G)eological considerations such as, for

example, pinch out at a major unconformity (i.e . Hercynian) leading to a direct

communication of some Palaeozoic reservoirs with the Triassic reservoir, as well as

the vertical communication of fluids along major faults might be an explanation of the

relative low pressure regime in the Triassic sandstones . Such aspects are discussed in

Chapter VI with respect to basin modelling.

4. Samples and Geochemical Methods

This chapter deals with the rr~ethods used to asses the quality, the quantity and the

maturity of organic matter in the sediments. It includes screening, petrographic and

detailed analyses . Screening analyses comprise the measurements of the total organic

carbon (T®C or Corg) and sulfur content, and the Rock-Eval pyrolysis. Detailed

analyses, on the other hand, include molecular geochemical investigations such as

capillary gas chromatography of saturates, capillary gas chromatography of aromatics

and capillary gas chromatography/mass spectrometry of saturates. Petrographic

analyses deal mainly with the maceral identification and vitrinite reflectance

measurements .

The methods applied in this study are described in detail in the following.

44 Samples andSample Documentalsion

The selection of high quality samples for geochemical analyses is a fundamental

requirement. Bad quality and sparse sarnples very often lead to meaningless data . The

sample set of this shady consists of whole rock core and drill cutting sarrnples belonging

mainly to the Silurian and the Upper Devonian (Frasnian-Pamennian) shale sequences .

Seven wells were selected for sampling, providing a total of about 100 samples.

Geochemical investigations on both rock units were performed to determine not only

their _present organic carbon content, but also the rock attributes such as h hology,

depositional environment, kerogen type, the extent to which these rocks were depleted

of hydrocarbons as a result of thermal processes, and their possible biological markers .

The sample set was completed with four crude oils and two gas-condensates from

Triassic reservoirs . The location of the sampled wells and fields is shown in Figure 1 .

29



Additionally, 50NATRACH provided unpublished screening and petrographic
(vitrinite reflectance) data from offer wells tan the study area . These data were used in
order to obtain a regional overview of the kerogen quality and maturity of the source
rocks.

4-2 screening Analysis

4-291 Total Organic Carbon andSulfur content

Total organic carbon (T®C or Corg) analyses were performed on unextracted, dried

and crushed sediments. Sulfur, total carbon (TC) and total organic carbon (Cog) were
determined quantitatively by combustion using a CS 225 heco instrument . For this
purpose, a known weight of sediment (100-120 mg) is heated to 1700°C in a
continuous stream of pure oxygen. The carbon dioxide (C®2), carbon monoxide (C®,
trace amounts) and other constituents (i.e ., water and sulfur gases) produce a flow
through a �gas train" which converts the carbon monoxide to carbon dioxide and
removes the other constituents . Resultant pure carbon dioxide and sulfur dioxide flow
to the calibrated detector which provides a digital and hardcopy read-out of the content
of total organic carbon and sulfur in the sediment (both in percent) . To determine
organic carbon. (Corg) rather han (TC), this procedure is performed after removal of its
inorganic carbon content (i.e ., carbonate carbon) with hydrochloric acid (HCI) and
hydrofluoric acid (BF) treatment. The carbonate carbon content of the samples is
calculated by difference according to the formula: CaCC3 = 8 .33 (TC-Corg) .

4:2-2 Rock-

	

val yrolysis

For Rock-Eval pyrolysis, a Delsi Rock-Eval ii pyrolysis instrument was used for the
determination of free hydrocarbons, residual (genetic) potential, maximum pyrolysic
temperature (Tmax), and hydrogen and oxygen indices. The sediment is weighted into
small stainless crucibles (up to 48), loaded into a sample rack which automatically
positions each crucible so that it can be lifted onto the piston . The technique involves
then a stream of helium passing through 100 to 120 mg of crushed rock, heated very
rapidly to a temperature of 300 °C which is held for 3 minutes. The temperature of the
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oven is then programmed to increase at about 25 'C/min, up to 550 °C. The first stage

volatilizes any bitumen present, while during the second stage kerogen decomposes to

form hydrocarbons and carbon dioxide. Hydrocarbons from both steps are swept into a

hydrocarbon sensitive flame ionization detector (FID) and two peaks (S 1 and S2 in mg

HCIg of rock) are collected . The Sl peak represents hydrocarbons released at 300 °C

believed to be that fraction of the original genetic potential which has already been

transformed into hydrocarbons . Between 300 and 550 °C, hydrocarbons (S 2 ) are

generated by thermal cracking of the kerogen until only non-generating carbon

the refractory fraction) remains. In addition, any free high-molecular-weight bitumen,

namely asphaltenes, that were not mobilized into S, is cracked and added to ¢he S 2

peak . Most carboxyl groups in the kerogen decarboxylate between 300 and 390 °C,

yielding C02 (S3 in mg CO21g of rock) ~vhich is trapped and analysed later during a

short cooling period, using a thermal conductivity detector (TCD). The temperature of

the maximum S2 yield is known as Tmax and can be used as a maturity parameter.

During natural generation, weak kerogen bonds are broken first, leaving only stronger

bonds and yielding hence higher temperatures (Tmax) of the pyrolysis carves.

Additional indirect Rock-Eval parameters are the HI (S2* 1001Corg) in mg HCIg Comb ,

tine Ol (5;"1001 Co g)

	

mg C02/9 Corg and the production: index (P1) . This later is

calculated by using the formula 521 Si + S2 . I-H and 01 are strongly correlated to the

atomic HIC and O/C of the Van Krevelen diagram and are therefore interpreted in a

similar manner (Fspitalie et al., 1977). Rock-Fval data interpretation guidelines are

provided e.g . by Espitahe et al . (1955, 1955), KI-atz (19083) and Peters (19086).

4-3 Petrograph¬e analyses

for rnicroscopical analyses, 30 whole rock samples representing four key wells

situated along the trap-sect used for 2D simulation in this study were selected

(rig . i).The procedure involves, first, the preparation of a resin block containing dry

slabs of the rock samples. One side of the resultant block was then polished using

different abrasive sizes and finally by using a 0.05 pn alumina powder dispersed in

water. Vitrinite reflectance measurements (Rfl) were performed on the polished

samples in oil immersion and at a wavelength of 546 nm. The equipment used for this
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is a Zeiss photomicroscope III equipped with a 8 gm diameter measuring blind. For the
necessary calibration a glass standard was used. The data were processed by HP 9816S
hardware combined with Zeiss Coflex software . Identification of macerals was
performed both in reflected white light and in a fluorescence mode induced by violet
and ultraviolet light. Selected samples were photographed . It should be noted that in
order to get maximum information about the maturity stage of the organic matter in
each sample, the process of measuring vitrinite reflectance was repeated as often as
possible . The number of the measured particles depends on the organic richness of
each sample . For instance, a small number of measured particles in dispersed organic
matter will significantly increase the uncertainty. The results are expressed in percent
of reflected light (relative to the incident light) and represented in a distribution where
the mean. value for each sample is quoted. More information on the petrographic
analysis of organic matter is found in Taylor et al . (1998) .

4- 4 Molecular Geoche ical Analyses

Molecular geochernical analyses on oils and rock extracts in combination with the
geological background provide more information about lithology and depositional
environment, organic facies and maturity (Peters and Moldowan, 1991 ; peters and
Moldowan, 1993, Radke, 1988). Accordingly, such analyses form the basis for
correlating source rocks with petroleum.

4- 4°

	

S'eofvesdi . ircs~:~cea ared Sa pde Preparadon

Significant information on organic input, deposit- nal environment and maturity can be
obtained from the free liquid or bitumen which is referred to as the extractable organic
matter (EOM) contained in source rocks. For such analyses, 24 powdered samples are
extracted at ambient temperature with a mixture of dichloromethane and methanol
(99:1 v/v), using a high speed homogenizer (flow blending technique; fcadke et al.,
1978). To this end, a preweighted crushed sediment is placed with the solvent into a
cylindrical flask in which a high speed mechanical blender is inserted in order to
severely agitate the sample for about five minutes. After extraction, the EOM
containing solvent is separated from the sediment using a standard Buchner filtration
flask and a fiunnel. The solvent is removed first at room temperature and then by using
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a rotary evaporator. The EOM is weighted and reported as either a percentage or in

parts per million (ppm) of the weight of the dry sediment used for the extraction

procedure.

From the oil samples, volatiles were removed at ambient temperature and the residue

was dissolved in benzene. Precipitation of asphaltenes was carried out using n-hexane

which were collected on a preweighed filter .

4- 4- 2 Liquid Chro atogra hy

The extracts and the remaining oil filtrate were separated by medium pressure liquid

chromatography (MFi,C ; Radke et all., 1980) into saturated hydrocarbons, aromatic

hydrocarbons and %ISO compounds (resins and asphaltenes) . Silica gel and n-hexane

were used dm-mg the separation procedure of die Jhfee groups as a stadona,°y and

mobile phase, respectively . The aromatic compounds were further separated into

carbon ring classes by using high performance liquid chromatography (HPLC, Radke,

1951) . Such a procedure was necessary because of the high amounts of the mono-

aromatic compounds which occluded the naphthalene and phenanthrene peaks.

4- 4- 3 Capillary Gas Chromatography

Capillary gas chromatography (commonly abreviated CC) is a very widely used

method in analytical chemistry in general, and in petroleum geochemistry in particular.

Following liquid chromatography, both the saturate and the aromatic hydrocarbon

fractions are each separated further by gas chromatography .

GC analyses of the saturated hydrocaf'oons were carried out on a Hewlett Packard

5590 series E instrament equipped with an ,Ultral" used silica capillary column (50

x 0.20 mm internal diameter), coated with phenyl (5%)-vinyl (1%)- methyl (94%)-

polysiloxane of 0.33gn film thickness. Helium was used as a carrier gas . The

temperature of the GC oven was programmed to rise linearly from 120 to 310°C at

3°Clmin. Selected n-alkanes and iso-alkanes (isoprenoids) were quantified by Sa

androstane, applied prior to extraction, as internal standard .

The analyses . of aromatic hydrocarbon fractions were carried out on the same GC type

instrument used for the saturated fraction (i.e ., Hl' 5590 series 11) . A fused silica

capillary column of 50m length, 0.20 ruin internal diameter and coated with cross-
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linked methyl (95%) -phenyl (5%)- polysiloxane of 0.33 vm film thickness was used
with helium as a carrier gas. The temperature of the GC oven was programmed to rise
linearly from 90°C (hold 4 rain) to 120°C at 50'C/min and from 120 to 310°C at
3'C/min. Selected naphthalenes and phenanthrenes, and various alkyl substituted
compounds, such as methyl- and ethylnaphthalene, di-and trimethylnaphthalenes, and
methyl- and dimethylphenanthrenes, were quantified by adding 1-phenylhexane, I-

, 1,8-dirrAethylnaphthalene, I-phenylnaphthalene, I-ethylpyrene, and I-phenylheptarpe

butylpyrene before extraction as internal standards . The compounds are identified by
multiple ion detection (MID) using a GC/MS system (see below) . A review of
aromatic compound analyses is provided by Radke (1986) .

4-4-4 Gas Chro atographyI ass S~nocFromeLry ( 'l'l

	

S)

GC/MS is a technique which enables to identify complex compounds existing in very
low concentrations . Most of the compounds identified by this method are referred to as
biomarkers or biological markers because their structural skeleton was derived from
molecules produced by living organisms (Tissot and Welte, 1984) .
The instrumentation used for GC/MS analyses is a Hewlett Packard 5890 series lI gas
chromatograph coupled with a VG 7070E mass spectrometer exchange for a flame
ionisation detector (FID). The GC instrument was equipped with a temperature
programmed injector system (KAS-3, Gerstel GmbH) and a multiple ion detector
(M-10). A fused silica capillary column "50m, 0.22 internal diameter, 0.25 p,m film
thickness) was used with helium as carrier gas . The temperature of the GC oven was
programmed to rise from I10 to 340°C (hold 77 min) at 3'C/min and at a constant
temperature of 340°C (hold 13 min). The injector temperature was programmed to rise
from 120 to 300°C at 3'C/min. More information on biomarkers and biomarker
analyses is published, e .g., by Peters and Moldowan, 1993 .

5. Results of Geoche ical Analyses

5-I Chaeaeterisalion of the Solid Organic Matter

The characterisation of the solid organic matter (i.e ., abundance and quality) of the
main source rock intervals (Silurian and Frasman-Famennian sequences) was assessed



by using screening analyses (Chapter . 4.2) as well as by petrographic analyses

(Chapter 4.3) perforrned in the present study. 'I he screening analyses obtained in this

study are enclosed in Table I . Additionally, unpublished available C-0, and Rock-Eval

data from Sonatrach oil company are used here in order to give a regional source rock

quality overview. Such data are, for confidential reasons, presented graphically and are

not listed here .

The data are discussed for each individual unit (described in Chapter 3.1) and

extended, for some parameters, for individual wells in order to provide both a temporal

and a spatial overview.

Fig. 12. Histogram of total organic carbon (wt% Corg) of the Frasnian-Famennian
formation samples (includes data from SONATRACH). C1, C2, C3 and D
refer to those members described in Chapter 3.1 and Figure 9.

54-1 Organic Matter Abundance andSul,"ur Content
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Total organic carbon contents are always expressed as weight % TCC or Corg . T"he

measurement of T®C is the most fundamental way of expressing the organic richness

of a single sedimentary section. If sediments contain less than some minimum amount

of organic carbon, there is no likelihood that they have been or could be responsible

for the generation and expulsion of petroleum (Tissot and Welte, 1954). However, if a

sediment contains more organic carbon, this fact alone does not make it necessarily a



source rock because of much the material can be inert . Therefore, the organic matter
mUst meet other minimum criteria of quality (i.e :, type and maturity) in order to
generate hydrocarbons in amounts sufficient to form commercial oil and gas

accumulations (Dow, 1970. The results derived from the Corg measurements (enclosed
Table 1) confirm the high organic richness of the Frasnian-Famennian and Silurian
formations.

Figures ?2 and 13 display the distribution of organic carbon as histograms for both

source rock units, and for the main subfacies described in Chapter 3.1 . The entire Corg
data set varies from slightly less than 1 % to more than 10%. The Frasnian-Famennian

interval exhibit a relatively narrow distribution envelope with average Corg values

between 2 and 4% . For instance, the highest Corg values, as expected, are observed
within the radioactive Frasnian zone (subfacies C1 in Fig. 9), i.e. the interval with high
gamma rayresponse .

Corg r10)

Fig. 13 : Histogram of total organic carbon (wt% Corg) of the Silurian formation
samples (includes data from SONATRACH). A and B refer to those
members described in Chapter 3.1 and Figure 9.

The Silurian shale formation exhibits in general two mean distribution modes. High
frequencies in the range of 1-2 % are found within the thick upper Silurian member
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(subfacies B, Fig. 9), whereas Corg values of the radioactive Silurian zone (subfacies

A) are in the range of 2-6 wt% Corg.

In summary, the majority of the samples reveal an above average level of organic

carbon content (Core > 1 %, Bissada, 1982) . Such a high level of organic richness is

considered one of the necessary prerequisites for a rock to be considered as a possible

hydrocarbon source rock (Tissot and Welte, 1984).
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Fig. 14 -. Vertical and lateral organic carbon distribution along a West-East transect
through the hasn't. A, B, C1, C2, C3 and 13 defer to those members described
in Chapter 3.1 and Figure 9

The observed variations in organic richness from one unit to another are probably the

results of the different degre of preservation of organic matter under specific local

conditions . Indeed, the original concentration of organic matter depends primarily on:

(1) the rate of productivity in the water column and the amount of organic matter

washed in from land sources, (2) dilution effects by mineral matter, and (3) dissolved

oxygen content of the water which depends on water depth and circulation (Tissot and

Welte, 1984; Waples,1985; Littke et al., 1997).



Figure 14 shows the vertical and lateral organic carbon distribution along an East-West
transect through the bash.. The figure reveals the existence of vertical organic carbon
recurrent patterns throughout a single marine sequence . This is particularly valid for
the Frasnian-Famennian sequence which seems to be related to wide sea level
variations during the initial phase of deposition. The highest Cog values belong to the
basal Frasnian radioactive member (subfacies Cl), as previously shown, and to the
transition zone between the Frasnian and the Famennia« (subfacies C3) . The richness
in organic carbon of members C2 and D are markedly lower. The former is generally

characterised by rather low Corg values of less than 1 %, whereas a general decrease of
the organic content characterise the latter upwards .
For the Silurian of which much less data are available because the sequence was
drilled less frequently, the basal radioactive member (subfacies A) shows the highest
values (up to 9% in the western part of the basin). For instance, these �hot shales"
showed values of up to 17% in the north-eastern part of the basin (Malla,et al., 1997)

Corg values are decreasing upwards throughout the subfacies 13 reaching minimum
values of less than 0.5% at the top of this formation.

The Corg "highs" could have resulted either from high biological productivity within
the water colurrm or from the enhanced preservaton of organic matter in the basin, or
from both processes, and probably correlate to the maximum flooding surface .
Preservation of organic matter may have been enhanced under oxygen-deficient
conditions (dissolved oxygen in water < 0.2 m1l1) during the initial phase of deposition,
resulting from restricted water circulation and density stratification (Kepferle, 1983) .
The organic-rich laminae-nature observed in the Silurian and Frasnian-Famennian
formations, particularly in the A, C1 and C3 members indicate a lack of bioturbation
and provide lithological evidence for oxygen-depleted depositional conditions. The
relatively organic-lean C2 subfacies which is sandwiched between two organic-rich
members (i.e. Ci. and C3 members) could indicate that the organic matter was
predominantly decomposed in oxygenated water and, therefore, enhanced the
efficiency of near-surface microbial degradation, resulting in low Corb values .
However, one can observe that the mean organic carbon content increases with



increasing thickness, implying that rapid sedimentation allowed more organic matter to

become buried before it could be oxidized (Ibach, 1982) .

39

Fig . 15 : Comparison of organic richness and sulfur content for samples from
'
the

Frasnian-Famennian formation. C1, C3 and D refer to those members
described in Chapter 3.1 and Figure 9 . Bacterial reduction pathway from
1.ittke et al . (1991, 1997 a,b).

The decrease in upwards direction of the Corg content throughout the thick subfacies B

and D suggests deposition under regressive conditions . Silty siliceous sediments, in

generally fine-grained, become more predominant upwards, and could have diluted the

organic matter . Indeed, Ibach (1952) has demonstrated that above a critical

sedimentation rate, Corg typically decreases with increasing sedimentation rate owing

to clastic dilution of the organic input. The author suggested, however, that near-

surface microbial reworking is less efficient at higher burial rates.

It should be pointed out that such observations are not new; Cox and Gallois (1981)

and Creany and Passey (1993) described a similar cyclicity of organic carbon in

marine organic- rich shales by using well log, core and cuttings analyses . For instance,

Creany and Passey, 1993, suggested that marine organic-rich shales can occur in all

system tracts, depending on basinal position, and that the peak Corg values probably

correlate with the maximum flooding surface, leading to the deposition of more marine

organic matter with, therefore, increasing oil prone characters .



Total sulfur content for both formations range . respectively, from 0.1 to 6.3 % and
from 0.9 to 12% (Figs. 15 and 16) . This fact suggests that bottom waters varied from
normal marine to euxinic marine conditions at the time of deposition (Leventhal, 1983;

Berner and Raiswell, 1983). High S/Cory ratios characterise in general the B and C3

members, indicating more bacterial sulfate reduction, both at and below the sediment-
water interface (Kaplan, 1980). As a consequence, more organic matter is consumed
by sulfate reduction than in the case where normal_ marine conditions prevailed (A, C1
and D members; Littke et al., 1997b) .
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Fig. 16: Comparison of organic richness and sulfur content of samples from the
Silurian formation. A and B refer to those members described in Chapter 3 .1
and Figure 9. Bacterial reduction pathway from Littke et al . (1991, 1997 a,b)

Visual analyses indicate that both Silurian and Frasnian-Famennian formations contain
significant amounts of pyrite framboids (common to abundant in subfacies B and D)
derived from bacterial sulfate, reduction and organic matter oxidation (Littke et al.,
1991). This indicates that sufficient iron was available to fix most of the sulfur in the
form of iron sulfide. rittke et 41 . (1991, 1997 a,b) showed that t-he consumption of part
of the metabolisable organic matter during early diagenesis greatly influences the
quality of organic matter in shallow marine sediments.
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erogen Type and Generation Potential

The origin of organic matter in the Frasnian-Famennian and the Silurian source rocks

was determined both indirectly by chemical_ analyses (pyrolysis) and directly by

optical analyses .

at Rock-Eval Data

Bulk hydrocarbon pyrolysis is the major method'. used for the assessment of source

rock quality (hydrocarbon potential), and also provides preliminary information on

maturity . Rock-Eval pyrolysis (Espitali6 et al ., 1977, 1985, 1986) has become the

industry standard for such analyses . For instance, a modified Van Krevelen diagram

comparing HI (mg HCIg Corg) and ®1 (mg CQZIg Corg) is commonly used for kerogen

typing (Espitalie et al., 1977) . Figures 17 and 18 show such diagrams in which the data

for the Frasnian-Famennian and the Silurian formations are compared, and where the

different subfacies described in Chapter 3 .1 are discriminated.
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Fig. 17: Modified Van Krevelen diagram (I¬I vs 01) derived from Rock-Eval analyses
of the Frasnian-Famennian formation samples (includes data from
SC ATRAC ). C1, C2, C3 and I refer to those units described in Chapter
3 .1 and Figure 9.



For the Frasnian-Famennian formation, the most prolific source rock samples display
hydrogen indices of more than 550 rng ICI g Corg and are plotted in the vicinity of the

type IIII reference curve (Fig . 17). The data might also indicate that the shaly
calcareous lower member (subfacies Cl) has a higher generative capability for
petroleum than the other units (C2, C and D). However, the location of samples along
the evolution paths on the van Krevelen diagram-like hydrogen idexl oxygen index
(M-0I) plot is influenced by thermal maturation and early diagenitic oxidation of
organic matter (Espitalie et al., 1977; Demaison and Bourgeois, 1984). The occurrence
of relatively high free hydrocarbons in some samples (Tab. 3) supports and proves that
hydrocarbons have been generated and the initial :I values must have been higher.
any case, the high hydrogen index values are the imprint of a lipid-rich kerogen,
predornurantly of type Iilz kerogen (Tissot and Welte, 1984). Tliie highest 01 values are
registrated within the relatively organic-lean C2 subfacies and to a lesser extent in the
subfacies D. Peters (198&) suggested that the pyrolytic generation of organic acids
would generate carbon dioxide from carbonate. Consequently, the inorganic carbon
dioxide can result in anomalously high oxygen index values, particularly for samples

containing less than 0.5% wt% Corg. It is, therefore, likely that the high oxygen index
values registrated are, to a certain extent, the effect of carbonate carbon decomposition
rather than due to the presence of highly oxygenated organic matter. It is also possible
that during some Late Devonian, less distal (nearshore or deltaic) conditions could
have prevailed allowing more terrestrial input.
Figure 18 provides some insight into variations in the kerogen quality within the
Silurian source rock as expressed by the differences in hydrogen index values between
the basal radioactive member (subfacies A) and the upper member (subfacies B). The
former exhibits a higher hydrocarbon generation potential with M values of up 5(30 mg

IBC/g Cor,, mainly registrated in the northern part ofthe Berkine Basin (ANR-1, ZK-
1), hence indicating a hydrogen-rich organic matter, i .e ., predominantly type WI
kerogen (Tissot and Welte, 1984) . subfacies B in contrast, shows low I values which
a bias towards more terrigeneous material . Therefore, its facies can be considered to
.result in a low quality source rock . However, maturity data, as discussed later, show
that the -highest

	

values are associated with moderately mature samples, whereas
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most of the samples from the subfacies B are overmature with respect to oil generation

and lost their original hydrocarbon generation potential. It is also likely that the high

01 values are rather the effect of carbonate carbon decomposition; a hypothesis which

is supported by geological and other geochemical evidences. It is, therefore, apparent

that the organic matter of the Silurian black shales as a whole can be considered as

type II kerogen (Tissot and Welte, 1984).
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Fig. 18 : Modified Van Krevelen diagram (II vs ®1) derived from Rock-Bval analyses
of samples from the Silurian formation (includes data from SONATRACH).
A and B refer to those units described in Chapter 3.1 and Figure 9 .

The `composition of the organic matter in the source rock formations was further

analysed by micropetrographic methods (Taylor et al., 1998). Microscopic

examination of polished sections of Frasnian-Famennian shales revealed that,

predominantly, the organic matter is finely dispersed throughout the rock without

being locally concentrated. The organic matter is made up of unrecognised amorphous

material within a predominantly clay--rich matrix. The amorphous organic matter,



frequently termed sapropelic in contrast to humic material, is considered to result from
alteration of original constituents composed mainly of plankton and similar lipid-rich
precursors (Tissot and Welte, 1984) . Well preserved (structured) liptinitic macerals are
also present. These macerals were fluorescing in yellow-orange and are similar to
alginite A or telalginite (Hutton and Cook, 1980; Taylor et al., 1998). Oil prone
alginitic material composed mainly of Tasmanites was already observed by Chaouche
(1991) in the case of t_he -1 well . This is supported by the good to excellent
generative capability of the related basal Frasnian radioactive member as determined
by lock-Fval data (Fig . 17). Individual lipid-rich marine organisms such as acritarch
and düxoflagellates are also embedded in the groundmass . The good preservation of
relatively unstable macerals such as amorphous organic matter and alginite and the
nearly absence of any signs of oxidation could indicate that the organic, matter was
deposited and conserved under reducing conditions . However, with increasing depth or
maturation maceral properties change . Well defined fluorescing structured particles are
common features of the moderately mature samples only . With increasing burial, and
therefore maturity, the fluorescing particles progressively disappear. For instance,
maturity-related changes in organic matter have also been reported by Littke et al.
(1988) for the Toarcian Fosidonia Shale in Northwest Germany.
macerals of the vitrinite group, which were abundant in the samples from the
Carboniferous, are also observed in variable amounts in the Frasnian-Famennian
formation. The terrigeneous macerals are, however, present as small particles only. It

was also observed that with increasing depth and Corg, there is a considerable decrease
in the material attributed to higher plant bodies, indicating more oil prone organic
matter downwards. This fact might indicate that the contribution of terrestrial organic
matter is more prevalent in the upper section of this predominantly marine sequence .
For. the Silurian source rock, visual analyses of samples from the northern Berkine
Basin reveal mainly yellow-orange, fluorescing, well-preserved elongated tasmanales
which are typical for oil shales and oil prone source rocks (Tissot and Welte,1984;
Taylor et al., 1998) .

1n addition to the organic facie, analyses, the reflectivity of the vitrinite macerals was
determined for four key wells (Chapter 4.3) . Vitrinite reflectance measurements were
made mainly on samples from the Frasnian-Famennian source rock. Furthermore, the
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Fig. 19. Diagram comipaing
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values derived from Rockival pyrolysis of
the entire Frasnian-Famennian sample set (includes data from S®häAäRACH).
0.5% and 1.3% RO are the lirnits of the classical oil window ('pissot and Welte,
1984).

reflectivity of vitrinite-like macerals from Silurian samples of the well BRD-4 was also

measured. The values obtained in this study, as well as external data, are listed in

Table 14, where average vitrinite reflectance values (%O) for the indigeneous

populations, as well as the standard deviation are presented.

5-1-3 "ate¬

Figure 19 displays the relationship between hydrogen index (HI) and -maximum

pyrolysis yield (Tmax) obtained for the Frasnian-Famennian interval of different wells

in the basin. A very slight maturation pathway is observed indicating a 'successive

generation of hydrocarbons (decrease in ) paralleled by a slight increase in Tmax. It

becomes also evident that the majority of the samples fall into the -mature zone (435-

460°C), where hydrocarbon generation potential is diminished to values between 200



and 50 mglg Corb. The low Tm,, values (<430°C) observed in wells such as BBK-1,

SF-1, RKF-1, IRE-1, and even WT-1 are probably due to a specific composition known

as the asphaltene effect which generally lowered the Tmax values (Bspitalie et al.,

1977, 1986 ; Clemenz, 1979). This fact may be explained by the high free hydrocarbon

content (S I up to 36 mglg rock) observed in some samples (Tab . 3) .
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Fig. 20: Comparison of Tmax parameter of the different Frasnian-Famennian unit
samples from 2 wells (BK-2 and SIT-1) located in the basin center. C1, C2,
C3 and I3 refer to the units described in Chapter 3 .1 and Figure 9 . Note the
scale difference for the two wells with respect to depth.

Figure 20 shows the variation of Till_; with depth through the Fras:~üan-Farner.nian

sequence within two wells in the center of the basin (BK-2 and WT-1). Since the level

of organic matter maturation increases with increasing burial and since T,,,, is kerogen

type dependant (Espitalie et al., 1977, 1985, 1986; Tissot and elte, 1984), Tmax-
depth dots are used here in order to detect any major dissimilarity in the kerogen

quality. The figure reveals that the maturation, as expressed by the most reliable Tniax

values, remains approximately constant for a depth interval of more than 500 rn and
that no changes in Trtlä,c, due to a strong kerogen quality variation, is observed . This

indicates that, although there is an occurrence of highly organic-rich oil prone units



(e.g . the subfacies Cl), predominant marine organic matter characterise the Frasnian-

Famennian sequence as a whole.

The determination of vitrinite reflectance as a tool to establish the maturity level of

kerogen has been used successfully in the past . In contrast to chemical methods where

the kerogen as a whole is analysed, this method enables to investigate individual

organic particles, i.e . indigenous vitrinite or reworked particles derived from the

erosion of older sedimentary rocks . Vitrinite reflectance, in contrast to other maturity

parameters (e.g . Tmax, Espitalie et al., 1985), can be used over the entire range of

maturation and is therefore considered as the most reliable and the most often used

maturity indicator (Dow, 1977) . Vitrinite reflectance is also applied as a major

calibration tool for numerical simulation of thermal histories in sedimentary basins

(Lopatin, 1971, Naples, 1984) . However, vitrinite reflectance, as other maturity

parameters do, is frequently influenced by variation in the original plant association

and chemical composition of organic matter, and early diagenetic processes (Wenger

and Baker, 1987; Buiskool Toxopeus, 1983; Durand et al., 1986; Goodarzi et al., 1992;

Taylor et al., 1998) . Such effects are particularly important for rr9~ar~ne sediments

where the organic matter is finely dispersed and where vitrinite is in low abundance

(Tissot and gelte, 1984). Because of the proven marine nature of the Frasnian-

Famennian and the Silurian source rocks as a whole and because of the difficulty to

identify the indigenous vitrinite macerals, vitrinite reflectance measurements have to

be compared to other M=:a -,ity parameters . For instance, true maturity trends must be

based on accepted calibration procedures (Chapter VI), taking into account the

geological context of the basin in order to reduce possible errors . This is particularly

valid for the Silurian source rock because, reflectance measurements had to be made

on other particles than indigenous vitrinite (Taylor et al., 1998).

Although the reflectance values cover a broad range from 4.55% Ro (SF-1) to 1.2% Ro

(BK-2), the majority of Ro values lie between 4.8 and 1.1% (Tabs. 3, 14), indicating

that the Frasnian-Famennian source rock is, in most of the basin, in the main zone of

hydrocarbon generation (Tissot and Welte, 1984) as already shown by most of the

Tma values (Fig . 19). The comparison of these latter values (combined for the entire

formation) with loo values shows in general a good agreement between both maturity
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Fig. 21 : Relationship between maximum pyrolytic Tmax and vitrinite reflectance (R.)
for the entire Frasnian-Famennian formation data set. The highlighted area
correspond to the classical oil window (Tissot and else, 1984; Espitalie et
al., 1985) .

parameters (Fig . 21). However, it is shown that the rather well defined relationship
between RO and Tmax is less evident for some samples and that highest R,, is not

necessarily related to the highest Tmax. Indeed, most of the samples which are plotted

below the minimum regression lines and exhibiting low Tmax values are oil stained
samples (high Sl ; Tab. 3, enclosed Tab . 1) . The enrichment in free bitumen of samples
sübiiütted tV Rocs-Eval pyrolysis is known as the asphaltenes effect, which generally
lowers Tmax values (Espitalie et al., 1977, 1986, Clemenz, 1979).
With respect to the depth-related increase of vitrinite reflectance within individual
wells and correlation with other wells, it may be assumed that some documented
vitrinite reflectance values are underestimated and therefore do no show the true
maturity stage of the organic matter. This is well illustrated by the SF-1 well, whereRo
values show a wide range (0.55 to 0.88%) in a depth interval of only 134 m(Tab. 14) .
This is also supported by the fact that for approximately the same depth (3788-3792

), Ro is 0.66 % in the SF- I well, whereas in the

	

'-1 well Ro is near 1 .0 %. The
possible causes of such low vitrinite reflectance are discussed elsewhere (e.g . Radke et



al ., 1997) . Practical aspects of such deviations are discussed with respect to the burial

and thermal history reconstructions of the basin, provided for each individual well in

the basin modelling part of this study (Chapter DTI) .

The Silurian source rock was drilled only in the northern, north-eastern, western,

south-western and southern parts of the basin. The very low S2 values combined,

generally, with insignificant Tm,,., values (around 500'C; Tabs . 3, 4 and 6), indicate an

overmature stage in the western part of the basin (B-IRD-4). The Siluriarl is mature to

marginally mature in the south-western part of the basin ( SN-1) with mean Tmax

values of 443°C at a depth of 2687 m. In the northern and north-eastern parts of the

basin, in the ZIP-1 and IAA-Ibis wells respectively, Tma~, values indicate a maturity

within the oil generative window . T

	

values vary between 436 and 439 °C at a depth

between 3646 and 3656 m in the former, whereas in the latter, T

	

ranges between

442 and 445°C at a depth interval of 3029-3072 m. The measured reflectance values

on vitrinite-like particles correspond generally to the same maturity stages defined by

the Tmax values .

S-2 Characterisation of itu en (EOM) and Crude Oils

This section includes data derived from solvent extract and crude oil analyses (i.e.

MPLC, CC analyses of saturated and aromatic fractions, CC-MS analyses of the

saturated fraction) . Detailed analyses of the extractable organic matter TOM) was

performed in order to establish the degree of thermal maturation which the organic

matter has been subjected to during burial and to obtain geological and geochernical

information regarding the biological contributors to the organic matter of the m

`source rocks. A further goal was a tentative correlation of the source rock bitumens to

crude oils from adjacent fields . The results are discussed here for the boiling range

which in the literature is referred to as Cts+ compounds.

S-2-I Total E0

	

Yields and Compound Class Corrp®siron

The variation in the yields of bitumens with increasing burial (i.e . maturity) is well

known in the form of hydrocarbon generation curves, as illustrated by Tissot and
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Welte (1984) for different sedimentary basins. For instance, the amount and
composition of the extractable organic matter is mainly controlled by the nature of the
organic material and its maturity . An other important factor which may have a great
influence on the composition of hydrocarbons is the extent of migration which
generally drains the compounds, particularly the lighter ones, towards the migration
pathways and reservoirs (Tissot et al ., 1973; Tissot and Welte, 1984).
The yield of volatile organic matter was determined by using Rock-Eval pyrolysis and
solvent extraction (flow blending technique, Radke et al., 1978). The results are listed
in Table 3.

al Yield 14 .s a Function of Organic Carbon Content

Because of the extent of the variation inn the organic carbon content of the samples
used for extraction, it is expected that the amount of the extracted bitumen will be
proportional to the organic carbon content. Philippi (1956) and Baler (1962) have
demonstrated positive relationships between hydrocarbons and total organic carbon
content in series of shales and mudstones.

8000

7000

6000

5000

4000

3000

2000

1000

34703 ppm

	

44028 ppm

Fig. 22 : Total hydrocarbon yields as a function of organic carbon content for the
complete Frasnian-Famennian and Silurian samples. O.S.S, oil stained
samples; R.C, residual carbon .

In Figure 22, the total hydrocarbon yields (in ppm) extracted form the different

samples are plotted against organic carbon content (in wt% Corg) . Clearly the diagram



reveals a positive relationship between the extracted hydrocarbons and the organic

carbon content of the samples . As the organic carbon content increases, the amount of

extractable organic matter (bitumens) increases . As already suggested by philippi

(1957) this relationship may indicate that hydrocarbons are an indigenous part of the

sedimentary rock from which they are extracted .
The obvious deviation of some samples from the Frasnian-Famennian and the Silurian

formations may find explanation in the fact that the former contains migrated

petroleum as evidenced by the very high free hydrocarbon content of these samples

(Tab. 3) . Consequently, the amount of extractable organic matter from these rocks

would not be expected to bear a linear relationship to Prli1iaibly trapped organic matter .

The latter may be explained by the fact that the remaining kerogen constitutes a sort of

carbonaceous residue in spud of the high maturity of the samples of which the

generation potential is already exhausted. This is well confirmed by their very low

residual potential (enclosed Table 1).

Various authors have evaluated disseminated hydrocarbons and organic carbon in

ancient non-reservoir and petroliferous source rocks of various basins (Hunt, 1961 ;

philippi, 1965 ; Vassoevich, 1967; Tissot and Welte, 1954). For instance, values

observed by philippi (1965) in non-reservoir rocks are in the range of 0.53-3.67%

organic carbon and 267-2360 ppm hydrocarbons, which gives an hydrocarbon to

organic carbon ratio in the range of 34 to 101 mglg Corg . From the evaluation of Tissot

and Weite (1984), average organic carbon and hydrocarbons is shale and silts are,

respectively, 1 .82% and 860 ppm with an hydrocarbon to organic carbon ratio of 43

mglg of Corg. For calcareous shales, the respective values are 1 .9%, 1260 ppm and 66

mglg CQrg. This study shows that for both formations, excluding the E44280 and

E44281 samples, which exceed the conventional values (Tab. 3, Fig . 21), the average

values are 1 .79%, 1065 ppm and 75 mglg CQZg in the silty shales, whereas in the

calcareous shales average values are 5,6%, 2833 ppm and 59 mglg Corg. The ranges

commonly observed in shales, as given by Hunt (1961), are from 0 to 5% Corg, and

from 0 to 7000 ppm hydrocarbons . The results obtained in this study extend over most

of this range of distribution (Tab. 3) . therefore, it can be concluded that, with respect



Tab. 3: Yield of volatilisable organic matter as derived from solvent exract (flow
blending technique, 12adke et al., 1978) and Rock-Eval pyrolyis of samples
from the Devonian and Silurian shale sequences. The highlighted identification
numbers are samples from the Silurian and the Frasnian radioactive zones. nd,
not defined.

Sanale WC11 Depth Age Ro T.

	

S1

	

EOM
ID

E44236

E44240

E44241

E44243

E44254

E44256

E44260

E22263

E44272

E44274

E44276

E44280

E44281

E44284

E44288

E44293

name (M) (®/®) CC) g rock) ( g Corg)(grmk) ( g Corrg) Ppm

13K-2 3992 .00 Famennian 0.94 427 0.89 33 .96 1 .88 71 .75 1900

4212.00 Framian Ed 438 2.92 36 .62 5.13 66 .62 5100

4216 .00 Framian nd 446 2,38 40 .00 4.20 70.58 4284

4227.00 Frasnim 1 .03 447 3.22 47 .07 6.00 87.71 6000

4306 .00 Fonian nd 450 1.71 35 .40 3-00 62 .11 3005

4359.00 Ra iian nd 458 2.14 34.07 3.44 54 .77 3443

4371.00 Fmsnian 1 .13 463 1 .87 26 .19 2.66 37.25 2600

4412.00 Frasnian 0.96 461 1 .35 32 .76 2.11 51 .21 2115

BRD-4 4570.00 Siluriaa 1 .81 360 0.90 52.63 2.43 142.10 2440

4587 .00 Silurian nd 548 0.84 50 .00 1 .41 83.92 1441

4642.00 Silurian nd nd 0.89 74 .16 0.88 73 .33 886

4692 .00 Silurian 2.09 Rd 0.01 0.78 0.16 12 .25 163

4712.00 Silufian 1 .97 527 0.02 0.23 0.02 0.23 23

4719 .00 Silurian 2.02 521 0.02 0.22 0.27 3.00 271

WT-1 3754 .00 Fammian 0.88 446 0.59 17 .16 0.71 30.47 710

3761 fin F-Qnniu nd 449 0.40 20.51 0.78 40.00 786

3792 .00 Famennian 0.94 447 0.37 19 .57 0.77 40.74 770

3886.00 Fmsnian nd 432 36 .30 643.61 43 .02 762.76 43029

3924.00 Frasnian 0.98 438 29 .20 666.66 34 .69 792.00 34703

4117.00 Givctim 0.98 447 0.64 36 .99 0.70 40.46 706

4220.00 Emsian 0.96 441 44.35 1534 .60 59 .48 2058.13 4112

SN-1 2620 .00 Silurian nd 429 0.35 26 .71 1.06 80.91 1068

2660.00 Silurian 1 .08 438 0.97 31 .49 1.89 6136 1893

2682 .00 Silurrim nd 436 1.69 63 .05 2.92 105.22 2829



to their organic carbon and hydrocarbon contents, the Frasnian-Famennian and the

Silurian shale formations are quite similar to the shaly petioliferous source rocks found

in other sedimentary basins .

b0 Yield as a

	

unction of

	

atw°ity

Figure 23 shows the C15+ hydrocarbon concentrations (normalized to organic carbon)

of both formations as a function of maturity. Excluding the oil stained samples, it

clearly shows that most of the extracted samples from the Frasnian-Famennian (BIB-2,

'-1) and Silurian (FISN-1) are within a narrow range of maturation (from 0.83 to

1 .16%) as expressed by Ro values, and that the extract yields are in the range of 30-

100 mg/g Corg* The diagram also reveals that as maturation proceeds, the amount of
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Fig. 23 : Total extract yield (flow blending method) as a function of the maturity level
reached by the Frasnian-Famennian and the Silurian formations . For
comparison, the trend of Fosidonia shale has been superimposed using data
from I ullkätter et al.(19SS). Note the logarithmic scale for the solvent
extract. O.S .S, oil stained samples.

total hydrocarbons decreases as established by the samples from BRD-4 well which

are overmature with respect to the oil generation window. indeed, -Rullkötter et al .

(198$) showed for the Fosidonia shales that the amount of extractable organic matter

increases until a certain maturation threshold, after which the yield of hydrocarbon

becomes inversely proportional to thermal maturation. In any case, the amount of

hydrocarbons in the mature Silurian and Upper Devonian formations remains in the

range of 30-100 mg/g Corg, values which are observed in other marine type II kerogens



deposited under reducing conditions (Tissot et al., 1971 ; Tissot and Welte, 1954;
Dullkötter et al., 19äS). On the other hand, Rullkötter et al . (1988) suggested that for
such a kerogen type, about half of the hydrocarbon generation potential is already

released at 0.7 % RO, at least under conditions of high geologic heating rates.

Fig. 24: Evolution of the yield of extract

(normalised to Carg) as a function of

maximum burial of the Frasnian-
Famennian formation. For
comparison, the trend of their
equivalent in the Illizi Platform is
superimposed using data from Tissot
et al.(1973). ß.S.S, oil stained
samples

Figure 24 shows the extractable organic matter, normalized to organic carbon, as a
Panction of maximum burial depth for the Frasnian-Famennian formation. For
comparison, the hydrocarbon generation curve established by Tissot et al . (1973) for

the Middle-Upper Devonian sequence of the Illizi Platform is superimposed . The data
obtained in this study shove an increase of the ratio of extract to total organic carbon
from about 3750 m to about 4250 m where the data culminate. From 4250 m
downwards, a decrease is observed, corresponding probably to the formation of lighter

products (gas) . In the illizi Platform the ratios culminate at a depth of around 2000 m,

hence indicating that maximum oil generation is much shallower, thought mean Ro

values are in the same range as those observed in the Berkine Basin (0.8-1 .0%; ally

et al., 1997). Assuming that no significant differences in the petrophysical properties of
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the rocks in the two areas, only higher heat flow values in the Illizi platform can

account for such differences . The possible causes which might have played a role in

enhancing (Illizi Platform) or prohibiting (Berkine Basin) the maturation of kerogen

are discussed in Chapter VI with respect to basin modelling.

cl Compound Class Composition

The different compound classes of the Frasnian-Famennian and Silurian rock extracts

and crude oils as derived from MPLC are listed in Table 4.

The saturated and aromatic hydrocarbons and heterocompounds (resins and

asphaltenes), which are the main components of c1.LSde oÄIJ `rRÄssot and v~~elte, 198Y),

are presented in a ternary compositional diagram (Fig . 25). Three of the crude oil

samples (CTT-35, E-102 and IAA-2) show a rather similar composition with high

amounts of saturates (>80 %) and low quantities of aromatics (about 20%) and

heterocompounds (less than 2%). These proportions reflect their light character(41-45°

API). The oil sample RNSE-3 is the heaviest one (30°API) . This is evidenced by its

relatively elevated heterocompounds content (15%). According to these observations,
the oils can be considered as parafffnc oils (Tissot and

	

elte, 1984).

The extracts show a rather similar composition with high amounts of saturates and low

yield of aromatics.Tile enrichnent of some samples, Sücli äS those of tiie iI an

formation (Fig . 25), in polar compounds is consistent with the expulsion theory which

suggests that volatile aliphatic hydrocarbons (low molecular weight paraffins) can

more easily escape from a source rock than do polar compounds (Tissot and gelte,

1.984) . The high hydrocarbon contents of the samples located in the Upper left corner

of the diagram eight be rock-matrix controlled (Espitalie et al., 1980, Espitalie et al.,

1986). In fact, certain organic matter-rich shale intervals were probably more prone to

the early blockage of the pore throat than intervals where shaly a-Lid silty laminae were

more common. Furthermore, these samples show an aliphaticlarorriatic ratio of less

than unity in contrast to the other samples. Indeed, the differences observed in the

aliphaticlaromatic ratios are not due to maturation differences, but might be related to

migration efficiency by diffusion due to the low permeability of these domains. For

instance, Hanebeck (1994) has shown that in the absence of an interconnected aqueous

phase diffusion can still proceed in the bitumen-saturated pore space where diffusion
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Tab. 4: Yield of saturate, aromatic and heterocompounds (resins and asphaltenes)
fraction as derived from MPLC of Devonian and Silurian shale rock extracts
(top) and crude oils (bottom) . The highlighted identification numbers are
samples from the Silurian and the Frasnian radioactive zones. Samples with
asterisk are condensate samples . nd, not defin=ed .

Sample Well
name

E44272

E44274

B44276

E44280

E44281

E44284

E44288
E44293

E44254

E44256

E22263

BRD-4

WT-1

HSN-1

Fields

Age

Famenniarl

Fa
_
2nemian

Fa ,n«ian~

Frasnian
Frasnian

Givetian

Emsian
Silurian

Silurian

Si1t~°iaan

2.02

0.88

Res. rhe

T

	

Sat Aro Hetero Sat Arom Hetero
(°C)

	

g1g extract

	

%ofextract

521
446

56

247.70

47.75 30.93

165.48 84.36

78.42

27.07
22.17

96.31

93 .30

94.36

143.21

193.54

136.24

95.24

48.28

60.86
67.28

41.17
46.10

49.94

40.63

39.70

22.21

47.95

19.42

27.84
22.92

29.43

29.44

26.24

18.23

9.72

33.24

11.28

9.78

29.39

24.45

23.81

41.13

50.57

14.35 63.39
24.44 27.59

nd

0.94

nd

449 153.36 49.28 107.90 49.38
447 183.99 57.81 92.96 54.96
432 180.08 448.83 35.17 27.11

15.86 34.74

17.26 27.76

67.58 5.29
0.98 439 178.46 235.79 29.02 40.25 53.19 6.54
0.98 447 20.2.34 49.00 91.09 59.08 14.30 26.60
0.96 441 159.51 299.35 26.44 32.86 61 .68 5.44

429 107.32 30.27 175.56 34.27 9.66 56.06
1 .08 439 127.04 51.07 170.46 36.44 14.65 48.90
RA 436 111 .219 35.59 9,. AL 10

V7 rV .LO 14.77 33.04

Famennian 0.94 427 113.87 43.56
Frasnian 438 146.00 66.80
Frasnian 1.03 447 152.43 51.93
Frasnian 1.13 463 134.89 96.43
Frasnian 0.96 461 175.94 112.35
Silurian 1.81 360 197.86 103.96
Sil ian rid 548 141.46 63 .47
Silurian 2.09 nd 151.94 37.20
Silurian 1 .97 527 ad 12704.98
Silurian

E44516 GT-35 Triassic 41.48 323.99 19.50 2.69 93.20 5.60 1.18
E44517 HC-102 Triassic 43.21 281.52 17.33 1 .78 93.24 5.74 1 .01
E44518 KA-2 Triassic 44.51 145.41 22.93 1 .87 84.84 13.30 1.77
E44519 RA-8* Triassic 176.84 30.14 0.75 85.12 14.50 0.00
E44520 RC-l* Triassic 365.47 10.85 0.55 96.90 2.87 0.00
E44521 RNSE-3 Triassic 30.00 140.46 21-86 8.12 73.40 4.24 15.14



of saturated hydrocarbons is faster than that of aromatic compounds.

alAromatic Hydrocarbons

5-2-21Molecular Charactetisation

57

® Crude oils
Fra-Farnennian
Silurian

Fig. 25: Relative composition of the Frasnian-Famennian and Silurian shale solvent
extracts (flow blending method) and crude oils produced from different field
reservoirs, as derived from

	

PLC fractionation. C.S.S, oil stained samples.

Compositional variations and amounts of the aromatic compounds in sedimentary

organic matter, especially diaromatic (naphthalenes) and triaromatic (phenanthrenes)

compounds with increasing maturity has gained wide acceptance in the last fifteen
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maturity indicators rely either on an increase of the degree of alkylation of a given

parent compound, namely ratios of quantitatively prominent 2-ring and 3-ring

aromatics, with maturity, or on a change in the isomer distribution of alkyl-aromatic

homologues towards thermally more -stable isomers. In particular, the most widely

preferred and accurate aromatic maturity parameter is the methylphenanthrene index

(MIPI-1), introduced by Radke et al . (1982) . Based on such a parameter calibrated

against vitrinite reflectance on a series of bituminous coals and type I! kerogen, Radke

(19$$) suggested that a calculated value of vitrinite reflectance can be determined by

:using empirical formulas such as Re= 0.6 MPI1+0.4 and Re = -0.6 MPI1+2.40 for

vitrinite reflectance lower than 1.35% and greater than 1 .35%, respectively .



Tab. 5: Selected maturity parameters for the aromatic hydrocarbon fraction of
Devonian and Silurian solvent extracts (top) and crude oils (bottom) .
Equations for calculations of ratios are given in the appendix . The
highlighted identification numbers are samples from the Silurian and the
frasnian radioactive zones.Samples with asterisk are condensate samples. nd,
not defined .

58

+

81

.4 ;

3763.00

3792.00

3886.00

3924.00
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,ci- .n

Frasnian

0.88

+

0.94

+

0.87
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1
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' 4220.00 n + 19+ 1.05 2.14 1.21 1.Aj
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Orib .

Remo Res- Age 'APT

E44516 GT-35 Triassic 41 .48 1 .25 1.69 2.28 1.41
E44517 HC-102 Triassic 43 .21 1.04 1.27 1.83 1.06
E44518 '

.
-2 Triassic 44.51 0.94 1.18 1.49 0.90

E44519 RA-8* Triassic 0.49 0.64 10.00 3 .02
E44520 RC-1* Triassic 0.87 0.68 2.23 0.78

E44521 . RNSE-3 Triassic 30 1.19 1.68 1 .85 1.32

Sample

ID--

wen
ng

Depth
fin)

Age RO

NI
+ ä 3992.00 .1+.c . . .1 +4 0.84 4 0.9 .

E44240 4212.00 Frasnian nd 0.88 1.61 0.97 0.80
M.n

11 Framian 1.03 0.93 0.88

00 9 . -

1 + 9- 6 0.89
f .i 86 0.92

4
Silurian +. +

1,74 0.95 1,

4692.00 Silurian 2.09 1 .83 1 .61 1 .15 0.78

4712.00 Silurian nd 1 .74 1 .80 1 .88 0.93

---
900 + 1 86 +8

400 ,1e t .t tt. 08+ 1 .77
19+ 1



A set of selected maturity parameters (Tab. 5, equations given in the appendix) based

on alkylnaphthalene and alkylphenanthrene ratios are plotted against measured vitrinite

reflectance data for the Frasnian-Famennian shale sequence (Fig . 26). The diagram

shows that a reasonable correlation exists for the methylnaphthalene ratio and the

methylphenanthrene index ( 1R and I-1). This is in particular established for

vitrinite reflectance values of less than around 1%, which corresponds to the late

mature hydrocarbon catagenesis zone. The variation of the methylphenanthrene ratio

with maturity, however, is not clear and is likely to be inversely proportional to the

maturation of organic matter.

2.0

1.5

1.0

1.5
1.3

F.1

0.9

0.7

0.5

.75 t.eU 1.25

1.00

0.75

0.5 1

	

1

	

0.501

0.50

	

0.75

	

1.00

	

1.25

	

0.50

	

0.75

	

1.00

	

1.25

Parameters are based on the studies
of Radke et al ., 1952 and Radke et
al ., 1956

Fig. 26: Evolution of selected maturity parameters (MNR, i

	

I-1 and MPR) of the
Frasnian-Famennian shale solvent extracts.

The aLkylnaphthalene based parameter

	

TR outlines a positive linear trend up to

around 1 .1% RO. After this threshold, the MNR is decreasing with increasing RO.

Therefore, this ratio may be useful for establishing maturity of the Devonian shales

particularly in the main zone of hydrocarbon generation typically associated to vitrinite

reflectance values between 0.5% and 1.1% (Tissot and Welte, 1484).



The alkylphenanthrene ratio MPII is known to show a good correlation for type M
kerogens between 0.5% and 1.3% (Radke and Welte, 1983), corresponding to the
classical oil generation window. In Figure 26 MPII increases as the maturity

progresses up to a certain Ro limit. Because of the absence of Upper Devonian samples

of higher maturity, the variation ofMPII at higher degree of thermal alteration cannot
be shown. Assuming that the organic facies associated with the Silurian source rock is
similar to that of Devonian, which is mostly the case, this ratio shows low values at
higher thermal maturity levels (Tab . 5, well BRIE-4) indicating probably that the same

effect as observed by Radke and

	

elte (1983) after the 1 .3% Ro threshold is present

here . This is illustrated by Figure 27 where RQ values are plotted against a maturity

parameter based on M-PI-I (R-_) and where a linear increase of Rc wif increasing Ro is

observed throughout the entire maturity range observed in the complete data set (i.e .
Silurian and Frasnian-Famennian shale formations).

0.5 .7 0.9 1.1 i..3 1.5 1 .7 1 .9 2.1 2.3

Fig. 27: Relation between measured (Ro) and calculated (Rc) vitrinite reflectance of the
whole sample set. Rc is based on the study of Radke and Welte (1983).

Further geochemical investigations in this way are highly required . The confirmation
of this relationship may solve maturity assessment problems generally encountered in
the Palaeozoic strata and particularly for the pre-Devonian sediments where true
vitrinite macerals are absent.



Figure 28 shows the variation of aromatic maturity parameters, analogous to those of

Figure 26, as calculated for crude oils . The diagram shows an opposite relationship to

that observed for the rock extracts. The alkylnaphthalenes and alkylphenanthrenes,

namely

	

NR and M.PI-1, are inversely proportional to the API gravity of the oils. In

general, as the API gravity of the oils increases (i.e . maturity increases), the

	

Rand

MPI-1 decrease . The methylphenanthrene ratio (MPR-1) shows more scatter with the

sample CT-35 yielding values different to the others . This is distinctively pronounced

in the RA--8 condensate sample where this ratio reaches the value of 10 (Tab. 5) .

2.5
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1.0

0®5

0.0

b®Saturated Hydrocarbons

RNSE-3

	

-35

	

-101

Usamale

61

Fig. 28: Calculation of selected parameters (analogous to those of Figure 25) for crude
oils from different gelds (see Figure 1 for location).

b-1I WholeRock Extracts and OilHydrocarbon Distributions

The chromatograms resulting from GC analyses of saturated compounds represent a

molecular weight distribution of this hydrocarbon fraction . The major components are

a series of n-alkanes which contain from ca . 10 carbon atoms to ca. 35 carbon atoms.

The preservation of molecular features bearing the imprint of their biochemical

precursors in ancient sediments is commonly observed . The type of data acquired from

gas chromatograms providing information on kerogen type, maturity and depositional



environment include the pristanelphytane concentration ratio (Brooks et al., 1969;
Connan, 1974; Powell and McKirdy, 1975). Whether there is a bias towards longer
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Fig. 29: Gas chromatography fingerprints of selected samples from the Frasnian-
Famennian and Silurian formations of different maturity levels (as deduced
from R(, and Re). Description includes sample identification number, well
name and maturity. 5a-Androstan, internal standard

(C27) or shorter (C17) chain lengths and whether there is a preference of either odd or
even alkane chains among the normal alkanes is described by carbon preference index
values (CPI; Bray and Fvans, 1961 ; Philippi, 1975; Tissot and Welte, 1984)).
Figure 29 displays the normal. paraffin (n-alkanes) and the isoprenoid (pristane and
phytane) distributions of selected Frasnian-Famennian and Silurian rock sa-nples as
inferred from gas chromatographic analyses . The most striking molecular feature is



their uniformity in distribution patterns and their virtual maturity independence on a

molecular level (e.g . samples E44243 and E44256). The saturated hydrocarbon

distributions are dominated by low molecular weight n-alkanes with maximum peak

areas occurring between n- C14 H30 and n- Cls Has. Heavier n-alkanes bearing more

than 20 carbon atoms are low in concentration and a steady decrease of n-alkanes

concentration with increasing chain length is observed . Such distribution patterns are

typical for solvent extractable organic matter and crude oils of marine origin (Tissot et

al ., 1971, 1977). Because of the confirmed marine nature of the organic matter, the

predominance of low molecular weight n-alkanes might reflect that kerogen break-

down reactions of lip d-11c1Ä long-chain. components, sue' as waxes, resillites and

exinites, occurred, hence yielding low molecular weight hydrocarbons (Connan et al.,

1975, Po:vell et al., 1982, Po:vell and McKirdy, 1973). (Generally, processes leading to

a shift in n-alkanes distribution from heavy to light components are attributed to a final

stage of catagenesis, after the peak of hydrocarbon generation has already been

surpassed (Tissot and Welte, 1984). Therefore, this feature might be related to

enhanced thermal alteration of the soluble organic matter in both petroleum systems,

which is well confirmed by the established maturity data .

Compositional uniformity is also reflected by selected compound parameters, such as

odd- over even-numbered n-alkanes (CPi), pristanelphytane ratio (PrilPhy) and

isprenoids/n-alkanes ratios (pristaneln- C17 H36, phytaneln- C1s H3s), listed in Table 6.

The carbon preference index, introduced by Bray and Evans, 1961, for the carbon

atom range 23 to 25 are close to or slightly less than 1 . CPI values significantly greater

than 1 and generally attributed to low mature organic matter of te °estrial o-yi-g-i~ (Louis

and Tissot, 1967, Albrecht et al., 1976) are absent in the n-alkane faaction of samples

from the present study. "However, the use of the CPI as organic source input indicator

is problematic because most of the aquatic organisms synthesize odd-carbon numbered

chains in the low molecular weight range, but not in the C2;- C33 , which defines

generally the continental contribution . Moreover, sediments composed only of marine

source material have a CPI of 1 at the surface and them CPI values do not change with

epth (Tissot and Welte, 1984; Hunt, 1996). The n-paraffins are subjected to

secondary processes including biodegradation, thermal maturation and migration

(Tis.sot and Welte, 1984; Peters and Moldowan, 1991) and even over odd predomin-
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Tab. 6 : Molecular maturity parameters for the saturate hydrocarbon fraction of
Devonian and Silurian solvent extracts (top) and crude oils (bottom) .
Equations for calculation of ratios are given in the appendix . Samples with
asterisk are condensate samples . nd, not defined .

E44516 GT-35

	

Triassic

	

41.48

E44517 HC-102

	

Triassic

	

43.21

E44518 KA-2

	

Triassic

	

44.51

E44519 RA-8

	

Triassic

E44520 RC-1

	

Triassic

E44521 RNSE-3

	

Triassic `

	

30

Sa le

ID

E44236

E44240

E44254

E44256

E22263

E44272

E44274

E44276

E44280

E44291

E44284

E44288

E44293

WT-1

HSN-1

4719.00

3754 .00

3763.00

3792.00

3886 .01

3924.00

4117.00

4220.00

2620.00

2660.00

2682.00

Silurian

Famennian

Famennian

Famennian

Frasnian

Frasman

Givetian

Emsian

Silurian

Silurian

Silurian

521

446

449

447

432

438

447

441

429

438

436

2.02

nd

0.

nd

0.904

nd

0.98

0.96

nd

1 .08

nd

yCPI-I
(23-25)

CPI-5 CPI Pr/
(25-31) C17

Ph1
a-Cis

1 .02 1 .07 4.30 0.37 0.26 1.69
1 .00 1 .03 13.81 0.35 0.28 2.10
1 .02 1 .04 8.80 0.27 0 .22 1.80
0.96 1 .02 27.70 4.32 0.26 9.94
0,97 1 .02 ,97 0.35 0.28 2 .21
0 .96 1.04 25.37 0.41 0.35 1.70

1.01 1 .07 19.65 0.32 0.32 1.26

1 .04 1.02 11 .51 0.37 0.29 1 .93

0.93 1.00 2.03 0.33 0.26 1 .79

1.06 1 .10 3.46 0.16 0.07 2.79
1 .03 1.07 3 .59 0.26 0.22 1 .31
1 .05 1 .08 3.70 0.13 0.08 1.76
0.95 1 .25 220.71 0,46 0.41 1.23

0.99 1.35 85.97 0.45 0.41 1.16

1.01 1.07 8.71 0.25 0.22 1 .09

0.97 1.24 143.16 0.45 0.41 1 .25

1.03 1.04 13.04 0.41 0.32 1.51

1.01 1 .04 18.96 0.33 0.24 9.92

1 .05 1.03 14 .35 0.40 0.33 1.83

1.01 1.02 4.92 0.24 0.24 1 .50

1.02 1.03 5.17 0.24 0.24 1.46

1.01 1.04 4.78 0.35 0.35 1.61

1.05 1.05 19.78 0.19 0.19 1.85

0.96 1.05 19.68 0.26 0.26 2.41

1 .01 1.03 192 0.38 0.38 1.40

W-III

e

Depth Age

W (°c) (%)
8K-2 3992.00 Famennian 427 0.94

4212 .00 Frasnian 440

4227.00 Frasnian 447 1.03

4371.07 Frasniän 463 1 .13

4412 .00 Frasnian 461 0.96

BRD-4 4570.00 Silurian 360 1.81

4587.00 Silurian 548 nd

4692 .00 Silts:LZrI 2 .Ün



ance, if it existed, was mostly lost due to maturity effects. For example, hydrocarbons

from high wax spores which have been reported, particularly in Silurian source rock

(Richardson and loannides,1973), are probably diluted by hydrocarbons
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Fig. 3©: Gas chromatography fingerprints showing distribution patterns of n-alkanes
and isoprenoids . (pristane and phytane) of selected crude oil and
condensate(*) samples. Description includes well name, productive reservoir
and oil gravity. 5(x-Androstan, internal standard

resulting from kerogen degradation . Pristane and phytane which are commonly

considered to be mainly derivatives of the phytyl side-chain of the chlorophyll

molecule (e.g . Maxwell et al., 1972; Illich, 1983), and of which the abundance is local-

environlnent dependant (Tissot and Welte, 1984) . are present in all the samples,

suggesting that the biological source did use chlorophyll to synthesize cellular carbon .



In coal and terrestrial organic matter, the oxidation of phytol into phytanic acid occurs
to a large extent during the initial aerobic stage of plant decay, thus resulting into a
progressive generation of pristane by decarboxylation of phytanic acid and therefore,
in an increase of the pristane/phytane ratio (e.g . Connan, 1974; Powell and McKirdy,
1975). However, when catagenesis proceeds, the acyclic isoprenoids are progressively
generated and an increase of the pristane/phytane ratio is observed . Therefore, the
pristane/phytane ratio is also used as a maturity indicator (Tissot and Welte,1984).
Pristane/phytane ratios range somewhere between 1 and 3 in the samples studied here
and never exceed this latest value, as typical for marine source rocks with some
terreswal 11~put (1~c~rdy et al., 193). As has been suggested by Alexander et al .
(1981), maturity can cause an increase of pristane/phytane ratios and might be quite
high as a result of source material not depending so much on the nature of the
depositional environment. Pristane/n- C17

	

36 and phytane/n- C18 Has, to a certain
extent influenced by maturity effects (Peters and

	

oldowan, 1991), are all below 0.5
suggesting deposition under marine conditions .
Figure 30 depicts the n-alkane distribution patterns of crude oil and condensate
samples from fields located in the basin. The n-alkane fraction of all the samples
revealed patterns with short chain components, generally encountered in normal
mat-are oils with maximum peak heights situated between C11 and C15 . it should be
pointed out that due to the light character of the samples, their molecular composition
alight have been slightly affected by evaporation losses ; particularly of the lightest
compounds. In fact, after precipitation of the asphaltene fraction, the crude oil samples
were exposed to evaporation for 24 hours at room temperature. In all the samples CPI
values are around 1 and there is a limited abundance of hydrocarbons in the C2.5-C33

range. Pristane/phytane ratios are greater than 1, and range from 1 .4 to 2.41 . Such
features might prove that hydrocarbons have been originated from source rocks
deposited under marine conditions . Obviously, they originate from a silic1clastic
source rock. There are no indications for a source of carbonate and/or evaporite facies
which commonly result in pristane/phytane ratios below unity.
In summary, the observed predominance of low molecular-weight material in the
source rock extracts as well as in the oil samples may be a result of thermal alteration,
rather than. an imprint of the original organic input. The high concentration of low

66



molecular weight n-alkanes in the soluble organic matter and crude oil could be

interpreted as the result of thermal cracking reactions which generally dilute the higher

molecular weight n-alkanes due to additional hydrocarbon formation (Tissot and

Welte, 1984) . This hypothesis of an overall high degree of thermal alteration of the

saturated fraction, as suggested by their n-alkane distribution fingerprints, might also

be derived from selected compound ratios such as CPI and pristanelphytane (Tab. 6) .

b62 Steranes and Mlerpanes (iological Mar rs)

Biomarkers are lipid-derived compounds that can be linked to particular biological

precursor molecules found In recent, as well as in ancient sediments. XI e 11%st stable

biological marker molecules are preserved over geological time even at great depth

('g"issot and Welte, 1984) . The less stable molecules suffered degradation in response

to increasing depth and temperature (Tissot and Welte, 1984). Furthermore, biological

marker molecules are increasily diluted by newly formed hydrocarbons without

biological fingerprint. The biomarker molecules are synthesized by plants or animals

of which much of their carbon skeleton is preserved, and which are linked to some

major structural types such as cyclic or acyclic terpenoids and steroids (Tissot and

Welte, 1984).

The differentiation and assessment of rock extracts and crude oils with respect to

source rock attributes (lithology, depositional environment, kerogen type and maturity)

increased greatly in the recent years (Seifert and

	

oldowan, 1978, 1980; Peters and

Moldowan, 1991 ; Peters and

	

oldowan, 1993). Ratios of certain saturated and

aromatic biomarker cornpotLmds are some of fhe most commonly used thermal maturity

indicators . These maturity parameters result from two types of reactions involving

cracking reactions (including aromatisations) or isomerisations at certain ,asymmetric"

carbon atoms. Isomerrisations are more commonly used (Petersand Moldowan, 1993).

The most commonly used isomensation reactions are those involving hydrogen atoms

at the C-22 position in hopanes and at the C-20 position in steranes .

GC-MS data (tricyclics, polycyclics and steranes) were used to conduct a more

detailed characterisation of the source rock intervals and crude oils . In general, all the

samples have shown very low biomarker concentrations relative to the n-paraffins (Fig .

28). A comparison between the relative abundance of hopanes and steranes reveals a

67



Tab . 7 : Peak identification of the hopane (mlz 191) and sterane (mlz 217) compounds.

opanes

a, 1 Sa(H)-Trinomeohopane

b, 17a(H)-Trinorhopane

c, 17a(H)-Norhopane

d, Normoretane

e, 17a(H)-Hopane

r, 17a(H)-Homohopane (22S)

g, g1'r~,ta (,

	

')-Hi~%hd~o}~a%e ('22R.)r~~

i, j, 17a(H)-Bishomohopane (22S and 22R)

k,i, l7a. (ti)-Trishomohopane (22S and 22R)

m,n, 17a (H)-Tetrakishomohopane (22S and 22R)

o,p, 17a (1=I)-Pentakishomohopane (22S and 22R)

S%ranes ( lz 217)

A, 13ß,17a-Diacholestane (2ßS)

B, 3ß,17a-Diacholestane (2ßR)

P', 14a, l7a-Cholestane (2ßR)

C, 140, 170-Cholestane(20R)+ 24-Ethyl-13p, 17a-Cholestane (2ßS)

H, 14ß,17a-Cholestane (2ßS)+ 24-Methyl-13a, 170-Diacholestane (2ßR)
I,

	

14a,17a-Cholestane (2ßR)

.I, 24-Ethyl-13ß,17a-Diachoiestane (2ßR)

M, 24-Ethyl-14a,17a-Cholestane (2ßS)

N, 24-Ethyl-13a,17ß-Diacholestane (2ßR)+24-Methyl-140,170-Cholestane (2ßR)

24-Methyl-14,17a-Cholestane (2ßR)

Q, 24-Methyl-14a,17a-Cholestane (2ßS)

R, 24-Ethyl-I40,17ß-Cholestane (2ßR)

S, 24-Ethyl-l40,17ß-Cholestane (2ßS)



slightly greater abundance of hopanes. Low amounts of steranes and low

steranelhopane ratios are thought to be indicative of non-marine material and/or

microbial activity (Tissot and Welte, 1984; Peters and Moldowan, 1993). Conversely,

high amounts of steranes combined with high steranelhopane ratios are considered to

be typical of marine organic matter ; planctonic and or benthic algae being the major

contributors (Moldowan et al., 1985) .
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opane (above) and sterane (below) distribution patterns of Frasnian sample
(E 44247, well BK-2, 4371 m). See Table 7 for peals identification . Carn,
Gammacerane. st and diast are steranes and diasteranes, respectively .

The identification of the terpanes and tentatively of the regular steranes are given in

Table 7, whereas Table 8 summarizes the biological marker compound ratios for rock

extracts and oils . It should be noted that the low biological marker concentrations,



particularly those of the steroids, prohibited unfortunately the calculation of the
complete set of compound ratios . The maturity, as expressed by hopane isomerisation
ratios (22S/22S+22R) of all the samples are around 0.6 (Tab. 8), showing an
�equilibrium value" and thus indicating that the oil window has been reached or
surpassed (Seifertt and Moldowan, 1970. Two samples (F44274 and E44276),
however, exhibit a C32 22S/22S+22R ratio of less than 0.5 . This is strange because
extended hopanes have generally reached their equilibrium.
Figures 31 and 32 show the terpane and sterane distribution of selected organic-rich
samples from the Frasnian and the Silurian radioactive zones, as determined from CC-
MS analysis, and represented, respectively, by the rn/z 191 and nvz 217 ions . Almost
the same fingerprints are observed . The tricyclic terpanes in the range of C20 to C2s
which are thought to represent evidence for the contribUtion of higher plant nnaterial
(Tissot and Welte, 1954) are nearly absent . Pentacyclic terpanes which belong to the
hopane series, and including molecules from C27 to C35 are dominated by CM hopane
and a full range of C31 to C35 homohopanes. The distribution and occurrence of
C31 to C35 homohopanes, derived from bacteriohopanetetrol, are paleoenvironrnental
indicators (Peters and l oldowan, 1991). The C31- C35 homologues show a regular
stair-step progression, typical for source rocks deposited under marine shelf conditions
(Peters and Nloldowan, 1991, 1993). The resulting very small homohopane indices
(C35/C31 -C35, Tab. 8) suggest that anoxic conditions did not occur at the time of
deposition (Peters and Moldowan, 1991). However; suboxic to dysoxic bottom water
may have existed (Tyson and Pearson, 1991) . The occurrence of hopanes reflects the
contribution of prokaryotic membranes present in bacteria and blue-green algae
(Ourisson et al., 1979; Tissot and Welte, 1984; Peters and Ivioldowan, 1993).
Camrnacerane, which is indicative of hypersaline environments (Ten Haven et al.,
1988), is present in all the samples, but in low to very low concentrations indicating a
shaly rather than a highly saline calcareous or evaporitic source rock .
The norhopane (C29)/ hopane (C3o) ratio is less than 1 and the C33- C35 extended
hopanes are relatively low in concentration. High concentrations of C29 norhopane and
a considerable enrichment in C33- C35 extended hopanes, as a result of preferential
preservation in the presence of sulfur, are frequently observed in sediments with
limited iron availability such as carbonates and evaporites (Peters and Moldowan,
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ID nam (m}

IME BK-92 4371 .00

00

1

	

11

	

4597.00

464719.00

1

E44280

	

3886.00

'

E44284

	

4117.00

4220.00

1 .0

60.0
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FWA
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E44517

	

HC-102

E44518

	

KA-2

E44519

	

RA-84

""520

	

RG1P

E44521

	

RNSE-3

Tab. 8: Hopane biological marker compound ratios for selected Devonian and Silurian
solvent extracts (top) and crude oils (bottom) . The highlighted identification
numbers are samples from the Silurian and the Frasnian radioactive zones.
Samples with asterisk are condensate samples. nd, not defined .

71

Age 225I

22S+22R

TS/

T~+TB

Hop!

Hap+lgflr

C351

C31-C35

Ga/

Ga+Uflp

Gal

Hop

Fra + 0.62 0.45 0.95 0 .10 0 .00 0 .00

1 1 0 .87 1

i 0 .61 1 1 .0

MO ~ 99 AM

Silurian 0.61 0.51 0.90 0.13 0.14 0.16

.it 1 1 8 .. 1

.m 0 0.85 0.72 0 .12 030

ar ri ,i 0.42 0.86 00 0.00 1

Frasdan 0.61 0 .48 0,90 0.13 0.13 0.15

-.r[ .r 0.62 0" 0.08 1 0.16

Ghldm M9 0.513 0.88 0.13 0 .11 OA

r 0 .56 0.86 0 .08 11'

SMM 0.60 OA fl .9 11 0. 112 0.10 0.11

r 0.60 0 .39 0 .91 1 0

Age

Triassic rid T~ rd

Triassic 0.69 0.59 0.85 0.09 0.23 0.30

Tnassic 0.61 0.66 0.1 0.07 0.07 0.05

Triassic 0.54 0.48 0.86 0 .09 0.16 0.14

T~ ¬ c 0.49 0.54 0.85 0.08 0.21 0.27

Triassic 0 .63 0 .49 0 .91 0.07 0.1 G .11



1993). ®leanane which indicates the influx of angiosperms is absent . This is not
surprising, since angiosperms only developed in the Cretaceous.
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Fig. 32: Hopane (above) and sterane (below) distribution patterns of a Silurian sample
(E 44267; wel l3 -4, 4719 rn). See Table 7 for peak identification. am,
Cammacerane

The steranes which are thought to be mainly sourced from eukaryotic organisms in
sedimentary organic matter (e.g. Curisson et al., 1979) are dominated by C29 regular
steranes, especially the aococ2QR epimers, with high concentrations relative to the C2,7

and C28 regular steranes . High concentrations of C29 steranes originally were proposed
to be associated with a terrestrial contribution of organic matter to sediments and crude
oils (Huang and Meinschein, 1979; Robinson, 1987). However, it was subsequently
noted that such distributions are typical for Palaeozoic strata in general, particularly
for those deposited prior to the development ofhigher plants (Ruilkötter et al., 1986;



Tissot and Welte, 1984). Therefore, the terrestrial origin of the C29 steranes has lately

been questioned. Especially, the occurrence of C29 sterols in lower Palaeozoic and

Precambrian sedimentshas lead to the conclusion that there must be unknown marine
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Pig. 33. Hopane (above) and sterane ('below) distribution patterns of a crude oil sample
from well

	

TSE-3 (E44521) . See Table 7 for peak identMication.

organisms which do contribute to such carbon-skeleton precursor molecules (Volkman,

1986, 1988). In addition, Nichols et al . (1990) showed that large amounts of C29

sterols are produced by marine diatoms during the spring bloom in cold Antarctic

waters . Cyanobacteria (blue-green algae) could also contribute to the C29 steranes as

suggested by Matsumoto et al . (1982) and Powler and Douglas (1987). C30 sterane, a

dinoflagellate algal marine indicator is present in all sample but in very low

concentrations . :Although their presence in Palaeozoic sediments was confirmed by

microscopic analyses of some of the Devonian samples, this fact is not surprising



because the bloom of dinoflagellates occurred during Mesozoic and Tertiary time
(Tissot and Welte, 1950. All the samples contain variable amounts of Cap and Cas
diasteranes, indicating clay catalysis in their source rocks (Sieskind et ales 1979).
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fig. 34: Hopane and sterm~e distribution patterns of a condensate sample from well
RA-5 (E44519) . See Table 7 forpeak identification . Gain, Garrunacerane

used on these observations it can be concluded that both the Frasnian-Famennian and
Silurian source rock formations contain mainly marine organic material deposited
under suboxic to dysoxic marine shelf conditions. Remains of bacteria are also
common . 3n fact, extracts do not have high hopane Isterane ratios which are common
in terrestrial organic matter.
Figures 33 and 34 depict the terpane and the sterane distribution patterns of the crude
oil and condensate samples analysed in this study. All the samples have reached
equilibrium, as expressed by the C32 22S122S+22R ratio of about 0.6. Such values are
also observed in the source rock extracts (Table 6) . An important geochenlical feature



observed here is that in almost all the oil samples, except the KA-2 oil from the north-

eastern part of the basin, the concentration of biornarkers, particularly the triterpanes,

is very low or near the detection limit. Biological markers are more abundant in the

condensate samples. This is surprising and the opposite should be observed, if we do

consider that precursor molecules suffer thermal degradation (Tissot and Welte, 1984).

Possibly, this condensate is the result of physical separation (migration) processes

rather than due to a generation feature.

The most representative oil samples are generally characterised by similar biological

distribution patterns and show great analogies with the Frasnian-Famennian and the
Silurian rock extracts . The aA/z 19 11 CirGII'iatGgraaiAs are dominated by C30 h panes and

extended C31 to C35 homohopanes. On the other hand, the C29 regular steranes

dominate the rnlz 217 mass spectra. The fingerprints revealed that all he samples were

sourced from aquatic organic matter.

By a detailed examination certain distinctive features can be observed and the samples

can be classified in two groups . The first group includes the oil samples CT-35,

HC-1©2, and RNSE-3 (Fig.l) . Croup 2 includes an oil and 2 condensates represented,

respectively, by the samples KA-2, RC-1 and

	

-8 . The difference between the two

groups is due to the fact that group 1 contains much lower terpane concentrations than

group 2. This effect is obvious and is shown by the defocusing caused by the high

concentration of paraffins compared to biomarkers (Peters and Moldowan, 1.993) . This

observation was also reported for some source rock extract samples, particularly those

from the Upper Devonian formation. The sterane fingerprints do not clearly separate

the samples ?qto distinct genetiC type families, although there is a tendency that group

2 is slightly enriched in steranes . In view of the present observations and in the light of

the, geology of the area, group 2 is likely to have a Silurian source rock. This group

.correlates well with the group 3 oils defined by ESP Petroleum in the I11izi Platform

` and attributed to the same source rock. The group 1 oils, on the other hand, correlates

with group 2 defined by the same company. A contribution of both Silurian and Upper

Devonian has been proposed . However, if the latter source rock did contribute to the

group 2 oils, a long-distance lateral migration should have occurred, because the

presumed source rock is eroded in this part of the basin, where only the Silurian is

preserved (Fig.7). It is more likely that these oils have also a, yet unproved, Silurian
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origin. Phenomena such as crude oil alteration tend do obscure the original character
of the oils, and affect, therefore, crude oil correlation studies.

used on geological considerations and the geochemical results, it follows that :

® The organic-rich units of the Silurian and Frasnian-Famennian formation were
deposited under dysaerobic to anaerobic conditions, developed within a continental
shelf environment during maximum transgression of an epicontinental sea. Fine-scale
laminations in the organically-rich members are very common and suggest a restricted
low energy environment associated with isolated bathymetric lows. Fully euxinic
conditions may have occurred in the organic-rich basal radioactive members of both
formations (subfacies A and Cl of Figure 9) making them the most important source
rock horizons . The Silurian radioactive member is characterized by a complete absence
of any benthos or nectobenthos (ammonoid) species, and by the presence of pelagic
organisms such as graptolithes which are tolerant in extreme marine conditions . In the
absence of benthos, sulfur bacteria mats coated the sediments until fully anoxic
conditions were established (WignO, 1994). The presence of some benthos species in
the Frasnian radioactive member, on the other hand, indicates a deposition in partly
oxygenated water. An episodic colonisation may have reduced the anoxia, although
several bivalve species can also withstand dysoxic conditions (Pearson and Rosenberg,
1975). Terrestrial organic matter is low in abundance, suggesting low continental run-
off at the time of deposition . High planktonic productivity in the surface water and
restricted circulation resulted in a deposition of organically-rich oil prone source beds.
The relatively high hopane to sterane ratio indicate extensive reworking of the primary
organic matter during early diagenesis by anaerobic bacteria. The regressive sequences
(i.e. Famerurian and Upper Silurian) are less organic-rich units, although measured

Corg . values may . underestimate the original organic carbon content . of a given

formation. Those effects are particularly pronounced for mature,formationsthat have
generated and expelled hydrocarbons.

The Frasnian source rock is in the main zone of hydrocarbon generation (oil/wet gas
zone) in most of the I3erkine Basin. Except for the northern part of the basin, the
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Silurian hot shale formation, on the other hand, is overmature with respect to oil

generation, i.e . in the gas generation zone.

,, Aromatic maturity parameters such as the al-kylnaphthalenes and the

alkylphenanthrene ratio (MNR and MP1-l) may be useful for the assessment of the

maturity of the Devonian and and post-Devonian stratigraphic units. For the pre-

Devonian sediments, due to the small set of samples analysed, further geochemical

investigations could not be carried out in the context of the present work. Future

investigations would be very helpful.

Although some small distinctive features can be observed the rock extracts and oils

exhibit insufficient variability in their molecular composition that would allow

assignements of genetic relationships between the oil samples and the Frasnian and the

Silurian source rocks. Phenomena such as organic facies similarities_ and alteration as

well as maturation effects tend to obscure the original character of the bitumen and oils

and affect, therefore, accurate correlations . Nevertheless, based on geological

considerations, it is possible to speculate that most of the oils analysed in this Oudy

have a Silurian source rock as origin . The contribution of the Frasnian source rock to

the hydrocarbon pools situated along the Amguid El Piod- assi Maessaoud structural

trend would necessitate a long distance lateral migration which implies the absence of

any permeability barriers (i .e. lithological and structural seals) . The 2D basin
modelling study (Chapter 6.4) should validate. or invalidate such a speculation.
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6. asin Modelling

6-1 Principles of Computer-Aided Basin Modelling

Integrated geological modelling, using mathernatical models is a fundamental
technique in petroleum exploration. In particular, deterministic (as opposite to
probabilistic) models attempt to quantify the formation and development of
sedimentary basins based on the best input parameters including sedir aentology,
stratigraphy, paleogeography, hydrodynamics, geothermics and organic geochemistry
(Ungerer et al ., 1984; Yalcin et al., 1988 ; Poelchau et al., 1997). Once the geologic
evolution of the basin is optimized by minimizing differences between computed and
measured data, the simulation tries to quantify generation and expulsion, migration and
areas of hydrocarbon charges by coupling the equations which describe the
compaction history and subsequent overpressure development and the thermal history
and subsequent hydrocarbon generation history,
In basin modelling, organic maturity parameters such as vitrinite reflectance are used
to optimize temperature histories . Models for vitrinite reflectance prediction using
chemical kinetic approaches were provided by 1.arter (1989), Eurnham and Sweeney
(1989) and Sweeney and Burnham (1990) . The geochernical aspects are provided by
Tissot and Espitalie (1975), Tissot et al . (1987), Burnham and Sweeney (1988) 5
Ungerer (1990) on the kinetics of petroleum generation and expulsion; Ungerer et al .
(1990) on basin-scale modelling of fluid flow, and Welte (1987), England et al .
(.1987), Durand (i98v.8 ) and Sc1Äowalter (1989) on üie phlysics of peL~ioleuln lüiglat!Vr1.

The techniques of basin modelling concepts and approaches are well described by
Poelchau et al., 1997 and Yalcin et al., 1997 which can be taken as references for
further information .

6-1-1 Application and Material

One of the fundamental tasks in basin modelling is to investigate subsidence and
erosional periods and their relationship to temperature, the most critical parameter
(Tissot and Welte, 1984), and hence hydrocarbon generation. It is widely accepted that
the reliability of migration and hydrocarbon charge depends on the reliability of the
modelled hydrocarbon generation history.
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A total of eight key wells from different parts of the Berkine basin were subjected to

1D numerical simulations in the present study. These are respectively BIK-2, "AIT-1,

SF-1, BBK-1, BRD-4, HAD-1, TZM-1 and KA-1bis (Fig . 1) . Most of these wells were

drilled on compressional and inversion anticlines or on extensional fault block

structures . Four of these wells (BRD-4, WT-1, BIB-2 and SF-1) were used for the

reconstruction of the 205 km cross-section for which detailed stratigraphic and

structural interpretation was established. The cross section was subjected to a 2D

modelling study, notably for the reconstruction of sedimentation, paleopressures and

those factors related to hydrocarbon generation and migration.

Tile reconstruction 01. ¢üle geological cross section used for ¢use 2D basin rriodell ng was

based on the interpretation and analysis of combined seismic lines and a data set of 11

wells distributed along the rwisect (Fig.35). Despite the thick Mesozoic section ( 1nore

than 3500 in), the penetration energy was good and an Ordovician reflector was

observed locally at up to 4000 ms two-way travel time . Major seismic events (Fig . 8)

were identified by correlating formation tops in the wells to seismic data . Two-way

travel time values were read from the seismic data and then converted to depth and
thickness, respectively, by using mean well velocity-depth relationships . The

interpolation between the wells was achieved by using static velocity data which

provide reasonable information about the geometry of the basin.

PD111D (Pre Drilling Intelligence, version 2.2) and PetroMod/2D (version 3.1)

numerical programs developed by IES (Integrated Exploration Systems, Rilich,

Germany) were applied in this study. The 1D results are quantified for a single

sedimentary section (i.e. well) using a to difference mefriod (' ygrala, 1ß8y) . The

Petrol od program, on the other hand, quantifies parameters in basis evolution for a

finite element grid (FEM) that is established for a series of defined grid points (i.e .

wells or pseudo-wells) and layers (or events).

A detailed description of the theoretical backgrounds of both programs is given. in the

reference user manuals.

.6«1-2 The Conceptual Model

The conceptual model in basin modelling is defined as the description of the formation

and evolution of a given sedimentary basin (Welte and Yiikler, 1881). The conceptual
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model is, therefore, based on the geological framework of the study area. Ist
eleaboration requires at a first basic step a stratigraphic analysis of the basin
sedimentary fill . In this manner, the sedimentation history is subdivided into a series of
stratigraphic units which were deposited during a certain period and referee to as
events . Hence, each event represents a time span during which either deposition
(sediment accumulation), non- deposition (hiatus) or sediment removal (erosion) takes
place. In the same way, structural and tectonic events, such as faulting, fracturing, salt
donning and intrusion of volcanic bodies can be assigned in the conceptual model.
The basic geological model used in the present study is summarized in Table 9. The
Model briefly described here, segregates the !major phases which characterise the basin
development and evolution. After the peneplanation of the Precambrian igneous and
metamorphic basement, widely clastic, both marine and continental Cambrian to
Carboniferous sedimentation occurred (Pigs. 8 and 35). During this first sedimentation
cycle, no substantial interruption in sedimentation occurred, except for some minor
erosional events during the Late Ordovician and Late Ciivetian-Early Frasnian .
After the Hercynian movements, which took place during Late Carboniferous time, the
basin was subjected to erosion for a period of more than 5¬3 my during Permian-
Triassic time. Post-Hercynian and Triassic subsidence led to the development of a new
sedimentation cycle from Upper Triassic (Keuper) to Neogene (Chapter II). This
second sedimentation cycle is also characterised by some minor erosional events
occurring after the Alpine (Eocene) and Pliocene uplift movements, and locally by
substantial erosion after the Austrian orogenic phase, which occurred at Pre-Aptian
time.

Detailed chronostratigraphic discretization led to a maximum of 49 events used in 1D
models. Because of some limitations of PDI.IlD, the 1D models were constructed only
for the time from the earliest Silurian (435 Ma) to recent .
Except for some minor differences the same geological conceptual model was used
with respect to 2D modelling. However, pre-Silurian sedimentation is considered .
Furthermore, certain erosional events which are considered to be of minor importance
to the overall thermal history of the basin (i.e . erosions 1, 2 and 6 in Table 9) are
omitted in order to provide simplification. In the same way, certain geological events
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are aggregated or generalized in order to reduce computation time. The resulting 2D

models contain a total of 60 events, including the erosional events.

Tab. 9: Basic geological conceptual model used it the present study. The identification
name, importance, and the duration of the different erosional events are
indicated. The events in-between erosions correspond to continuous
sedimentation cycles .

e1e3

	

Events

	

IErastau 11d. na

	

e Age

	

2i I Relative intensft,,

The basic input data, described later in more detail, include absolute age for each

evens, thickness, lithologies and their physical and thermal properties (e.g . density,

compressibility, heat conductivity and heat capacity), paleobaihymeiric and ecstatic

change estimates (S WI, sediment water interface temperature); as well as heat transfer

(conduction end convection). For the simulation of petroleum generation and the

dynamics of petroleum through time in the basin, further input data are required and

include the hydrocarbon generation potential (Copg, ) of each source unit, the kinetic

model for petroleum generation, and fluid properties (e.g . composition, density,

viscosity, heat conductivity and heat capacity).

TiZe calibration of the geological model is achieved by comparing measured parameters

with the simulation results (i.e . computed data). Data which are used as calibration

parameters include present temperatures, pore pressure and vitrinite reflectance.

Parameters which do not offer a direct measure such as heat flow, duration of each

event and eroded sediments and their lithology are difficult to constrain. Their
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modification during the calibration procedure must be considered as a � trial and
error" until a good match (maximum agreement) is observed between predicted and
observed data .

6-1-3 The Horizontal Discreiizati®n andthe Generation of the Grid Net QD)

After a well defined geologic time framework has been generated, the 2D profile is
further discretized into a series of grid points or pseudo-wells . The horizontal
discretization is initially performed by the program. The number of the grid point
depends primarily on the length of the section as well as on some important geological
features such as muncations, pinch-out, faults and fades changes. The modification of
the grid is a user's decision and is a function of the expected objectives of the study.
Consideration ;=I1u äeSpe^t t0 COiR.putatiOn ties have also to be takeiI Into .CCGi.iYlt .
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Fig. 35: Geology op the modeled section showing actual hydrocarbon pools and the
different plays. Note that the pre-Jurassic sediments are completely sealed bythick

salt deposits of ~,iassic (Yrletangian) age.The wells used for calibration
(temperature and/or compaction) are designated by an asterisk . Numbers 1-60
`identify events used during modelling. Rock types can be find out in Table 17.
The position of the section is shown in Figure 1 .



The vertical and horizontal discretization resulted here in a 60"95 mesh of finite

elements (Fig. 35) . The fetroMod finite elements subdivide this geologic framework

into a grid net of triangular element cells. Large cells are associated with low

resolution ; therefore, less computation time is required and vice versa. The input data

are incorporated as a function of time and space and stored within each unite grid or

triangular element. The numerical quantification of these data allow the interaction

between sediment subsidence (i.e . compaction and pressure), heat transfer, temperature

evolution with burial and organic matter maturation, generation of hydrocarbons,

migration as a consequence of pressure build-up, and accumulation .

6®1®4Petrophysical rope

	

es of ocks

The most important physical parameters affecting the basin fill during the basin
evolution and leading to the formation of hydrocarbon pools are temperature and
pressure and related parameters . Such parameters have a great control on hydrocarbon
generation, the dynamic of oil and gas and water circulation (Tissot and Welte, 1984;
17oliguez et al., 1986) . The numerical simulation of thermal history in sedimentary
basins consists of 2 basic processes : 1) the simulation of the mechanical processes of

compuation including pressure development, and 2) the simulation of thermal
processes. The numerical treatment of pressure and temperature requires the
quantification of many basic mechanical and thermal properties such as porosity,
permeability, compressibility, thermal conductivity and heat capacity .

a! ThermalConductivity and 'eat Capacity ojRocks a

	

Fluids

Generally, temperature profiles are not linear and show important variations with depth

(Tissot and welte, 1984). These variations are related mainly to thermal conductivity
which depends on the physical and chemical properties of rocks such as lithology,

porosity, temperature and pore filling fluids (Blackwell and Steele, 1989; Tissot and

Welte, 1984, Poelchau et al., 1997). The variation of temperature with depth is well

established by linking heat flow (Q), thermal conductivity (k) and temperature gradient

(dTldz) : Q (mW1rn2) = k M(m /K))'< dTldz ('KI km). From this formula, it becomes
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evident that thermal conductivity of sediments has a great control on temperature
gradients in sedimenntary basins as the lower boundary condition (heat flow) is virtually
constant with depth. In addition to the rock matrix, another important controlling factor
on thermal conductivity is the conductivity of the pore space which is determined by
the pore space configuration and its filling fluids (Poelchau et al., 1997, Yalcin et al.,
1997). Pore filling fluids characterised by their lower thermal conductivity values
compared to those of minerals drastically affect the bulk (or effective) thermal
conductivity .

Tab . 1®: Petrophysical properties of the main lithotypes used during the 1D simulation
procedure (PD1fPQ . Data are from IES (1995) . cpo , k and Cam, are initial
porosity, thermal conductivity and heat capacity, respectively .

The `specific heat capacity is another important parameter during the simulation of
thermal processes in sedimentary basins . It defines the ability of a given lithotype to
store heat (Xalcin et al., 1997). Together with thermal conductivity, heat capacity of
rocks determines the distribution of heat in the basin and, consequently, the maturation
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Lithology Density
k,-/&

~0Q (%) Compf
min

-71kPa)
max

k (WIm/K)
20'C 100°C

C ;̀. (klk4K)
20°C 100°C

SHALE 2680 65 60000 10 1.98 1 .91 0.213 0.258
SFiALEevap 2630 47 7000 10 2.93 2.61 0.210 0.247
SHALEcale 2688 52 5000 10 2.22 2.09 0.208 0.248
SHAALEsilfiy 2677 46 25000 10 2.05 1 .94 0.210 0.254

ShtA_LEsanr_fv 267A 57 9000 10 2.32 2.12 0.205 024$
SHALE&SAND 2669 52 2800 10 2.65 2.38 0A97 0.238
SANDSTONE 2660 42 2660 10 3.12 2.64 0.178 0.209
SANDsilty 2664 46 1200 10 2.97 2.64 0.188 0.2-3
SANDshaly 2666 48 1400 10 2 .78 2.37 0.190 0.228
SANDcalc 2675 42 600 10 3.35 2.59 0.179 0.209
SAND&LIME 2685 42 400 15 2.93 2.54 0.186 0.215
LIMESTONE 2710 24 300 25 2.83 2.56 0.195 0.2-23
LIME&EVAP 2625 21 200 20 4.69 3.95 0.193 0.213
LIME&SHALE 2695 53 1500 20 2.39 2.24 0.208 0.248

i IMEsha19 2700 37 551-1 iV 2.51 2.31 0.203 00.237
LIMEmarly 2707 33 300 10 2.63 2.41 0.201 0.235
LIMEdolo 2750 26 180 10 3.18 2.82 0.198 0.226
DOLOMITE 2836 48 250 10 3.81 3.21 0.202 0.229
DOLOevap 2808 23 78 6 3.75 3.20 0.193 0.208
SALT 2160 6 4 1 5.69 4.76 0.206 0.212

EVAPshaly 2585 20 100 10 3.87 3.31 0.200 0.221
EVAPORITE 2540 10 10 1 4.69 3.91 0.194 0.210

Water : : . 1160 0 2 1 0.60 0.68 0.999 1 .008



of organic matter and hydrocarbon generation . As temperature increases, heat capacity

of rocks increases (Mongeli et al., 1982).

The grain lithotypes used during the 1D (PDI/PC) and 2D (PetroMod) simulations and

their petrophysical properties are presented in Tables 10 and 11 . The petrophysical

properties of fluids used during the 2D simulation procedures are listed in Table 11 .

It should be pointed out that because of the forward modelling approach, PDI/lD and

PetroMod 2D calculate effective thermal conductivities and heat capacities after each

stage of burial (i.e . compaction) due to the variations in porosity and temperature. Both

programs calculate thermal conductivities and heat capacities by interpolation between
~
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Tab. 11 : Petrophysical properties of rocks and fluids used during the 2D simulation
(PetroMod) procedure. Data are from IES (1995) . (po , k, Cam,, K and A are
initial porosity, thermal conductivity, heat capacity, permeability and
anisotropy, respectively .
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bl Porosities and Pe

	

aeabiiiiies

Compaction due to the progressive overburden loading during basin evolution is
another important factor in basin modelling, particularly for the simulation of
compaction processes. The mechanical processes involved during compaction play an
important role not only due to their effect on thermal conductivity and heat capacity,
but also as the main driving force for fluid flow (Magara, 1979, Tissot and Welte,
184). Compaction can be described primarily as a function of pore space reduction
during the burial of sediments (i.e . %porosity reduction) .
Permeability is the additional controlling parameter in compaction processes. In
sediments, permeability is controlled by the effective porosity, the number and type of
interconnected pores, and by the nature of the permeating fluid or gas. Permeability
generally decreases with decreasing porosity during burial . The porosity- permeability
relationship is controlled by primary depositional factors such as grain size,
distribution, shape, orientation, packing and surface area (POiecke and Chilingarian,
1974), as well as by secondary factors such as fracturing, cementation and other
mineralogical processes (Poelchau et al., '1997) .
It should be pointed out that both PDI/1D and PetroMod programs do not use the
inverse, isostatic simple backstripping method which decompact layers using porosity
versus depth relationships and assuming that porosity reduction with depth is a
physical process of water expulsion. In contrast, the observed thickness, lithology and
porosity of each sedimentary layer are input data of the program. By forward (past to
present) modelling, the evolution of thickness, pore pressure, permeability and water
flow velocity are predicted, taking into account the initial porosity, compressibility and
the rates of deposition and erosion. The observed and predicted layer thicknesses are
then compared, and for simulation runs in which more than 1% difference is observed,
the model is re-run in order to optimize the simulation results of the larger thicknesses.

64-5 inputParameters

al Thickness andLithological Data

The thickness and lithology of the different Palaeozoic and Mesozoic units were
defined by using well log and seismic data. 23 lithotypes characterize the 13erkine
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basin sedimentary fill (Tabs . 10 and 11). Generally, the Palaeozoic series are largely
elastics, both marine and continental and comprise mainly alternations of clay and

sandstone (Figs . 8 and 35) . For sediments which are penetrated neither by the wells

nor by seismic data, such as the Cambrian, lithologies were defined by correlation with

nearby sections .

Another critical point in basin modelling is the definition of lithologies of the eroded

formations. Not only the thiclnesses of the eroded overburden, but also their
lithologies can be of great importance to the overall thermal history of the basin (Littke

et al ., 1994) .

bl Estimation ofthe Amount ofEroded Sediments

The estimation of tE~ie tiicknesSes of eroded "®ediri=ents is another cr'~ticak point in ba~in

modelling, particularly where large-scale erosion occurred . The stratigraphic sequence

ofthe Perkine basin contains several unconformities which occurred during the

evolution of the basin (Fig . 8, Tab . 9) . Sediment removal during the Late Ordovician
and Middle -Upper Devonian (see 'Fable 9) took place during very short periods (2 and
3 Ma, respectively) and is therefore considered of minor importance to the overall
thermal maturity . Because of ist long duration (286-231 Ma) and because the
sediments were near their maximum Palaeozoic burial prior to the erosion, sediment
removal during the Hercynian orogeny is the most important one. Sediment removal

started after the general uplift which began in the middle Carboniferous (Visean) and

reached its climax during the Stephanian as a result of the Variscan orogeny. The

importance of the ercynian orogeny is evidenced by many geological observations .

The fist evidence is provided by seismic data which show many Palaeozoic horizons

pinching :out below a major unconfori7ity (Figs.10 and 35). The presence of up to
1500 m of Carboniferous (Tournaisian to Stephanian) sediments in the south-eastern

part of the basin (Fig . 8) might be another evidence . It should be pointed out that

neither the precise thickness nor the lithologies of the eroded overburden, particularly
for the area of deepest erosion (Amguid El Eiod-Hassi Messaoud ridge) are known

exactly. The estimation of the eroded amount of sediments by using the break in shale

porosity-sonic transit time obtained from porosity and velocity logs (Magara, 19'18)

was not possible because of the great present-day depth of the Hercynian unconformity
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(up to 4 km at some locations) . Also, there is no Jump- in vitrinite reflectance values
('Dow, 1977; Littke et al., 1994; Katz et al., 1988) which would provide also such an
opportunity . Consequently, the amount of eroded overburden could only be estimated
from data on units present in nearby sections and from numerical simulations.
Three erosional events occurred during the Meso-Cenozoic cycle. These are
respectively, the Austrian (pre-Aptian), the Alpine (Eocene-Oligocene) and the
Pliocene unconformities (erosions 4, 5 and 6 in Table 9) . These erosional events are of
no or very minor importance with respect to organic matter maturation .

cl Absolute Age

Except for the Cambro-Ordovician sediments which are not always easy to correlate
due to a lack of faunal associations, consistent chronostratigraphic cordelatrons are
available for eastern Algeria and adjacent pats of Libya and Tunisia.
In the absence of specific age data in any given basin, the choice of the appropriate
time scale becomes problematic and subjective . This is mainly due to the existence of
many different time scales (e.g . Harland, 1982, 1990 ; Palmer, 1983; Haq et al., 1.987).
In the case of the present study, the composite time scale of Harland (1990) which
includes the geologic record from Cambrian to the present time, was used .

dl

	

eat Flow Density

The goggar swell in southern Algeria (Figs. 2, 3 and 6), a basement uplift due to a
density reduction of the African upper mantle during the Late Cretaceous-Tertiary, has
the imprint of Cenozoic alkali eruptions (Lesquer et al., 1988; I3autria and Lesquer,
1989) . According to these observations, Takhrist and Lesquer (1989), based on the
evaluation of a large number of logging data (bottom hole and drill stem test
temperatures, and rock Porosities) studied the present heat flow variations in the
different Sahara basins . Although no recent volcanic activity has been reported, except
for some narrow volcanic structures in the Illizi district (Megarttsi, 1972; Bossiere and
Megartsi, 1982), the study showed that the Sahara basins are characterized by higher
than normal average heat flow values (80 mVdlrn2 and more) with maximum values
(90-130 mW/m2) registered in the Illizi Platform . These thermal anomalies are thought
to be she result of a Tertiary (30-40 Ma) thermal perturbation of the upper mantle
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(Lesquer et al . (199©) . This is particularly important in the present study because a

direct 'Link is expected to occur between these hot spots and the maturation of organic

matter .

As outlined by Yalcin et al., 1997, not only the present heat flow but also the

paleoheat flow must be known for the reconstruction of thermal history of sedimentary

basins . However, although basal heat flow is considered as an input parameter in basin

modelling, it is often difficult to define this value and its behaviour in the past based.

Because no measurable maturity parameter is directly converted to paleotemperatures,

the heat flow used in the reconstruction of the thermal history of sedimentary basins is

always simplified grid calibrated against maLtinty profiles such as vitüinite reflectance.

Fig. 36: Heat flow scenario used for the Berkine Basin. This model represents the best
fit to tectonic events.

The heat flow assumption used in the present study attempts to match heat flow

variations to geological events. It is based on the theory of ackenzie (i. 978) which

suggests that the period of stretching and thinning of the lithosphere and the uprising

of the asthenosphere is associated with a relative increase of heat flow and that the

period following the basin formation (post-rift thermal subsidence) is characterised by

ä decrease of heat flow over time due to the relaxation of the isotherms.

The heat flow model used in the present study is shown in Figure 36. The heat flow

maxima of the model are used to describe the Cambro-Ordovician and the Late

Triassic-Early Jurassic rifting phases. Consequently, the Cambro-Ordovician period

was characterised by a heat flow value of 75 mWlm2 which is close to the mean value

observed in active rift or passive margin basins (Allen and Allen, l99ß). For the

Triassic-Liassic rift phase, a maximum value of 70 mWIm? is assumed. Because of the
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amount of extension and the magnitude of volcanic activity (Boudjema, 1987), it is
believed that higher heat flow might characterise the region situated farther to the
North of the study area (i.e . Oued Mya basin) . These heat flow maxima are assumed to
decrease with time during the Palaeozoic and Mesozoic subsidence cycles as a
consequence of the post-rift cooling.

fl Sediment-Water Interface (SWI) Temperature

Another important parameter which has a significant effect on temperature history,
refered to as the upper boundary condition, is the sediment/water or sediment/air
interface U,111perature (YaIC:üd et al., 1997). By using data such as paleo-latitude and
paleo-water depth (Wygrala, 1989), PDIIPC and Petro od programs predict the SWI
temperature through geologic time .
In the case of the present study, the calculated default values were used, except for the
Late Ordovician glaciation during which a value of 4°C is assumed. Because no great
variations in terms of lithology were observed, the paleo-water depth of each event is
assumed to be constant over the 2D profile. The paleogeography of each event is
inferred from lithological and palynological observation.

gl Organic Carbon Contentand erogen Type (Hydrocarbon Generafion Potential)

The characterisation of potential source rocks is required for the reconstruction of
hydrocarbon generation in sedimentary basins . Therefore, parameters such as the

organic richness (Corg) and hydrocarbon generation potential (1U) which depend on the
kerogen type are needed in order to calculate mass balances of generated
hydrocarbons.

Tab . 12: Geochemical characteristics (tin--Or,, and M) used during 2D simulation. The
Silurian and lFrasnian correspond to the subfacies A and C of Figure 9.

Source Rock

	

Carg

	

M
(%)

	

mg/g Cor,

Frasnian 10 492

Silurian 15 630
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One of the advantages that is given by the application of the PetroModl 2D program is

the concept of multiple source rocks (Mann et al., 1997). The concept allows to handle

different source units, each with its specific geochemical properties (i.e . Corg, kerogen

type). In this order, the petroleum generated from each source rock is traced separately

through its entire migration history in order to ensure that the properties of mixed

petroleum are determined correctly. It is, therefore, always possible to reconstruct
which and how much petroleum is generated from each source rock unit .

Although different source rocks were identified and can contribute to hydrocarbon

generation in the Berkine basin (Chapter V), only the best source rocks of the

radioactive "hot" shales of the Frasnian and Silurian (subfacies A and C of Figure 9)

are considered for the simulation of hydrocarbon generation and migration. The

geochemical characteristics (Curb and I-11) used during the simulation of hydrocarbon

generation and migration are summarized in Table 12.

6-7®6 Calibration Parameters

Bottom hole temperature (BHT), drill stem test temperature (DST) and vitrinite

reflectance data (RO, Rc) are used in the present study for the calibration of the

temperature history of the basin. The present-day compaction model is further

calibrated by using field pressure data obtained during RPT and DST operations.

Unstable bottom hole temperatures should be corrected to circulation of cooler drilling

completion fluids . These temperatures are generally lower than the real present
temperatures and therefore are Dot in equilibrium. Corrections were corrected based 0n

drilling depth using the chart of Kehle (1973) . This method can be used when data

limitations prohibit the construction of horner plots to determine equilibrium

temperatures (Dowdle and Cobb, 1975; Poelchau et al., 1997). Furthermore, DST

temperatures are used, where available, for the calibration of the present-day

geothermal gradient . Temperature measured during testing have been demonstrated to
be more accurate than temperatures recorded during logging (Hermanrud et al., 1991b)

and are, therefore, used to reduce errors .
The temperature history, on the other hand, is calibrated against maturity profiles using

vitrinite reflectance data. The calculated vitrinite reflectance (Rc, Radke, 1907) are
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used in some key wells in order to provide more reliabilities for the models . The
different data used for calibrations are listed in Tables 13 and 14.

Tab . 13 : Formation tempPrattare and pressure data used for the cal;Lbration of he

92

The reflectance values were compared to the calculated reflectance following the

Easy% R,) algorithm of Sweeney and Eumham (1990). The Easy 1O model is based

on the more sophisticated approach of Burnham and Sweeney (1989) called Vitrimat.
The Vitrimat is based on a chemical kinetic model that use Arrhenius rate constants to
calculate vitrinite elemental composition as a function of temperature and time.

present-day temperature
recorded during testing.

and pressure . Temperature values with asterisk are

Well Depth BHTIDST Temp Pore Pressure Well Depth BHTIDST Temp Pore Presstare
m (°C) si m_ (°C) si

RK-2 3480 5940 B13K-1 3555 104.4#
3492 5951 3600 110.7*
3558 5613 3605 110.7
3569 5632 3627 107.8*
3695 1i8 3671 104r
3832 122 4569 104*
4762 143 BRD-4 3192 115
4889 148 3388 6076

WT-1 1500 55 3399 6076
3487 6721 3420 6110
3494 6686 3768 7196
3512 6668 4660 155.6
3527 6518 5001 178
3742 116.7* 5050 10748
3748 116.7* 5130 10967
3798 116.7 5132 177
3798 117* TZM-1 1870 72
37.98 120* 3370 115
3998 116.1* 3570 140
4227 130 EKE-1 2780 5248
5500 170 2812 5248

HAD-1 1732 64 2842 5248
3232 101 2876 5349
6200 180 3112 5717

SF-1 2160 82.7* 4587 8494
2863 92.6
2930 95*
3082 101*
4279 121*
4286 124*
4350 134*



Tab. 14: Vitrinite reflectance data used for the calibration of the temperature history of
the basin. Values followed by an asterisk are from this study. Those followed
by (+) are from Sonatrach. 24 other measurements are for confidential
purpose not listed here . The different data sources are symbolized in the ID
modelling by closed circles, rectangles and open. circles, respectively .
Calculated reflectance (Rc) are represented by closed triangles .

A reaction scheme for vitrinite reflectance evolution is used in which the loss of water,

carbon dioxide, higher hydrocarbons and methane are considered as four independent
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Well Depth
(M)

A Type Value
(R© or Re) (°a)

SD
(oo)

Well Depth A
(m)

Type
(R® or Rc)

Value
(%)

SD
(%)

BK2 3737 Tourn RD 0.86 0.15 HRD-4 4461 Silurian Ro 1 .81 0.15
3737 Tourn Ro 0.83 4570 Silurian Re 1 .86
3744 To-urn Rr 0.83 0.19 4597 Silurian Re 1 .99
3745 Tourn Rc 0.82 4642 Silurian RD 2.09 0.16
3956 Stnmian Ro 0.91 0.19 4692 Silurian RD 1.97 0.20
3856 Strunian Re 0.78 4692 Silurian Re 1.83
3992 Farnmnian RD 0.94 0.19 4719 Silurian RcJRo 1.86/2.02 /0.20

3992 Famennian Re 0.84 HAD-1 2609 Namurian Ro 0.924 0.12

4176 Fammnian RD 0.96 0.18 2M6 Ms= RD 1.01+ 0.13

4212 Frasnian Re 0.88 29.92 Visean Ro 1.09+ ()AO

4227 Frasnian RD 1.03 0.16 3080 Visean RD 1.21+ 0.10

4227 Frasnian Re 0.93 3180 Visean RD 1 .294 0.20
4371 F,aenian RD

1 .13 0.17 3240 Visean RD 1 .34+ 0.25
4393 Franian RD 1.11 0.20 3308 Visean Ro 1.17+ 0.15
4412 Frasnian Rc 0.94 3433 Viscan RD 1 .27+ 0.15
4461 Givetian RD 1.16 0.12 3567 Viscan Ro 1 .34+ 0.15
4643 Sic RD 1.13 0.09 3755 stranian RD 1.344

WT-1 3738 Triassic Ra 0.90 0.10 3813 S ian RD 1.S6+ 0.20
3749 Famennian Ro 0.92 0.30 TZYL-1 2797 Struamian RD 0.70+
3754 Famennian Rc/RO 0.86/0.88 /0.20 2925 Frasnian RD 0.85-
3758 Fainer nian RD 0.87 0.20 2962 Sie RD 0.904
3763 Famennian Re 0.87 3647 Cambrian RD 130+
3792 Farnennian RD 0.94 0.30 -Ibis 500 Cenomanian RD 0.714
3793 Faamennian Rc 0.89 1100 Malm RD 0.31+
3862 Famcnnian RD 0.95 0.18 1220 Mahn Ro 0.33+
3924 Frasnian RD 0.99 0.15 1390 Do RD 0.42+
4117 Givctian Ra 0.98 0.25 1490 Maim RD 0.38+
4117 Givetian RC 1.01 2580 Triassic Ro 0.S7+
4220 Givctian RD 0.96 0.20 2725 Sibr an RD 0.4S+
4250 .Sic : Ro 1 .20 0.04 2750 ~ ixirian RD 0.55+
3075 Tourn RD 0.77 0.15 $ -I 2005 Barremian 0.37+
3092 Torrn RD 0.71 0.15 2237 Neocomian RD 0.374
3114 TDarn RD 0.91 0.15 4125 Triassic R0 1.37+
3324 Fanmrrrnian RD 0.77 0.14 4200 Sie RD 1.26-:-
3584 Fam=ian RD 0.86 0.20 4250 Silurian RD 1.404
3618 Frasnian RD 0.83 0.13 4300 Silurian RD 1 .46+
3728 Frasnian RD 0.88 0.16 4350 Silurian Ro 1.45-
3760 Frasnian RD 0.82 0.13
4159 Sie RD 0.73 0.16



6-2 Petroleum Generation andMigration

One of the aims in basin modelling is to assess the amount and type of hydrocarbons
that could have been generated from typical source rocks and accumulated in
reservoirs . Maturation reconstruction requires the kinetic parameters (activation energy
distributions, pre-exponential factors) since the conversion of kerogen to oil and gas is
controlled by reaction kinetic processes which are temperature and time dependant
(Tissot and

	

elte, 1984).
The M^Adellirig of pe~vleumA t~ügratior., is another extension of the thermal modelling .~ vu

For this purpose tools are provided to analyse the processes following the generation
of hydrocarbons in source rocks: primary migration (expulsion), secondary migration
and accumulation.

6-2-1

	

lne

	

sofPetroleum Generation

Generated petroleum compounds are thought to be a result of a multitude of quasi
irreversible, assumed first order thermal cracking reactions . The rate is mainly
governed by kerogen structure and the evolution of temperature over time (Schenk et
i., 1997) . In this order, several chemical kinetic models (e.g . Tissot and Espit lie,
1975; Tissot et al., 1987; Ungerer et al., 1988 ; Ungerer, 19ß0b) were established. The

first order parallel reactions. The resulting composition is used to calculate vitrinite
reflectance values via correlations between elemental composition aYC and O/C) and

vitrinite . This approach provides the basis for the Easy% lea model, in which a single

distribution of activation energies is considered for the four reactions.

The Easy% lto model is widely used. It is valid for a broad range of vitrinite

reflectance values ranging from 0.25% to 4.6% and is considered to be the best model
for the calibration of thermal history in sedimentary basins . Although it is thought to
overestimate the importance of time and underestimate that of temperature (Quigley et
al., 1987; Sweeney and Burnham, l99ß), the TTI approach of Lopatin (1971) and

Waples (1980) is also still used. However, it is now accepted that the Easy% Ro
method provides more reliable results in practical cases (Leischner et al ., 1993;
Sachsenhofer and Littke, 1993).
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kinetic law used here is the Arrhenius law which states that the reaction rate increases

exponentially with temperature, and is written as : K= A exp(- =); where K, A, E, Pc

and T are the reaction rate, the frequency factor or Arrhensus constant, the activation

energy, the gas constant and the absolute temperature (K), respectively .

The most commonly used kinetic model was developed by Tissot and Espitalie (1975)

and later redefined by Ungerer and Pelet (19$7). This model assumes that oil is formed

from karogen by a series of parallel first order chernical reactions. Each reaction has its

own kinetic parameters (E and A) and their relative importance is defined in terms of

the weight of hydrocarbons produced per gra-rn of organic carbon once the kerogen has

lost all reactivity. It also assumes that gas is formed only from oil by secondary

cracking ; a process which is described by a single reaction .

PetroMod allows the use of hydrocarbon generation kinetics such as those established

by Tissot and Espitalili6 (1975), Espitalie et al.(1987), Tissot et aL(1987) and Quigley et

al.(1987).
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Pig . 37: Cross hydrocarbon formation rates (mg/g Co.. /°C) as a function of
temperature (°C) and distribution of activation energy of a Silurian sample
from the northern ®ued Mya basin (after Makhous et al., 1997).
Hydrocarbon formation rates are derived from open system pyrolysis at
heating rates of 5, 15 and 30°C/min.
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Petrohlod allows the use of hydrocarbon generation kinetics such as those established
by 'Pissot and Esp talie (1975), Bspitalie et äl .(1987), Tissot et al.(i987) and Quigley et
äl.(1987).

The kinetics used for both the basal Silurian and Frasnian radioactive shales, which are
highly similar with respect to their organic facies composition, is that of Tissot et
äl.(1987) for type II kerogns. Open system pyrolysis have been used by akhous et
äl.(1997) in order to specify the kinetic parameters controlling maturation for an
immature Silurian sample from the north-eastern part of the Triassic province in
eastern Algeria. The energy spectrum shown in Figure 37 is rather typical for marine
type Il kerogen, (Tissot et ä1.19ö7) . Act

i
vation energy distribution, pre-exponential

factors and the activation energy for oil--gas cracking for such kerogen are given in
Table 15.

Tab. 15: Kinetic parameters of kerogen Type II (after Tissot et äl., 1987). E, activation
energy; TGP, total hydrocarbon generation potential; Xio, hydrocarbon
generation potential of the kerogen fractions ; A, Arrhenius constant.

6-2-2 Flu

	

Flow in Sedimentary Rocks

The dynamics of fluid flow is commonly determined from. Darcy's law originally
established to describe the monophasic flow of a fluid. It was adapted to describe
pressure driven two phase fluid flow in porous media (see Ungerer et al., 1990a) .
The dominant mechanisms for both primary and secondary migration is a discrete
phase flow driven by pressure gradients, gravity forces and capillary pressures (e.g .
Welte, 1987; Durand, 1988). Because such phenomena can be predicted by basin
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modelling softwares, the PetroMod 2D program is used in the present study for

addressing migration problems in the Berkine Basin. The model allows expulsion to

occur when a pre-set value (i.e. 5%) of hydrocarbon saturation is exceeded . The model

gives also the possibility for the simulation of three phase fluid flow (oil, water and

gas) and diffusion.

6. .3 M Simulation Results

The 1D numerical modelling results obtained for each locality and individual well are

based on the input data matrix enclosed in Appendix (Tabs . 2 to 9) . In the following,
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reconstructed; second, hydrocarbon generation history of the thermally mature source

rock horizons was computed using the previously determined thermal history and a

kinetic model for hydrocarbon (oil and gas) generation. The thermal history was

calibrated by romparing measured (Ro; Rc)
and _calculated vitrinite reflectance using

the Easy% Ro algorithm of Sweeney and Burnham (1990. Present'-day geothermal

gradients were calculated by using BHT and/or DST temperatures and a mean surface

temperature of 25°C. If these data are combined with present-day thermal conductivity

for each sedimentary layer, present-day heat flow values can be calculated .

6.3.1 Geothermal Gradient in the

Present-day subsurface temperatures within the stratigraphic sequence can be used to

approximate the depth range of hydrocarbon generation (Tissot and Welte, 1980 in a

given sedimentary basin. Plotting subsurface temperature can be a very useful method

of determining whether present-day temperatures are the highest which the sediments

experienced (Robbins, 1979).

Figure 38 shows a plot of present-day temperature data Vs depth for the different wells

submitted to ID modelling. The data reveal that large differences in the general

thermal gradients do not exist between the different wells. The graphic shows a

systematic increase in temperature with depth, indicating forthe upper crust an average
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geothermal gradient of 2.5 IC/ 100 rn with a surface temperature intercept of 25°C.
The lithologies, which due to their thermal properties (i.e. conductivity, heat capacity)
can modify the thermal gradient are fairly similar across the basin.

Fig. 38: Selected temperature data versus depth of burial from wells in the Berkine
Basin. Solid symbols are BHT data ; open symbols are DST data.

Temperatures (°C)
0 2s
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Average Geothermal Gradient (°C/-00 )

Fig. 39: Average geothermal gradients for the upper crust as a function of the number
of observations . Nigh geothermal gradients are generally associated with the
highly structured zone of the basin (i.e. Amguid El Biod-Hassi

	

essaoud
area). For comparison the distribution of geothermal gradients in the lllizi
Platform are superimposed.
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Figure 39 shows the general variation of the present-day thermal gradients for the

upper kiloinetes within the Berkine Basin . The figure reveals that the central and

northern. part of the basin are characterised by low geothermal gradients (2.2-

2.5°CI100 m). Geothermal gradients are higher in the western part of the basin and

increase along the Amguid El Biod-Hassi Messaoud ridge. A comparison between the

Berkine Basin and the Illizi Platform shows that the Illizi Platform is characterised by

higher geothermal gradients.

6.3.2 Blar I an.d The
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depth of burial versus geological age for each stratigraphic unit and for each individual

well . The right side of the figures shows the calibration obtained between the

measured and calculated maturity data (i.e . vitrinite reflectance) . Additional

information about the heat flow value at the time of maximum burial as well as the

amounts of eroded overburden used in order to get the optimum calibrated models are

also indicated .

gellBY.-2

er ne Basin

Five wells from different parts of the central Berkine Basin were used for burial and

temperature history reconstrictions. These are BK-2 and WT-1 in the south-west,

HAD-1 in the south-east, BBK-1 in the north and SF-1 in the north-east (Fig . 1) .

Berkine 2 is one of the Central Berkine Basin wells for which burial and temperature

history were reconstructed. The drilled Palaeozoic section is 1159 nn thick and includes

sediments from Early Devonian (Siegenian-Gedinnian) to Lower Carboniferous

(Tournaisian). These sediments are unconforinably overlain by 3731 m of various

sediments ranging in age from Upper Triassic (Keuper) to Neogene.

Random mean vitrinite reflectance values increase in a regular way from 0.4% at a

depth of 1275 in to 1 .13% at 4643 m. Calculated vitrinite reflectance (R,) data based

on the aromatic maturity parameter (MPI-1) range from 0.78 to 0.84% between 3737



and 3992 m and are in good agreement with Ao data (Tab. 14, Fig. 40). These data are
well explained by calculating with a heat flow value of 55 mWIm2 at the time of
maximum burial (i.e. Late Cretaceous-Tertiary) and a I-Ilercynian erosion of 1420 m. A
present heat flow of 55 mWlm2 was sufficient to match present-day formation
temperatures .
The burial and thermal history of the well is shown in Figure 40. The restoration of the
sedimentation in he Perkme area shows two subsidence cycles separated by an uplift
phase during Permian-Triassic . The first subsidence cycle took place during the
Palaeozoic and is shown to be characterised by a continuous and rapid burial . The
oldest sediments reached a burial depth of more than 4000 m in the Late Carboniferous
with temperatures higher than 160°C.
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Fig. 40: Simulated burial and temperature history of well BK-2. The right side of the
figure shows measured and calculated vitrinite reflectance. The different
symbols correspond to the data sources defined in Table 14.

The Palaeozoic subsidence cycle ended at the Late Carboniferous time (Stephanian) as
a consequence of the Hercynian inversion movements and subsequent uplift and

1420 m
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erosion. 8tephanian to Tournaisian sediments are estimated to have been eroded

between 286 and 231 Ma. The calibration of the model suggests an uplift which is

slightly in excess of 1400 m. Consequently, the burial curve take a "V-like shape" for

the successive subsidence, uplift and erosion (Fig . 40). This fact suggests that the

Berkine area has been an eroding douse prior to the Late Triassic-Early Jurassic rift

phase as indicated by the Palaeozoic subcrop patterns of the basin (Fig. 7) .

Thermal activation of the lithosphere in the Berkine Basics began during the Late

Triassic, or probably earlier. The presence of Triassic basalt in the northern part of the

basin is an evidence for high thermal gradients during the Triassic-Jurassic.
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flow (Fig . 36).

Mesozoic burial was rapid during the Late Triassic-Early Jurassic, then slowed down

from the Middle Jurassic to the Late Cretaceous (Coniacian) . From the Late

Cretaceous to the present time, the subsidence rate was relatively slow. The Late

TriassicEarly Jurassic subsidence of the basement is a consequence of thermal re-

equilibration (cooling) of the lithosphere . Rapid deposition of thick salt and anhydrite

sediments and their high thermal conductivities contributed to the subsequent

temperature evolution.

Regardless of these variations, it is clear from the model that the maximum burial (i .e .

maximum heating) of the sediments occurred during the Late Cretaceous-Tertiary time .

Any assumption of higher heat flows during that time would lead to an overestimation

of the maturity data .

The burial and thermal history of the Wed Teh area was assessed by using the WT-1

well . This well is situated approximately 24 km to the south of the BK-2 well (Fig . 1) .

The stratigraphy consists of 1068 m of Palaeozoic sediments from Gedinnian to

Famennian in age. The Palaeozoic sequence is overlain by 3746 m of Meso-Cenozoic

( euper to Neogene) sediments . Measured vitrinite reflectance values range from 0.4

% at a depth of 1585 m to 1 .21% at 4250 m. The calculated vitrinite reflectance from

MPI-1 ranges from 0.86 to 0.89% between 3754 and 3792 mand is in good agreement

with measured vitrinite reflectance. Results of the calibrated model, supported by



present-day temperatures and vitdnite reflectance data suggest that present-day heat
flow and the paleo heat flow value at the time of maximum burial both do not exceed
55 mWm2.

Except for some minor differences, this area provided similar simulation results with
respect to the burial paths of the different statigraphic units as well as the variation of
the depth of the isotherms (Fig . 41). At the end of the Carboniferous time, prior to the
ercynian uplift, the burial depth of the oldest Palaeozoic strata reached 4500 m. The

Hercynian orogeny and subsequent cooling resulted in an erosion of about 1800 m of
Devonian and Carboniferous sediments. Like the BK-2 well, this area which
coiIStit'Uted art uplifted dome submitted to erosion during me Permian-i'nassic time,
was the center of extensional tectonic movements during the Triassic-Early Jurassic
that caused intense subsidence. liuriilg the ä.at- iretaccous-Tertiary, the subsidence
slowed down. The present-day burial depth reached by the oldest sediments is more
than 6000 rn at a temperature of more than 160 °C.
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Fig. 41 : Simulated burial and temperature history of well WT-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance. The different
symbols correspond to the data sources defined in Table 14.



The well HAD-1 (Hiad-1) is situated approximately 90 km south-east of the WT--I

well (Fig . 1) . Palaeozoic sediments penetrated by the well are 2349 m thick and range

from lower Devonian to Westphalian. The burial history is similar to those described

for the two previous wells, with maximum burial occurring during the Late

Cretaceous-'Tertiary time. However, some major differences can be observed (Figs. 42,

43 and 44). Here, the Hercynian erosion does not seem to extend significantly since

the Late Carboniferous (Westphalian) sediments are preserved . Furthermore, the

Triassic-Jurassic period is characterised by a slower subsidence . This fact is mainly

due to the reduced total thickness of these sediments which is about 700 m in contrast

to the 1500 m observed in the Berkine and Wed Teh areas . Another important

difference is that the rapid isotherm sinking observed during the Late Triassic-Early

Jurassic time in the previous wells is not observed here . This effect is mainly due to

the reduced thickness of sediments of high thermal conductivity (i.e . salt and

anhydrite) in that part of the basin.
"vdi"i respect to the

`EY`ri1a1 history reconsiaction and due to the scatter shoYm'il oy the

vitrinite reflectance values, the calibration of the model was achieved by considering

different heat flow scenarios. These heat flow assumptions are based on populations of

vitrinite reflectance generating different coalification trends . Vitrinite reflectance data

are either sourced from different laboratories or are simply provided from the same

laboratory, but showing big scatter in their values . Consequently, different models,

which are discussed in the following, were established.

Model A

This model assumes that vitrinite reflectance data, represented by open circles (Fig .

42), correspond to the true vitrinite Population, and are therefore more representative .

In this case, the calibration of the model requires a heat flow value of 55 mWlm? at the

time of maximum burial . Because the Hercynian erosion was not significant in that

part of the basin, it is presumed a priori that the total amount of Carboniferous

sediments eroded was only 200 :m. The present-day heat flow value calculated using

formation temperatures is similar to that observed during the time of maximum burial

(i.e . 55 mWIm2) .

103



It is clear that such assumed vitrinite reflectance data and the associated thermal
history model would indicate that no major heat flow event during the Late
Cretaceous-Tertiary was responsible for the temperatures reached by the sediments ; a
result which was established for the previous simulated wells.
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Fig. 42: Simulated burial and temperature history of 1A-D-1 vieil. The right side of the
figure shows the measured and calculated vitrinite reflectance (model A). The
different symbols correspond to the data sources defined in Table 14.

Model B assumes that vitrinite reflectance data represented by open rectangles are true
viirinite populations. Because the calibration of the model cannot be achieved by
assuming `additional eroded overburden, the simulation must be based on an
assumption of greater heat flow during maximum burial . The assumption that the Late
Cretaceous-Tertiary time was characterised by a heat flow value of 73 mWlm2 led a
satisfactory agreement between the observed and calculated maturity trends. Such high
heat flow is reflected by the rising of the isotherms during the Cenozoic time (Fig . 43)
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Fig. 43: Simulated burial and temperature history of well HAD-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance (model B) . The
different symbols correspond to the data sources defamed in Table 14.

If we do consider that the vit-inite population represented by closed rectangles is

indigenous, a heap flow of 80 mWlrn2 during the Late Cretaceous- Tertiary is necessary

to fit the model. As already shown in the case of Model B, the depth of the isotherms

is reduced during that time implying high geothermal gradient (Fig . 44)

Regardless of the results given by the two latter models, only a stretching phase

accompanied by a thermal activation of the lithosphere during the Cretaceous-Tertiary

time could explain the rather high heat flows. However, from the geological

kmowledges, there is no indications of strong magmatic activity or rifting during

Cretaceous-Tertiary . Furthermore, high heat flow during Cretaceous-Tertiary would

bear some effects on the kerogen in terms of the conservation of the palynomorph as

well as on hydrocarbon generation potential of the source rocks. This was not observed
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in the present study (Chapter V). Therefore, it is believed that the first alternative (i.e .
Model A) is the best possible assumption to describe the temperature evolution for the
source rocks.
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Fig. 44: Simulated burial and temperature history of well HAD-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance (model C). The
different symbols correspond to the data sources def1med'n Table 14.

The Sif Fatima 1 (SF-1) well is located approximately 70 kin to the north-east of the
BIB-2 well . The drilled sediments consist of 1308 m of Palaeozoic rocks from

- Ggdi nian to Toumaisian in age. The Palaeozoic section is unconformably overlain by
about 3000 rn of sediments ranging in age from Upper Triassic to Neogene.
In contrast to the BK-2 and WT-1 wells, vitrinite reflectance data from this well are
fairly sparse. Unpublished vitrinite reflectance values vary from 0.38% at 1572 rn to
0.6591 at 4159 m, indicating a rather low maturity stage of the sediments and
associated organic matter even at great depths of burial .
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Vitrinite reflectance measurements from this study vary from 0.71% to 0.82% and

show in general a regular increase at a depth interval between 3492 and 3760 m.

The burial history model established for this part of the basin (Figs. 45 and 46) does

not show great differences to those of the previous modelled wells and reflect roughly

the geological evolution of the basin. As in the case of the HAD-1 well, the scatter

shown by the vitrinite reflectance data allowed the calibration of the model by

considering different thermal history assumptions.
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Fig. 45 : Simulated burial and temperature history of well SF-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance (model A). The
different symbols correspond to the data sources defined in Table 14.

The first simulation run which leads to a good fit between the measured (closed circle

data) and the calculated maturity trends is based on the assumption that a total of 1370
In of Tournaisian to Stephanian sediments has been removed during the Hercynian
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Model B

This model assumes that vitrinite reflectance values represented by open circles are
more reliable maturity data (Fig . 46) . Assuming that the same arnount of sediments has
been removed between 231 and 186 Ma, a good tit between the measured and
calculated reflectance values is obtained only if heat flow values of 35 mWlm2 are
assigned to the Cretaceous-Tertiary events (i.e., between 112 and 4 my).

orogeny, and that aheat flow of 56 mWlm2 persisted at Late Cretaceous-Tertiary times
(Fig . 45). The simulation results with respect to temperature history are quite similar to
those obtained for the BK-2 and WT-1 wells situated further to the Fast . The present-
day heat flow of about 58 mWlm2 is in agreement with the temperature data of the SF-
1 well .

Carhotlifer I Pemrll'r K"I Jurassic ILCr !bp.cret I Tert

I370 in
35 MW/M2

Fig. 46: Simulated burial and temperature history of well SF--1 . The right side of the
figure shows the measured and calculated vitrinite reflectance (model B). The
different symbols correspond to the data sources defined in Table 14.



Not only low heat flow values during the Mesozoic characterise this coalification

trend, but heat low values of around 50 mVv1/rn' must also characterise the

Carboniferous period in order to get an agreement between the observed and calculated

maturity trend. With respect to the depth of the isotherms, a rapid sinking accompanied

by a widening is observed during the Mesozoic time, that is between. around 146 and 4

Ma. An extreme uprising of the isotherms which reflect the present-day geothermal

gradient is observed during the last 4 Ma. Such local and even particular evolution

would indicate a cooler than normal thermal regime during the Cretaceous and

Tertiary . It would be extremely difficult to explain this abrupt increase in heat flow

from 35 rnX/nn2 to 58 mW/mz during the 'last 4 Ma. Theore, iviodel A is the

acceptable model.
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dig. 47 : Simulated burial and temperature history of well BBK-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance.



Bir Berkine 1 well is situated between BK-2 and SF-1 wells at approximately 44km to
the north-east of BK-2 and 40 krn to the `Test of SF-i . The Palaeozoic sediments
penetrated in this well are from Late Silurian (Ludlow) to Late Devonian (Frasnian in
age and are 876 m thick. The Palaeozoic . sequences are overlain by approximately
3300 rn of Meso-Cenozoic sediments.
Vitrinite reflectance values obtained in this well vary from 0.37% to 0.58%, indicating
a low maturity stage of the in-situ organic matter. The vitrinite reflectance profile (Fig .

47) shows that R.o is about 0.58% at a depth of 3627 m. The sublinear shape of the

curve indicates an abnormally low geothermal gradient (heat flow) during the Late
Cretaceous-Tertiary (i.e . maximum subsidence).
Assuming that approximately 2000 m of sediments were removed after the I-Iercynian
orogeny, a heat flow value of 35 mWlm2 has to be assigned to most of the Mesozoic
events in order to obtain a good fit between measured and calculated vitrinite
reflectance. The subsequent burial and thermal models show that the near-present
maximum heating temperature reached by the oldest sediment (i.e . Silurian) did not
exceed 1, 400C vavee`.aan at a louura s aiz l!-l,l depiiith of around-9
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would indicate a cooler than normal (hypotherrnal) basin, a case which was already
observed in Model B of the SF-1 well . It is likely that such too low values are
unrealistic in post-rift thermally subsiding basins. Present-day heat flow value
calculated by using drill stem test temperatures is 56 rnWlan2. This value is much
higher than the value indicated by the calibration of the model to vitrinite reflectance
data .

bl Western er ne Basin

The western part of the Berkine Basin constitutes the eastern flank of the Amguid El
Biod-Iiassi Messaoud ridge and is therefore of particular interest . This area, in contrast
to the central part which remained tectonically more stable, was subjected to most of
the tectonic movements which affected the basin. For instance, the area under
discussion was gently tilted and folded during the Carboniferous time by intense
ciustal shortening with the development of reverse faults with displacement of up to
1500 m (Chapter II). The main problem of this area, with respect to basin modelling, is
the amount of sediments removed during and after the Hercynian orogeny. This is



important because sediment compaction affects directly or indirectly the modelling of

thermal and hydrocarbon generation histories . 1t is, therefore, of great importance to

know if the coalification process occurred prior to the Hercynian movements or during

Mesozoic tunes.

The reconstruction of the burial and thermal history of that part of the basin was

assessed using the Brides 4 well (BRO-4) drilled on a Cretaceous and Tertiary

inversion structure, located at approximately 60 km West of WT-1 (Fig.1). The

Palaeozoic sediments encountered by the well are of Ordovician to Late Silurian

(Ludlow) age and are 1410 nn thick. The Palaeozoic sediments are unconformably

overlain by 3690 m or Meso-Cenozoic sediments of Late T riassic to T aitiaiy. d iuinite

reflectance values range from 0.57% at a depth of 1953 m to 2.02% at 4719 m.

Ca culated vitnite reflectance (from l) ranges horn 1 . 3 t 11 .8 ,6- ° " el o ~�t,~between 4587 to

4692 nn .
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Fig. 4P: Simulated burial and temperature history of well BRD-4. The right side of the
figure shows the measured and calculated vitrinite reflectance (model A) . The
different symbols correspond to the data sources defined in Table 14.



Regardless of the position of the Hercynian unconformity, which cuts down as deep as

the Late Silurian, the observed high maturity levels of the sediments and associated

organic matter might be related to significant amounts of eroded overburden which

seems to be in accordance with the paleogeography. In fact, Figure 7 shows that the

areas which might be subjected to intense erosion are the areas which were tilted
during the Hercynian orogeny (Amguid El Biod-Hassi essaoud arch, Fig. 6) .

However, this remains hypothetical because the sediments which were deposited may
be also reduced in their thickness due to specific and local geologic conditions .
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Fig. 49: Simulated burial and temperature history of well BRD-4. The right side of the
figure shows the measured and calculated vitrinite reflectance (model B). The
different symbols correspond to the data sources defined in Table 14.

Although Palaeozoic sediments in the central part of the basin. are likely to be

homogeneous in their thickness, as inferred from seismic observations, post-Devonian
sedimentation 'alight be reduced in the western part of the basin. Such an hypothesis
might be supported by the fact that the early pulses of the compressive Hercynian

movements took place during the Early Carboniferous (Visean) time . Unfortunately,



the calculation of a thinning rate was not possible because of the absence of

completely preserved ¬arboniferous layers . Therefore, the profiles ofmeasured and

calculated vitrinite reflectance are brought into maximum agreement by adjusting heat

flow and by changing the burial paths, by adjusting the thickness of eroded sediments .

In spite of the previous geological observations, two different burial and thermal

models, which achieve the same present-day results, are proposed. The first model,

namely A CF,_g . 48) assumes that a large scale ercynian erosion occurred . The data on

thickness and lithology of the various stratigraphic units which were eroded between

286 and 231 Ma were derived from locations where they are preserved (i.e . central and

eastern parts of the basin) below the Hercynian unconformity . A good agreement

between measured and calculated maturity trends was achieved for a heat flow of 63

rn'W/rn2 during the Late Cretaceous/Tertiary . Associated with this, about 3Cw m of

Late Silurian to Carboniferous sediments are estimated to have been removed with an

erosion rate of about 55 m/my. Present-day heat flow derived from temperature data of

the BRD-4 well is 63 mW/m2 and is similar to the �critical" heat flow value .

It should be pointed out that the mismatch observed when assuming lower heat flow

values during the Cretaceous/Tertiary time could not be compensated by a reasonable

increase of heat flow prior to and during the Hercynian movements (i.e . time of

maximum Palaeozoic burial).

Model B on the other hand (Fig . 49) assumes that the sediments deposited on the

western edge of the basin, particularly those of the Carboniferous age, were thinner.

Following this, only 1860 rn of sediments are estimated to have been removed during

uie ercyruan orogeny. Consequently, the conCeDLual model used in this case is qui.te

similar to that used for other wells from the central part of the basin with respect to the

fate of erosion which is only about 39 m/Ma. This scenario led to a good fit between

measured and calculated reflectance values in combination with a heat flow of 66

nW/m2 At maximum burial times. In the case ofModel B, a rapid burial is observed

from the initiation of the basin up to about 390

	

a (Middle-Late Devonian). The

subsidence from that time on and up to the Late Carboniferous is rather slow, as a

consequence - of slower sedimentation rates. Another distinctive feature is that

`maximum temperature values reached by the basal Silurian source rock during the Late



Carboniferous are moderate (1.20°C), in contrast to more than 160°C observed in
Model A..

0 Southern "er ne Basin ~No; heiri siisdFla~j&7n)d.

ID numerical simulation was also performed on the southern edge of the Berkine
Basin (northern Illizi Platform) by considering the well TZM-1 . This well is located on
the Ahara ridge, at around SO km South of HAD-1 well (Fig . 1) . The well penetrated
3920 m of Palaeo-Mesozoic sediments. The Palaeozoic sedimentation (2301 rn) was
continuous and nearly complete because sediments of Stephanian age were
encountered in his area . in contrast to the deepest zones of the basin, this area shows
reduced thickness of most of the Palaeozoic units with many unconformities,
particularly during Early Palaeozoic times (Fig. 0) . Non-deposition events are also
characteristic of this area (e.g . during the Emsian and Middle Devonian, BEICIPISH,
1991) . In this sequence, the Late Devonian units are transgressive over Early Devonian
(Credmnian) sediments. Furthermore, Caledonian movements seem to be more
pronounced since the Early Devonian sediments unconformably overly the Late
Silurian (B 1 unit partly or totally eroded) . This area is also characterised by a reduced
total thickness of the Mesozoic section which is only 1600 m thick in spite of more
than 3000 m observed in other parts of the basin. Another important feature in that
particular area is the complete absence of sediments of high thermal conductivity (i.e .
the Liassic salt and anhydrite).
Measured vitrinite reflectance values vary from 0.55% at 1740 m to 1 .30% at 3674 m.
TakTäg 11fto account the above-Cued geological obseivatgons, a buäaai and tliemal
history model was constructed (Fig . 50). Maximum agreement between measured and
calculated vitrinite reflectance data was obtained by assuming a heat flow of 56
rnWfm? at the time of maximum burial . Only about 370 m of Carboniferous sediments
are estimated to have been eroded during the Hercynian orogeny. The calibration of
the present-day geothermal gradient was achieved by assuming a heat flow value of 56
mw/R12 .

It is important to note that the maximum burial which the sediments have experienced

`prior to the Hercynian uplift is relatively small compared to the other parts of the
basin . Another distinctive feature is that the rapid deepening of the isotherms observed



during the Late Triassic- Liassic time is not observed here . This effect is mainly due to

the absence of deposits of high thermal conductivity such as salt and anhydrite.
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Fig . 50: Simulated burial and temperature history of well TZM-1 . The right side of the
figure shows the measured and calculated vitrinite reflectance.

X North-Eas¢®rn er ne Basin

Available vitrinite reflectance data forma. the 11KA-Ibis in the north-eastern part of the

Berkirie Basra allowed the s. -MULation of the burial and thermal histor" of this area .

The well is located on the Dahar ridge near the Tunisian border (Fig . l) and penetrated

513 m of Palaeozoic sediments from Ordovician to Late Silurian . These sediments are

unconformably overlain by 2600 m of Mesozoic and Tertiary sediments .

Vitrinite reflectance values vary from 0.3% at a depth of 500 m to 0.71% at 272.5 m

(Table 14, Fig. 51).

The Palaeozoic sediments are likely to be deeply eroded since the Late Silurian

sediments are truncated by the Hercynian unconformity . However, this area may have

developed under different tectonic conditions as evidenced by many stratigraphic gaps

and unconfoirtnities during the Ca-nbro-Ordovician time. indeed, this area, as the Ahara



ridge does, could present an early elevated zone resulting from Caledonian
movements. The sedimentary rocks could be of reduced thickness here; an hypothesis
which might be supported by observations of BEICIP/SIB (1991) concerning the
Silurian rocks for which a thickness of only 70 m in the northern extension of the
Dahar mole was determined. This contrasts with thick Silurian in the Central part of
the basin. This fact might suggest that the present area has probably been an elevated
zone during that time and that all of the post-Silurian sediments were reduced in
thickness as well . However, the absence of Late Silurian and Devonian sediments
make the role played by this region during these epochs difficult to evaluate .
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Fig. 51 : Simulated burial and temperature history of well

	

-Ibis. The right side of
the figure shows the measured and calculated vitrinite reflectance.

In the absence of information on the exact sediment thickness which has been removed
during the Hercynian orogeny, it was assumed for the calculations that post-Silurian
sedimentation occurred continuously up to the Stephanian time and that sediment
thick esses were the same as those of the TZM-1 well . Then, about 2200 m of
Palaeozoic sediments are estimated to have been eroded . A close fit between measured



values and the reflectance calculated by the Easy%RO algorithm was achieved if a heat

flow value of 55 mWW was used during the time of maximum burial. Maximum

temperature reached by the Silurian source rock did not exceed 120°'., a temperature

close to the oil expulsion threshold .

6.3.3Maturation history

Although the maturation development in terms of vitrinite reflectance was computed

for the whole considered sequence (i.e . Silurian-Quaternary), the maturation history in

the study area is discussed only for the basal Silurian and Frasnian source rocks.

Ntrinke Re

	

eäance rlo d
0 053.01.52.02. 5 0 0-51 .01.52.02.5 0 0.51.01.52.02.5 0 0.51 .01.52_02.5 , 0 0.51;01;52102.5

0 0.5 1.0 1.5 2.0 2.5

	

0 0.5 1.0 1.5 2.0 2.5

	

0 0.5 1 .0 1 .5 2.0 2.5

Fig. 52: Maturity (vitrinite reflectance) evolution for the basal Silurian �hot" shales at
seven locations within the study area . A and E refer to the models discussed in
the previous chapter.



Respective maturity (vitrinite reflectance) versus time diagrams for the different wells
(and models) for both source rocks are shown in Figures 52 and 53. Their maturation
history closely reflect the trends of the temperature history discussed in the previous
chapter and emphasized later with respect to hydrocarbon generation . It is apparent
from these diagrams that all areas have reached the highest maturity only in the recent
geological past . Exceptions are BBK-1 and IAA.-ibis . Maturation profiles are generally
composed of three distinct evolution ,segments" . Each segment represents a maturity
evolution period .
The first segment (I, in Figures 52 and 53) represents a regular increase of maturation
as a -function of increasing burial and depth which occurred during the Palaeozoic,
prior to the Hercynian uplift and erosion. The level of organic maturity reached during
the Late Carboniferous is directly proportional to the depth of burial reached by the
sedimentary rocks during that time . The second evolution segment (II) shows no
increase in the maturation level reached by the source rocks although high heat flow
occurred during Triassic--Early Jurassic time . This effect is mainly due to the
Hercynian uplift and subsequent erosion which brought the sediments to shallo .:Ter
depths, and hence lower temperatures . The third maturation segment (III), which is
slightly parallel to the first one, occurs during the Late Cretaceous-Tertiary as a
consequence of the maximum Me-so-Cenozoic burial.

Fig-S3 : Maturity (vitrinite reflectance) evolution for the Frasnian shales at six locations
within the study area . A and B refer to the models discussed in the previous
chapter.



Assuming that the onset of oil and gas generation are respectively 0.5% and 1.2% Ro,

it is apparent from these plots that the Silurian source rock has surpassed the oil

generation window except in the north-eastern part of the basin where the Silurian still

shows high capability for generating oil. The Frasnian source rock, on the other hand,

is in the main phase of oil generation or at the threshold of gas generation in all of the

studied wells.

It is notable that in models which required a higher than normal heat flow value during

the time of maximum burial in order to achieve the calibration of their corresponding

vitrinite reflectance data (e.g. HAIL-1, models B and C), a drastic increase in the

maturation during the Tertiary time is observed . Furthermore, hypothermal models

such as those observed in BBK-I and SF-1 (Model B) show no increase of the degree

of maturation during that time although sediment burial proceeded.

6.3.4 Hydrocarbon Generation History

The timing of hydrocarbon generation is one of the most important factors in

exploration play evaluation. In organic geochernical reactions, temperature (magnitude

and duration) is one of the most important factors that determine the rate of a particular

chemical reaction . Hence, the conversion of kerogen into hydrocarbons (oil and gas)

can be determined rather accurately once the principal reaction mechanism of this

conversion and the temperature history of a given source rock is known (Tissot and

Welte, 1984; Yale-in and Welte, 1980. When the temperature history is coupled with a

kinetic - model for hydrocarbon generation (Chapter 6.2), a better understanding of

timing, quality (oil and/or gas) and amount of generated hydrocarbons can be

achieved .

In the `present study, modelling results on hydrocarbon generation history will be

`discussed with the help of temperature, transformation ratio and hydrocarbon (oil and

gas) generation curves Vs time at each modelled location . The hydrocarbon generation

modelling results are evaluated for the basal Silurian and Frasnian source rocks by

using the type II kerogen,kinetics (Chapter b.2).



6.3.4.1 Silurian Source Rock

at Central

	

erkine basin

Because no subStantial differences in terms of hydrocarbon generatzor~ were observed
as inferred from the simulation results of the different wells of the Central part of the
basin, the results of the Silurian source rock are discussed for the 13K--2, taken as a
reference well .

The temporal development of the temperature for the Silurian source rock and the
results of numerical simulation of petroleum generation are presented in Figure 54
along a time axis between 435 and 0

	

a. The gradual increase of temperature between
435 and 286

	

a with a maximum value of around 170°C is a result of the successive
depositions of layers and subsequent iincreasing burial of the source roclIlk. Between 286
and 231 lea temperature dropped from 170 to 120°C as a result of the Hercynian
erosion and subsequent cooling. It becomes also apparent that the Triassic-Jurassic
subsidence was such that, even with higher paleoheat flow values (Fig.36), the
temperatures during and immediately after the rutting phase were insufficient to cause
any great increase in the maturity of the source rock .
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Fig. 54: Evolution of temperature, transformation ratio, oil generation and gas
'generation for the basal Silurian �hot shales" at the Berkine site (EK-2),
Central Berkine basin.
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From 210 and 0 Ma, the temperature increased gradually as a result of increasing

burial . A maximum value of 190 °C was reached in the Late Cretaceous and

maintained up to the present time.

According to Figure 54, the Silurian oil potential was reached already during the

Palaeozoic time . Oil began to be generated during the Middle Palaeozoic with peak oil

generation attained between 363 and 350 Ma (Tournaisian). The calculated

transformation ratio during that time is 0.45 glg, implying that 45% of the initial

hydrocarbon potential was already generated. From 350 Ma and up to the Late

Carboniferous time, the Silurian source rock generated gas with some amounts of oil.

The transrorrnation ratio reached by the source rock is at around 0.70 at the ütephanlax

time, implying that 90 % of the initial generation potential was realized prior to the

erCyi3län uplift . Fioia that nine and until the present, the Silurian source rock

generated only gas.

bl Western

	

erkine Basin

Since the temperature is the most sensitive parameter in hydrocarbon generation and

since the burial and thermal history of the western part of the basin was assessed by

assuming two different scenarios, the hydrocarbon generation history is discussed here

for each individual model.

Model A

This modes assumes that the sediments in the Brides area were subjected to a high

burial depth d:: ing the Palaeozoic time with high Hercynzan erosion amplitude

(Fig.4S). The subsequently modelled hydrocarbon generation histories are shown in

Figure 55 . One can observe that the simulation results for the basal Silurian source

rock are quite similar to those of the central part of the basin . Paleotemperature

calculations indicate that the Silurian source rock generated hydrocarbons as early as

during the Early Carboniferous with peak oil generation occurring during the Visean.

Maximum temperatures of around 1801C were achieved during the Late Carboniferous

implying that 90 % of the initial hydrocarbon potential was already realized prior to

the Hercynian cooling.
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Fig. 55: Evolution of temperature, transformation ratio, oil generation and gas
generation for the basal Silurian �hot shales" at the Brides site (BRDa4,
Model A), western Eerkine basin.

Model 13 assumed, in contrast to model A, that the sediments in the Brides area were
subjected to a higher thermal regime in the Mesozoic time with reduced erosion
amplitude during the Permian (Fig . 49) . Great differences in terms of temperature and
hydrocarbon generation can be observed here . Model B shows that the temperature
reached by the basal Silurian source rock during late Carboniferous time does not
exceed

	

I20'C and that the

	

ate Cretaceous-Ti:'Cretaceous-Ti : üary temperat=uresare the highest
which the associated organic matter was subjected to. in contrast to model A which
implied that the Silurian oil potential was realized during the Late Carboniferous, the
Silurian still owns high capabilities for generating oil during the Mesozoic. Indeed, oil
generation began in the Early Carboniferous and persisted up to the 13arremian time,
although at smaller rates. According to Figure 56, the transformation ratio reached by
the Silurian source rock prior to the Hercynian orogeny is 0.5 glg implying that only
50 % of the initial hydrocarbon generation potential was realized. Since the
temperature reached by the sediments prior to the Hercynian movements was moderate
as a consequence ofthe associated reduced amount of eroded overburden, the
appropriate conditions for liquid hydrocarbon generation were not greatly influenced .



After the Barremian time the Silurian source rock started to generate gas with minor

amounts of oil. One can also observe that the 0.9 glg transformation ratio, which was

reached during the Late Carboniferous in the case of Model A, was only achieved at

the present time for this case .

v

el Southern

Fig. 56 : Evolution of temperature, transformation ratio, oil generation and gas
generation for the basal Silurian �hot shale-s" at the Brides site (BD-4,
Model B), western Berkine basin.
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er ne asin (Northern Ill& Platfor° )

The timing of peak oil generation for the Silurian source rock in the southern part of

the basin varies significantly compared to the central part . The variation of temperature

as a function of dine and t_e reSuILS of nume:icai sunulatlons of petrol; ~..äamE generation

for the Silurian source rock in the southern part of the basin are presented in Figure 57.

The graphic shows that the Silurian temperature increases gradually with time,

reaching maximum values of around 140°C during the Late Cretaceous-Tertiary . No

substantial drop in temperature is observed here . As the Hercynian erosion was minor,

the proceeding of the maturation of the Silurian source rock was only slightly

affected. Therefore, the appropriate conditions for hydrocarbon generation were not

interrupted. With respect to hydrocarbon generation history, the Silurian radioactive

shales started to generate oil in the Visean time after the 10% transformation ratio was

reached. The generation of liquid hydrocarbons proceeded throughout the Mesozoic
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with peak oil generation occurring during the Middle Jurassic (between 187 and 146
Ma). During that time only 50 % of the initial hydrocarbon generation potential was
realized. From the Middle Jurassic, Silurian shales started to generate gas, and while
the amount of gas increased, that of oil decreased.
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Fig. 57: Evolution of temperature, transformation ratio, oil generation and gas
generation for the basal Silurian �hot shales" at the Tin Zemane (TZM-1),
southern Berkine basin.

At the present time the Silurian is in the wet gas generation window and still shows
capabilities for generating further hydrocarbons . This fact is indicated by the present-
day residual hydrocarbon generation potential which is approximately 35 %.

er ne Basin

Modelling results for the Silurian shales in the north-eastern part of the basin are
presented in Figure 58. Active oil generation occurred between 333 and 286 Ma at a
temperature range between 90 and 120 °C. Hydrocarbon generation rate remained
constant between the Late Carboniferous and the Barremian. Since the maturation of
the Silurian was affected by the Hercynian erosion and subsequent cooling, the
generation of oil slowed-down. Maximum oil generation occurred between the
Barremian and the present time when appropriate temperature conditions re-appeared
again. However, the Silurian shales are still in active oil generation in that part of the
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basin . The present residual potential of the source rock is about 55% of the initial

hydrocarbon potential indicating that only 45% was generated during its evolution.

160

240

320

Fig. 58 : Evolution of temperature, transformation ratio, oil generation and gas
generation for the basal Silurian �hot shales" at the Keskassa site (-lbis),
north-eastern Eerkine basin.

6.3.4.2 FFasnian Source Rock

The development of temperature for the Frasnian shales and the results of numerical

simulation of petroleum generation are discussed for three sampling locations

represented by the BK-2 well, the HAD-1 well, and the TZM-1 well . For the other

:yells of the central pat of the basin, the results are quite similar to those of the EK-2

well . The relatively limited extent of the Devonian source rock did not allow,

unfortunately, investigations in the northern and western part of the basin.

al Central erkine basin

Well. -2

125

The temporal development of the temperature for the Frasnian source rock in the

sampled well and the corresponding results of petroleum generation are presented in

Figure 59 along a time interval between 373 and 0 Ma.

The graphic shows that maximum heating occurred at maximum burial . Temperatures

reached by the Frasnian source rock during the Late Cretaceous-Tertiary did not



exceed 140 °C. Liquid hydrocarbon generation started in the Early Carboniferous and
slowed-down during the Permian-Late Jurassic, as a consequence of the Hercynian
erosion and subsequent cooling .
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irirr-2)r.~, Central

Berkine basin.

1t is also apparent from the graphic that active hydrocarbon generation occurred during
the Early Cretaceous-Tertiary with peak oil generation occurrt-ing during the Albo-
Aptian . During the last 42 Ma very little oil generation has occurred and the Frasnian
source rock generated mainlyed

	

gar. 11i iT1,e tr3
it11ansfV1111

ratio11 ratio!, curve also
indicates that

V V1

	

VL

only 60% of the initial hydrocarbon generation potential of the source rock was
realized, and hence, still good capabilities for further gas generation exist.

`Well HAD-1

The three assumptions used for the reconstruction of burial and thermal history of the
Mad area did not show any differences with respect to the timing of oil generation .
The great difference which can be mentioned is related to the maximum temperature
reached by the source rock at the time of maximum burial during which a sudden
increase of temperature is observed when assuming higher heat flow (Figs. 43 and 44) .
For the other modelled parameters (i.e . transformation ratio and amount of gas
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generated) only very slight differences can be observed . These differences are related

to the increase in the transformation ratio and gas generation rates caused by the high

heat flow assumptions. Regardless of the above-cited observations, the results are

discussed here for Model A which assumed that no significant thermal event occurred

at the time of maximum burial.
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Fig. 60: Evolution of temperature, transformation ratio, oil generation and gas
generation for the Devonian Frasnian at the Haiad site (HAD-1), Central
Berkine basin.

Figure 60 shows a general increase of temperature during basin evolution. As

prevzu~sly 111ent1Vned, the, small an, wnt of eroded Carboniferous overburden did-not-not

allow any substantial interruption in temperature proceeding . Therefore, the maturation

progress was not interrupted . Liquid hydrocarbons started to be generated in the Late

Palaeozoic. Although at slower rates during some periods, the generation of liquid

hydrocarbon continued up to the Late Jurassic time, a threshold after which only gas

was generated. The graphic also reveals that the Frasnian shales reached almost 90

of their- initial hydrocarbon generation potential at the present time and have, therefore,

a lower capability for further hydrocarbon generation than their equivalents in the

Berkine area (B

	

-2 well).

The main results obtained for the Frasnian at the other sues of the Central part of the

basin are shown in Figure 61 .
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Fig . 61 : -Hydrocarbon (oil and gas) generation curves DTs time in the WT-1, SF-1 and
BEK-1 sites, respectively. A and B refer to the Models described in Chapter
6.3.2 . Light and dark areas are oil and gas, respectively .

The temporal variation of temperature for the Frasnian shales in the Tin Zemane area
and the results of the numerical simulation of petroleum generation are shown in
Figure 62.
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Fig. 62: Evolution of temperature, transformation ratio, oil generation and gas
generation for the Frasnian at the Tin Zemane site (TZM-1), southern
Berkine basin.



A general increase of temperature with increasing burial and time is also observed

here . As in the Haiad area, no substantial interruption in temperature increase is

observed and the maturation history of the Frasnian source was not affected by the

Hercynian erosion, due to its small amount . Liquid petroleum started to be generated

in the Palaeozoic . This generation continued throughout the Mesozoic and was mainly

active during the Late Cretaceous . The generation of oil slowed-down during the

Tertiary when small amounts of gas were generated. The graphic reveals also that

approximately half o£ the initial hydrocarbon potential was not yet realized indicating

that the source rock still has capabilities for generating further gas.

The principal results obtained in all the simulations with respect to temperature

calibration and hydrocarbon generation for the Silurian and Frasnian are summarized

in Table 16.
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''ab. 16: Heat flow density and temperature at the time of maximum burial (Late
Cretaceous/Tertiary), estimated total eroded thickness and peak oil
generation for the basal Silurian and Frasnian as inferred from numerical
simulations at the different sites. A and B are those models described in
Chapter 6.3 .2 .
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FE-dMI .

BK-2 55 Toumaisian-Stoanim 1420 55

WT-1 55 FmenniamStephanian 1800 55

HAD-l 55 (A), 73~R), 80 (c) Westphalian-St#anian 200 55

SF-1 56 (A), 35 (B) TWrnaisian-Step&nian 1370 58

BBK-i 35 Emnim---steomin 2000 56

BRD4 63 (A), 66 (B) Late Silurian- St#ar 3000(A),1860(B) 63
T7:A.1 36 1~_liän-Ste i 370 56

KA-Ibis 55 LaeSilu6m-Stephmian 2200 - 55



Signi anee of the Tfiassie®Liassic Thermal Anomaly to Hydrocarbon
Generation

The aft bas-;-.S are generally character'1Sed by high bleat flow values, depending on tire

amount of extension (stretching factor of McKenzie, 1970. For instance, heat flow
can reach values of 125 mWlrnz in present-day active rift basins such as the Red Sea
(Allen and Allen, 1990). As the Triassic basin was characterised by crustal extension
with igneous activity during the Triassic-Liassic and because the determination of the
relative paleoheat flow variation by interpreting regional tectonic processes is possible,
it is assumed that the Eerkine basin was characterised by higher than normal heat flow
during that time (see also Chapter 6.1 .5). For the objectives of the present study, it is
important to 1MOw the con%iabdtion of such highli heat flow to the maturation of organic
matter and hence, hydrocarbon generation . This was illustrated for the Frasnian source
rock by using the SIB-2 well for which the modelling results for two extreme heat flow
hypotheses were compared.
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Fig. 63: Diagrams illustrating the effect of the Triassic-Liassic thermal event to
hydrocarbon generation.

First, it is was assumed that the Late Triassic-Early Jurassic rifting was characterised

by an average heat flow value of 60 mWIm2. In a second case a heat flow value of 75
mWlm2 which is close to the mean value given by Allen and Allen (1990) for present-



day active synrift or passive margin basin is considered . The modelling results with

respect to temperature, vitrinite reflectance and hydrocarbon generation by considering

the hypotheses cited above are superimposed on Figure 63 .

Although, temperature is slightly affected by considering the second and more accurate

hypothesis, the graphic reveals that neither vitrinite reflectance nor the timing of

hydrocarbon generation were affected . This effect is interpreted as being the effect of

the extent of the Hercynia_n orogeny and cooling. The considerable drop in sediment

temperature as a result of the Hercynian erosion could not be compensated by

assuming a high heat flow. It was subsequently noted that hydrocarbon generation is

slightly affected in areas where the H.ercynian erosion was minor (e.g . HD-1, TZ-1~-

1) . However, great differences with respect to the peak hydrocarbon generation were

not observed .

6.3.6 Significance of ThermalProperties ofRocks to Hydrocarbon Generation

Regardless of the apparent role of the depth of burial in hydrocarbon generation from

the basal Silurian and Frasnian source rocks, thermal properties of rocks such as

thermal conductivity and heat capacity are of major importance to the overall

temperature distribution in sedimentary basins (Chapter 6.1 .4). The effect of thermal

properties of rocks are illustrated in the present study by comparing sequences where

sediments such as salt and anhydrite (evaporites) are either present or absent . Because

their higher thermal conductivities (low heat capacities) salt and anhydrite tend to

dissipate the produced thermal energy and can, therefore, act as conductive pipes

(Neunzert et al., 1996 ; Poelchau et al., 1997; Neunzert, 1990 . This phenomenon is

well illustrated in the Berkine basin. The presence of sediments of relatively higher

thermal conductivity such as salt, anhydrite and even carbonate in the Mesozoic

section led to a general widening of the isotherms during that time. The isotherms

within the Mesozoic section are also spread wider than those observed in the

Palaeozoic section. Because of the shaly and sandy nature of most of the Palaeozoic

sediments, the observed depth of the isotherms in all the modelled wells of the basin

are in contrast narrower (Figs. 40 to 51). Furthermore, comparisons between maximum

temperature development for the Frasnian section in field where high thermal

conductivity sediments are either present (13erkine) or absent (Illizi) reveals that



specific high temperatures are attained by the sediments in the second case at much
shallower depth (Tab. 16) . This could explain why the Illizi Platform is characterised
by higher geothermal gradients (Fig . 38) and why a relatively shallow hydrocarbon
generation window characterises the Illizi Platform (Fig . 24). Therefore, the possibility
of higher heat flow as the cause of the exhausted generation potential of organic matter
in the Illizi Platform has to be reconsidered .
It is clear that the assumed temperature history of the Tin Zemane area as illustrated by
the TZM-1 well cannot be generalized to all the Illizi Platform . Other literature data
have to be taken into account for the regional evaluation of the results. For instance,
Tissot et al . (19äi) and i akh.ous et al . (19- 7) observed the same temperature range
(100-130'C) for the Devonian source rock, respectively, in the north-eastern and
eastern Illizi where many 0111 fields are located. Furthen-nore, the presence of any heat
flow anomaly at the time of maximum burial should have also some effects on the
kerogen in terms of reduced hydrocarbon generation potential, as well as on the
present hydrocarbon distributions. This was not observed on the Illizi Platform or in
the Berkine Basin.

6.3.7 Data Limitations

This present modelling study is based on the assumption that measured maturities
reflect roughly the thermal history of the different fields analysed . However, it is
recognised that this type of measurement is prone to errors which could adversely
affect the accuracy of the modelling scenarios presented here. Vitrinite reflectance
measurements lead to less uniform data if the measurements are performed on
dispersed organic matter (Scheidt and hittke, 1989). Hence, it is always important to
keep the possibility of errors in mind and not to accept blindly the data (e.g . vitrinite
reflectance is even measured in Cambrian, Table 14) particularly if only one kind of
organic maturity parameter is used .
Although it is not unusual that different conceptual models are within limits consistent,
true maturity trends must be based on reasonable geological considerations . In view of
the basin modelling results of this study, three thermal features (all were conduct to fit
the present maturity data) emerge by using vitrinite reflectance measurements of
different,sources. These are:
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11 An hypothermal regime as inferred from the modelling results of BBK-1 and SF-1

(Model B), where heat flow values at ties of maximum burial do not exceed 35

mw/M2.

21 A normal or near normal thermal regime as inferred from most of the maturity data .

31 an hypothermal regime with higher than normal heat flow values (up to 80 rnWlm2)

as inferred from the coalification trends observed in the HAD-1 well (Models B and

C).

In view of the tectonic evolution of the basin, lower than normal heat flow values seem

to be unrealistic. Hypothern~al basins are generally associated with, crustal situ, eniilg

in tectonically active zones, such as oceanic trenches, foreland and outer fore-arc

basins unrelated to are mag.Elatism and not nn pVst~rdft thermally subsiding basins

(Allen and Allen, 1990). t is believed that the second alternative is the best possible

model in terms of the thermal and generation history of the Silurian and Frasnian

source rocks. This fact can be supported by visual analysis of kerogen from the

Frasnian-Famennian interval which revealed yellow-orange fluorescing particles and

suggesting a maturity stage of about 0.7-0.8% Ro which is analogous to the measured

values in this study. The heat flow history of the SF-1 (Model B) and BBK-1 is

believed to be incorrect. One possible reason of the low reflectance values could be the

poor quality of the polished sections measured by the laboratory. In addition, an

unusual composition of vitrinite precursors might offer an explanation for the low

reflectance values. In other words the fraction may have a different composition

according to the source and conditions of deposition and could, therefore, constitute

different plant associations or a variety of gelification (Tissot et al., 1987) . Another

possibility is that the analysed particles are hydrogen-enriched, inhibiting

aromatisation. In fact Rock-Fval data from both wells (SF-1 and BBK-1) reveal highly

bituminous samples with free hydrocarbon contents of up 6 mglg rock.

The cause of high vitrinite reflectance values in the Naiad area (HAD-1) could be the

measurement of particles wrongly defined as vitrinite due to the small size and

- dispersed nature of the kerogen. An hyperthermal regime implying an updoming of the

mantle or plutonism during the Cretaceous-Tertiary time, as shown by models Band C



for TAD-1, is unlikely because there are no indications of strong magmatic activity
or rifting.

6-3-8 Summary

®

	

The tectonic events which affected the Berkine basin as inferred from subsidence
analysis repeat basically the sequence of tectonic movements determined from seismic
interpretation (Boudjema, 1987, BET_CTF- SH 1991);
- Crustal extension through the Cambro-Ordovician time associated with volcanic
activity.

- Subsidence from Late Ordovician to Stephanian time as a consequence of thermal
contraction of the lithosphere .
- Late ::arboniferous cr'ustal sho er~ing with the development of reverse faults defining
the Arnguid-El Biod fault zone of the western part of the Berkine basin.
- Basement stretching during the Late Triassic-Early Jurassic associated with volcanic
activity.

- post- rift subsidence up to the present time as a consequence of thermal contraction

As the present-day or near present-day burial is the greatest which sediments have
experienced, any increase of the heat flow daring that time would overestimate the
maturity data .

Most of the maturity data bear no imprint of any high temperature event during the
time of maximum burial . The associated heat flow range ranges from 66 to 55 m'Wlrn2.
The highest values were registered for the western edge of the basin (Amguid El Biod
Hassi W-essaoud ridge) and are in good agreement with the associated geothermal
gradients. Tectonically less stable, this part of the basin could have experienced higher
than normal heat flow. Furthermore, present-day temperature data indicate that heat
flow values range between 63 and 55 mWlm2 and that the average geothermal gradient
for the upper crust is 25'C/km.

o The extent of Hercynian erosion, present-day burial depth and thermal conductivity
of rocks are main factors enhancing or inhibiting the maturation of the in-situ organic
matter and hence hydrocarbon generation .
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With respect to hydrocarbon generation, the modelling results show two periods of

generation. Both Palaeozoic and Mesozoic generation are shown in the study area and

concern the Silurian source rock, whereas hydrocarbon generation from the Frasnian

source rock occurred mainly during the Mesozoic time .

For the Silurian source rock, oil generation was achieved during the Palaeozoic in most

of the study area . Exceptions to this rule are the north-eastern and the southern parts.

In the former the Silurian is still actively generating petroleum, whereas in the latter

peak oil generation occurred at Jurassic time at around 1$ß Mabp . One should not

ignore that the Silurian oil potential in the western Berkine basin was probably

achieved during the ivIesozoic as deduced from the modelling results of BR. -D-4 well,

Model B . This hypothesis seems to be in agreement with the timing of trap formation

and the obser`cred hydrocarbon distribution tz that particular area of the basin 1,iig . 1) .

From the Frasnian source rock, oil was generated mainly in Mesozoic between Jurassic

and 'tertiary time . The earliest time of peak oil generation was 200 Ma; the latest is the

present.

Fig . 64: Simplified tectonic and petroleum system history of the Berkine basin. The
Meso-Cenozoic petroleum cycle appears to be more consistent as Late
Palaeozoic traps are expected to be largely destroyed during the Hercynian
movements. PAS, petroleum generation .

Based on the structural development of the basin and the modelling results described

before, a simplified tectonic and generation history model can be generated for the

Berkine basin with the key events related to two main cycles controlled primarily by

plate tectonic movements (Fig . 64). It is generally emphasized that the relationship

between the events greatly controls the success or failure of exploration at a basin

scale.
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6-4 2D Simulation Results

In addition to the 1D numerical simulations performed for different sites of the basin
(Chapter 6 .3), a 2D numerical modelling study was carried out in order to understand
the geological and thermal evolution of the basin, to quantify this information and to
derive the history of hydrocarbon (oil and gas) generation. A further important goal
was to investigate the history of hydrocarbon migration and entrapment along the 205
km long transect across the Berkine Basin. This transect crosses major petroleum areas
where oil, gas and condensate were accumulated in different trap types and reservoir
levels (Figs. 1 and 35) . To the West, the folded area of the Amguid El Biod-Hassi
Messaoud hydrocarbon bearing trend includes, from West to East, the structures of
Nezla, Gassi El Adem and Brides. These structures are bounded by basement faults
which were reactivated during Cretaceous and Tertiary times . Gas has been recovered
in deep Ordovician (Hamra Quartzites) reservoirs . The Triassic reservoir in these
structures is heterogeneous with respect to the type of hydrocarbon that it contains .
Gas and oil were recovered in Nezla, oil in Gassi El Adem and condensate in the
Brides structure. Tome East, there are the fault block structures of the Berkine area
(Wed Teh, Berkine East and SifFatima). The structural style in the central part of the
basin as illustrated by the cross section (Fig . 35) reflects mainly the Triassic-Liassic
rifting phase. The fault blocks contain, on the other hand, light oil (40-45°API) and gas
in a reservoir of Triassic age. Gas and condensate are also recovered from
Carboniferous Wisean) arid Early Devonian (Gedinnian) reservoirs in the Berkine East
structure.
In this study the 2D finite element numerical model ietroMod (version 3 .1) was used .
Necessary modelling and calibration data are described in Chapter 6.1 . Regardless of
the burial, thermal and hydrocarbon generation histories, two important aspects of
Petroleum geology, with respect to the factors controlling generation, migration and
accumulation of hydrocarbons, are not yet discussed:
1- Overpressures and the transmissibility of the major faults to fluid movements.
2- The contribution of each source rock to the present oil and gas accumulations within
the basin.

The present chapter deals with the 2D numerical modelling results pertaining with the
above-cited aspects .
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It should be pointed out that the results presented here are derived from a model where

the thicknesses of the eroded overburden is extrapolated from nearby sections . In other

words, it is assumed that the thickness of the different eroded layers in the western part

of the basin are similar to their equivalents preserved from erosion elsewhere (i.e .

central and south-eastern parts of the basin) . For comparison, a model assuming

sediment thickness reduction for the Carboniferous layers at the western edge of the

basins as the result of the early pulses of the Iiercynian orogeny, is discussed with

respect to hydrocarbon generation and migration as an alternative model.

6-4-1 Present- 3av TemperatureDishibutdon

When the thermal properties of the different rocks making up the sedimentary fill and

the present-day average surface temperature is known (here set to 25°C), the nrodelling

of the present-day temperature distribution depends on the present-day heat flow . This

latter is calculated by calibration of the temperatures obtained during logging and/or

testing (BHT and/or DSO`) within five wells situated along the cross-section at the grid

points 29, 42, 45, 72 and. 94 and representing the BRD-4, '-1, PIE-2, EKE-1 and

SF-1 wells, respectively . Temperature data. used for calibration are listed in Table 13 .

The present-day temperature distribution is obtained by tuning the present-day heat

flow until a good match between the measured and calculated values is observed . It

was consequently observed that the western part of the basin (i.e . in the vicinity of the

anticlines) is wanner than the region situated farther away from the folded area

represented by the central and eastern parts of the profile (Fig . 65). The calculated

respective present-day heat flow values are 60 and 50

	

Tf_e latter valeue is

lower than the average continental value proposed by Allen and Allen (1990) for

thermally subsiding (post-rift) and passive margin basins. The rising of the depth of the

isotherms in the western part of the basin is the result of the higher heat flow which

caused `higher temperature gradients. Another feature is the temperature contrast

observed in the Palaeozoic and /Mesozoic sediments. This is obvious by the fact that

the isotherms in the Mesozoic section are wider than those observed in the Palaeozoic

sediments (Fig . 65). This effect arises from the contrast in the mineralogical

composition of the sediments malting-up the fill of both sections . The presence of



sediments of relatively higher thermal conductivity such as salt, anhydrite and
carbonates in the Mesozoic section is the direct cause of such differences.
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The computation of paleotemperature as a consequence of conductive and conductive
heat transfer and of the geodynamic evolution of the basin was obtained by calibrating
heat flow against vitr nite reflectance profiles obtained from 5 wells situated along the
2D investigated profile at the grid points 29, 33, 42, 45 and 94. These grid points are
represented by B12D-4, BKPT-1, WT-1, BK-2 and SF-1 wells, respectively (Fig . 35) .
Necessary calibration data are listed in Table 14. During the simulation procedure, the
vitrinite reflectance distribution along the 21) profile that was calculated according to



Tab. 17 : Lithology, sediment thickness (m) and heat flow (mWIm2) for calibration

wells along the simulated cross section. The highlighted values are sediments

which were totally (-9999) or partly eroded during the Hercynian orogeny.
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Event Event Timw Lithology BRD-4 (GP29) BKW-1(Gl'33) WT-1 (GP42) BK-2 (GP45) SF-1(GP94)

N° Name ) Thick HP Thick HF Thick BY Thick HF Thick I-IF

60 Terciary 35 SAND,silty 192 60 288 60 253 50 210 50 172 SO
59 Alpim 42 LIMF,dolo -150 60 -140 60 -50 50 -50 50 -50 50
58 Maes-£oc 74 LIIv1E,dolo 345 60 270 60 274 50 216 SO 171 50
57 Santonian 86 DOLO, evap 208 60 348 60 252 50 232 50 329 50
56 Coniacian R9 SALT 97 60 155 60 122 SO 180 50 161 50

55 Turonian 90 LIIviE,nmrly 100 60 78 60 111 50 58 50 67 50
54 Ccnoman 97 SHALE,evap 205 60 242 60 241 50 223 50 239 50

53 Aiisian 112 SAND,shaly 125 60 268 60 237 50 219 50 99 50
52 Aptian 117 LIME,6010 25 60 30 60 30 50 30 50 25 50
51 Austrian 119 0 60 0 60 0 so o so 0 50

50 Austrian 121 °° 0 61 a 61 0 53 0 53 0 53
49 Austrian 124 SAND,siity -350 61 -124 61 -100 53 -150 53 -150 53
48 Barcmra 132 SAND,silty 705 61 705 61 620 53 653 53 381 53
47 Neecom 146 SHALE,sandy 306 62 316 62 309 55 313 55 247 55
46 Maim 161 SHALE& Ilv1E 249 62 249 62 209 55 218 55 242 55
45 Dogger IR7 SHALF,calc 309 63 238 63 259 59 243 58 246 58
44 Pliensh 194 EVAPshaly 310 63 320 63 257 58 299 SR 230

51,
43 sinemur 203 LIIVM,shaly 25 63 25 63 25 58 25 58 25 58
42 Kheatian 210 SALT 673 65 637 65 470 60 553 60 441 60
41 ThKeuper 231 SAND,shaly 344 75 232 75 266 70 231 70 175 70

23-40 Hercyni= 286 See the table below
22 Stephan 303 SIIALE,evap 12ß ' 60

}+_-
60 60 '

m
60

21 Westphai 315 LIME,shaiy 36ß ' 60 - ~- : 60 3M ? 60 -W -T 60 60
20 Namurian 333 SHALE,calC `?5ff'' .' 60 ., 60 60 : -so-.: - 60 - ~ , 60
19 sean-C 342 Sii."I'STONE 3 60 ~; 60 1 :. 60 -SO 60 60

18 VisearnF3 350SAN7~&SHALI: ' S!1 - 60 2St1 60 , 60 60 ~,2St1 60

17 To�,->,iss 355 SAND,siaaly :'C;Et 60 2`53 ' 60 ".8 0 60 60 60
16 5:.°unian 363 Sn'T>sard' 60 -~ 60 _. 60 --- 60 I34 60
1515 Famenn 367 SHALF,silty #sk 60 3-4,

_

60 s$
~
w 60 350 60 31S 60

14 Frasnian 377 SIiALE,calc 60 60 196 60 230 60 270 60
13 Emsian 390SH.ALF&LIME 60 i 3a:. 60 136 60 ISO 60 156 60
12 Gedi-Sieg 397SAND&SHALE

,"
62 f"M 62 321 62 309 62 206 62

11 Intra G-Sieg 399 SHALE 62 62 50 62 50 62 50 62
10 Cedinian 409 SANDSTONE 270 ^ 62 292 62 260 62 270 62 250 62
9 Pridolian 411 SHALE

so
63 50 63 50 63 SO 63 50 63

9 Lurtlow 424SAND&SHALL- , £ntr 63 600 63 650 63 650 63 600 63
7 Wenlock 433 SHALE,silty 510- 65 550 65 550 65 550 65 Sao 65
6 Llandov 435 SHALE,calc 50 65 50 65 50 65 50 65 50 65
5 Llanvim 780SAND&SHAl.E 293 70 293 70 260 70 260 70 250 70
4 Arewgian 493 SANDSTONE 280 70 250 70 250 70 250 70 250 70
3 Tremadoc 510 SHALE,sandy 273 75 273 75 250 75 250 75 250 75
2 Cambrian 570 SANDSTONE ' 500 75 500 75 Soo 75 500 75 Soo 75

1 Basemnt 650 BASENMNT 2000 40 1132 40 761 40 407 40 1082 40

Event Event Tima BRD-4 (GP29) BKNV-i(GP33) VTT-1 (GP42) BK-2 (GP45) SF-1(GP94)
.10 Name (Ma) Thick HF Thick HF Thick HF a-hick BF Thick HF

40 Hezcynian 233 0 58 0 56 0 58 0 58 0 58
39 Hercyniam 236 0 58 0 58 0 58 0 58 0 58
38 Hercynian 240 0 58 0 58 0 58 0 58 0 58
37 Hercynian 244 -7-5 58 0 58 a 58 0 58 0 58
36 Hercynian 248 58 0 58 0 58 0 58 0 58
35 Hercynian 253 4~ 58 0 58 0 58 0 58 0 88
34 Hercynian 257 .. 58 58 0 58 0 58 0 58

$3 Hercynian 281 58 -_ . .= 58 ß 58 D SS O 58

32 Hercynian 264 58 58 0 58 0 58 0 58

31 Hercynkm 267 58 - 58 0 58 0 58 0 58
30 Hercynian 270 58 -cs _ 58 -'? z ? 58 0 58 0 58

29 Hercynian 273 .-°3a0 ` 58 -s 4" 58 M.- ?S : 58 0 58 O 58

28 ' Hercynian 276 z'9s 58 58 58 9,,
58 "m 5 68

27 Hereyn;a� 278 58 58 '_ :. .3s=, 58 -~ 58 : r 58

26 Hercynian 280 - .~ 58 -F_. 19 :: . 58 2959'" 68 -
~

- 58 -cc-c9- 58

25 Hercynian 282 .== 58 58 g 58 _ 58 58

24 Hercynian 284 - - 58 =5'~~ . 58 58 58 »4 " J 58

23
.
Hercynian 286 = :. 58. °s = 58 . , 58 58 a0QK` 58



the conceptual model is compared to measured vitrinite reflectance data until a good
agreement between both values is obtained. The input data set of the calibration wells
is listed in Table 17. The complete data set for the simulated cross section, expressed
by some of the important input parameters such as sediment thickness and heat flow
are listed in the enclosed Tables 10 and 11 .
From the 1D simulation results, it was observed that the sediments in the basin reached
their maximum burial and temperature only recently. Therefore, vitrinite reflectance
data reflect mainly the Late Cretaceous-Tertiary burial . The calibration of the model
was achieved by assuming heat flow values of 60 mWlm2 in the vicinity of the
anticlines and 50 mWIm~ in the region situated farther away from the folded area . The
estimated amount of eroded overburden during Permian-Triassic times increases from
the East to tie West along the profile (Fig . 66 ).

vitrinite Reflectance (%R,)

B 4(GP29) H w-I(GP33)

	

T-r(GP42)	BK 2(GP45)

	

SF-r(GPs4)
-e:rz

	

w L~V, aa ~sä~WI

	

-
L3020~._

	

2500

	

1820

	

1420

	

1370

Fig. 66: Achieved match between measured and calculated vitrinite reflectance of the
calibration wells. Additional information about the heat flows during maxi-
mum burial and the amounts of eroded Palaeozoic sediments are indicated.
Black and grey symbols are measured and calculated (from MPI 1) vitrinite
reflectance, respectively .

Figure 67 shows simulated maturity distributions and evolution, as expressed by
vitrinite reflectance, at the end of the Carboniferous (286 a), during the Early
Cretaceous (124 lea), and at the present time. The calculated vitrinite reflectance at the
Late Carboniferous time (Fig . 67a) for the Silurian and Frasnian source rocks range



from 1 .6 to 1 .8% P.o and from 0.6 to 0.8% Ro, respectively, along the whole transect .

Being the result of the maximum Palaeozoic burial, these maturity data are in good

agreement with the respective calculated temperatures (150-175°C and 100-1.25°C) .

Considering that oil expulsion occurs in the 100-120°C temperature window while gas

is largely expelled in the 150-230 °C temperature range (Mackenzie and Quigly,

1988), the Silurian source rock has surpassed the oil expulsion threshold, whereas the

Frasnian source rock was at the optimum temperature for expulsion.
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the modelled profile. SR, source rock.

Figure 67b reveals that, although higher heat flow values existed during the Late-

Triassic-Early Jurassic rift phase, the maturation of organic matter did not proceed

since the maturation levels `observed within both source rocks during the Early

Cretaceous (124 - a) are similar to those observed during the Late Carboniferous .

This evolution step is expressed as the maturation evolution segment 2 defined in

Chapter 6.3 .3 and interpreted as being the result of the Hercynian movements and

subsequent cooling.

Figure 67c shows the present-day maturity distribution along the simulated cross

section. From this figure, it becomes evident that present or near present-day maturities



Fig. 67b: Computed maturity (vitrinite reflectance) at 124 Ma (end of Barremian) for
the modelled profile. SR, source rock.

13KI,r1 SF-1

Fig. 67c : Computed present-day maturity (vitrinite reflectance) for the modelled
profile. SR, source rock.



are the greatest ever experienced throughout the burial history of these rocks.

Calculated vitrinite reflectance values for the Silurian and the Frasnian source rocks

are more than 2% Ro and around 1% R,,, respectively, and are in accordance with the

calculated temperatures (Fig . b5) . Consequently, it is expected that only gas can be

expelled by the Silurian source rock, whereas oil and some gas can be expelled by the

Frasnian source rock. The generally westward rising of the isoreflectance lines is due

to a westward increase of heat flow during maximum burial tunes. Furthermore, it can

be observed that the isoreflectance lines are much tighter downwards in the

stratigraphy because of the sandy and shaly nature of the Lower Palaeozoic series .

The relatively low heat flow values observed in the central and eastern parts of the

profile (i.e. central and eastern Berkine Basin) might be due to the fact that the

underlying crust is thicker and more stable . Tectonically less stable, the folded area of

the Amguid El Biod-Hassi

	

essaoud axis could have experienced higher heat flows.

6-4-3 C® paction Induced Overpressures andFault Transmissibility

As alrady discussed in Chapter 3A, the reservoirs in U4e study area are cha~actetsed Vy

different pressure regimes . An important question in the present study relates to the

contribution of the major faults to overpressure development and fluid movements. For

this purpose, computed overpressures at different locations along the modelled profile

are checked against pressure data observed during testing of the different reservoirs .

The pressure data used for calibrations are listed in Table 13 .

It should be noted that the data are generally recorded at either aquifer or hydrocarbon

bearing reservoirs . It is well known that there is always some amount of overpressure

wherever a column of oil or gas is present. The amount of overpressure is a function of

the density contrast between petroleum and water and the height of the hydrocarbon

column (e.g . Osborne and Swarbrick, 1997). The data correction due to the effect of

the hydrocarbon column was not necessary because oil- bearing reservoirs are of low

net pay. Furthermore, it is well known that the oil trapped in the Triassic reservoirs has

a high gas content. 'therefore, the pressure correction may be small or zero . The effect

of the hydrocarbon column might be significant in gas-bearing reservoirs of high net

pay (e.g . Burhig, 1989) such as the Ordovician (Hamra quartzites).
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The faults are described in PetroMod as having volume properties and can be modelled
as preferred highly permeable migration paths that conduct flow along and/or across
the fault planes, or as low permeability domains that restrict flow along and/or across
the fault planes, creating pressure seals (.cones et al., 1998).
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Figure 68: Comparison between measured (dots) and calculated (solid lines) pore pressures for
two extreme hypotheses of fault transmissibility: A, impermeable faults and I3,
permeable faults. T, V, G and 0 are Triassic, Visean, Gedinnian and Ordovician
reservoirs, respectively. The dashed line correspond to hydrostatic pressure (i .e .
0..46 psi/ft or 10.4 KPa/m) .

Figure 68 shows the calculated overpressures (assuming hydrocarbon generation)
obtained with two extreme hypotheses for fault transmissibility: all the faults were
assumed to be �impermeable", and all faults were assumed to be �permeable" to fluid
movements. It should be pointed out that because of some limitations of the program
which does not take into account pressure dissipation, and because it is known that the
Lower Devonian units are open systems, an artificial opening of the model was
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performed such that dissipation is taken into account during calibrations . The omission

of such a dissipation would imply too high overpressures in the Palaeozoic reservoirs .

Figure GS (A) shows that with the impermeable hypothesis the observed pressure data

in the region situated farther away from the anticlines, as illustrated by the grid points

42, 45 and 72, are overestimated leading to a higher pressure regime below the salt

deposits (i.e . the regional seal). This fact may indicate that the Triassic is laterally

confined by the faults . For the C=edznnian reservoir, which is considered as a part of the

gravity flow system which begins at the Hoggar massif in the South, the computed data

are also in disagreement with the observed data (GP 72). The computed pressure

profile for both the Triassic and the Palaeozoic reservoirs is in good agreement with

the measured one only in the Brides area (GP 29) situated farther to the West. By

contrast, for the permeable hypothesis (Fig . US, B) the Triassic reser=voirs are found to

communicate laterally and are not overpressured anywhere from Cgp 29 to OP 72. The

calculated pressure data in the Brides area (GP 29) are underestimated indicating that

the Ordovician reservoir is not overpressured .

From the above-cited observation., it becomes obvious that :

1 . The Triassic and Lower Devonian reservoirs in the central and eastern parts of the

profile are found to be hydrostatically pressured implying that fluids can be exchanged

through the permeable sandstones and faults . According to modelling results,

overpressures cannot dissipate easily enough towards the Illizi Platform only across the

Hercynian unconformity where the Triassic and Lower Devonian reservoirs are

communicating.
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within the folded area (i.e. western part of the basin) are overpressured . The relatively

high pressure observed may be interpreted as the result of the low permeability of the

faults bounding the anticlines, hence prohibiting fluid movements, the high pressure

regime in the North-West (see also Chapter 3.4) and the presence of permeability

barriers to the South.

In the following migration reconstruction, all the normal faults situated in the central

and eastern part of the profile were assumed to be permeable. The faults located at the

western edge of the basin were, in contrast, assumed to be impermeable.



6-4-4 History ofHydrocarbon Generation andMigration

Following the reconstruction of the dynamic geological framework including the
computation of burial and temperature history, hydrocarbon generation and migration
history was investigated in the Berkine Basin along the 205 km profile. One of the
main objectives of such reconstruction is to understand the oil and gas distribution in
the basin and to assess the contribution of each source rock to these accumulations.
Figures 69 to 73 show the evolution of petroleum saturation and direction of
hydrocarbon flow (arrows) at different stages of basin formation (i.e . 367 Ma, 333 Ma,
244 Ma, 97 Ma and at the present time . The simulation results are based on the
kinetics of hydrocarbon generation, hydrocarbon generation potential and fluid
properties described in Chapters 6.1 and 6.2. The faults bounding the anticlines were
maintained closed (like shale dykes) during the whole time of the basin evolution. The
extension faults of the central part of the basin were, on the other hand, kept open (like
sand dykes) during the Triassic-Liassic (210-197 Ma) and during the Late Cretaceous-
Tertiary (97-0 Ma). The default permeability values given by the l'etroMod 2lß
program were used (i.e . iü"` and for the closed faults and 10 ° and for the open faults) .
The simulation results show that hydrocarbon generation and expulsion out of the
basal Silurian source rock had already started in the Frasnian time (Fig . 69). One of the
important features that can be observed here is that the expulsion of oil occurred
preferably downwards towards the underlying sandy horizons of the Late Ordovician
(Lianvirnian) and particularly the Middle Ordovician (Rrenigian). Because of the
heavy nature of the oil (it is expected that the first oil expelled mom the source rock is
composed of heavy compounds), and because the synrift sequences are considered to
be more permeable than the overlying shales which act as a cap rock, the oil migrated
downwards.
In. Namurian time (333 hula), an increase in hydrocarbon generation and saturation is
observed (Fig . 70) . At that time, oil is migrating both upwards towards the overlying
Late Silurian sandstone and downwards towards the underlying Ordovician sandstone.
The upwards directed oil is probably due to the pressure build-up in the deepest
horizons as a consequence of the successive deposition of layers and due to the
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Fig . 69: Computed petroleum saturation (in %) and migration at 367 Ma (Late
Devonian). Green arrows show the direction of migration of oil . SR, source
rock .
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Fig. 70: Computed petroleum saturation (in %) and migration at 333 Ma (Namurian) .
Green and red arrows show the direction of migration of oil and gas,
respectively . SR, source rock .
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Fig . 71 : Computed petroleum saturation (in %) and migration at 244 via (Early
Triassic) . Green and red arrows show the direction of migration of oil and gas,
respectively, SR, source rock,

Fig . 72 : Computed petroleum saturation (in %) and migration at 97 Ma (end of
Albian). Green and red arrows show the direction of migration of oil and gas,
respectively. SR, source rock .
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progressive maturation of the oil (gas started already to be generated in the deepest

parts of the basin) .

During the Late Carboniferous (Hercynian) movements, the basin was tilted and

hydrocarbons migrated in an up-dip direction. Due to the pressure release caused by

the Hercynian movements, hydrocarbons migrated outside the center of the basin along

carrier beds and filled the structures probably created during that time along the

Anlguid El Biod-Hassi Messaoud ants . Ho.=.ever, as well illustrated i_n figure 71, it is

likely that hydrocarbons which were probably trapped in the anticlines were destroyed

by the Hercynian uplift/erosion movements . The different Upper Palaeozoic reservoirs

were progressively exposed to the atmosphere during the Permian-Triassic as a

consequence of the Hercynian erosion. Therefore, hydrocarbons were destroyed by

weathering . Another possible destructive movement (not shown here) is the Tnassic-

Jurassic rift phase. It has been predicted that before the deposition of the Liassic

regional seal, hydrocarbons generated during the Palaeozoic and trapped in the center

of the basin seeped to the surface along the major faults .
®ffar flip nva-Antinn cnmvrrPCCaive _rr rwet a_P.r_Va..c . ne'4i7 sCtures were generated in theg.~

western part of the basin. It was predicted that these structures were filled with

hydrocarbons during the Albian (Fig . 72). It was subsequently noted that the Triassic

reservoirs of these structures were filled progressively by the redistribution of gas pre-

accumulated in the deepest reservoirs (i.e . Ordovician) and thought to be of secondary

cracking origin . From Figure 72, it is also concluded that the Triassic fault block

structures of the central part of the basin started to be saturated with oil generated by

the Frasnian source rock during the Cretaceous. The structures are filled by verb.-al

migration along faults and to a lesser extent at the Hercynian unconformity (i.e . where

the source rock is pinching out below the unconformity). It is also observed that the

extent of lateral migration along the Triassic carrier bed is not as long as the -Brides

structure .

At the present time (Fig.73), it can be observed that the Frasnian oil (and probably wet

gas) is still showing an upwards direction of migration along faults . An increase of the

petroleum saturation in the Triassic reservoirs is also observed .
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Fig. 73 : Computed petroleum. saturation (in %) and migration at the present time.
Grey and dark grey arrows show the direction of migration of oil and gas,
respectively . SR, source rock.

These quantifications allow a comparison between the model results and what is realy
observed in nature . The Frasnian sourced oil accumulations are restricted in the model
to the Triassic-Jurassic extensional blocs of the central part of the Berkine Basin (i.e .
Wed Teh, Berkine East and other undrilled structures) . From the simulation results and
taking into account the tuning of oil and gas generation for each source rock as well as
other geological considerations, it can be concluded that the hydrocarbon discoveries
in fields such as ?omrd essaoud, Rhourd hrouf and Rhourd 'El Rouni (see Figure
1) were filled mainly by the Frasnian source rock . Good drainage capabilities are
attributed to major faults . The results show also some differences from the observed
data . Among others, the presence of a huge gas accumulation ( 270 000 rn3lday gas) in
the I- amra quartzite (Middle Ordovician) in the Brides structure cannot be produced
by the model. The necessary downward migration of gas towards the reservoir which
is situated 300 m below the source rock could not be modelled. Furthermore, the
model could not predict the oil accumulation in the Triassic of the Gassi El Adem
structure to the west of Brides (only gas accumulation in the model) . This is mainly
due to the timing of hydrocarbon generation. The Silurian source rock realized its oil



potential during the Palaeozoic and the Frasnian source rock is of limited extension

(Figs. 1 and 7) . Based on these observations it is still very difficult to explain nearby

oil fields such as those of Gassi Touil and Nezla North situated on the same structural

trend.

6-4-5 The Alternative Hydrocarbon Generation andMigration Model

The previous hydrocarbon generation and migration simulations showed some

inconsistencies with what is observed in nature. According to the data available in this

study, it can be argued that some of these inconsistencies are mainly related to the

Silurian hydrocarbon generation timing . Therefore, it was judged useful, though

biased, to test within geologically reasonable limits possibilities which allow younger

hydrocarbon generation .

The alternative model presented here assumes that the 1-lercynian erosion was not as

srong as assumed in the original model and that the Carboniferous sedimentation in the

vicinity of the anticlines was reduced in thickness due to early pulses of the Hercynian

orVgei}'r . The main input data for a calibrated well (i.e . RRT)-4) and two other wells

located to the west of the Brides structure (i .e . GEA-3 and NZE-1) are listed in Table

18 . Sediment thickness and heat flow used along the whole simulated transect are

given in the enclosed Tables 12 and 13 .

It should be pointed out that large differences in the computed pressure gradient were

not observed . Nevertheless, the predicted pressure gradient in the Palaeozoic series of

the western part of the profile, as illustrated by the BRD-4 well, was slightly lower

than that observed in the previous model (Fig.6ö, A) and a mismatch between. the

calculated and measured pressure data in the Ordovician reservoir was observed .

However, it should be kept in mind that the effect of the gas column on pressure is

greater ' in reservoirs of high net-pay and that possibly the observed data roust be

corrected.

For the calibration of the temperature history, the same agreement as for the previous

model (see Figure 66) between the measured and calculated vitrinite reflectance was

obtained in the Brides field when . assuming a slightly higher heat flow value (i.e . 63

MW/m2 instead of 60 rnWlm2) at rnaximurn burial times and eroded overburdens of



Tab . 18 : input data set used for the alternative model of three wells located in the
western part o£ the basin (cf. Table 17). The highlighted values correspond to
sediments which were totally (-9999) or partly eroded during the Hercynian
orogeny.
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1860 rn instead of 3020 m. In the absence of maturity data for the other wells (i.e .

GEAa3 and NZE-1), it is assumed that the same heat flow density occurred at the

maximum burial time with eroded overburden of 2298 and 2637 rn: respectively . These

eroded thicknesses are still rather high.

It is clear that such a model allows later generation from the Silurian source rock (see

Model B, BD-4 well in Chapter 6.3). Therefore, the probability that hydrocarbons

were destroyed during the riercynian movements is rnruch lower-

Figure 74 shows the simulated present-day oil saturation (and hydrocarbon flow). It

can be seen that the Gassi El Adem oil accumulation (not shown in the previous

model) is predicted here . From the simulation results, this structure is filled by vertical

migration of oil originally accumulated in the Ordovician . The downward migration of

oil towards the underlying more permeable sandstone occurred during the jurassic-

Cretaceous (i.e . between 161 and 124 Ma) as illustrated at 146 Ma in Figure 75. The

filling of the Triassic reservoir with oil started at around 89 lea after the Cretaceous

folding and faulting (Fig . 76). This alternative explanation of the Gassi El Adem oil

could also explain the origin of file 0-11 -11-L iNezla Nozui an Uassi To.h These

accumulations could have occurred in different steps represented by: 1) a downward

expulsion towards the underlying more permeable reservoirs, 2) up-dip direction along

the carrier rocks towards structurally higher positions and 3) redistribution towards the

Triassic reservoirs .

In Figure 77, the Triassic gas of the Brides structure is also predicted . The calculation

results showed also that the Triassic reservoir of the Brides structure was filled by

vertical migration of gas at around 112 Ma. This gas was originally accumulated La the

Ordovician sandstone and redistributed - later after the Cretaceous compressive

movements. A partial redistribution could explain why the Triassic reservoir is not

filled up to the spill point. The many gas bubbles observed during the drilling of the

sediments underlying the reservoir may be an indication of the recent emplacment of

this gas.
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Fig. 74: Computed oil saturation (in %) and migration for the western part of the basin
at the present time . Green and red arrows show the direction of migration of
oil and gas, respectively, following the alternative model. SR, source rock.

Fig . 75: Computed oil saturation (in %) and migration for the western part of the basin
at 145 Ma (end of Malm). Green and red arrows show the direction of oil and
gas, respectively . SR, source rock .
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7. Conclusions

The main conclusions which can emerge from the present study can be summarized as
follows :

The most important source rocks of the basin are the organic-rich units of the
Silurian and the Frasnian �radioactive" black-dark finely laminated shales . Mean
organic carbon contents range between 4 and 6% for the former and between 2 and
4% for the latter . Both source rock units reach values even greater than 10% for the
richest samples. Based on a number of biomarker, SIC ratios and other
compositional parameters (e.g., CPI, pristane/phytane and isoprenoids/ n-alkanes
ratios), these source rocks have been Interpreted to be marine alga/-rich rocks
developed within a continental shelf environment during maximum flooding of an
epicontinental sea and where dysaerobic to anaerobic bottom water conditions may
have prevailed. The absence of any benthos species and the laminae nature of the
Silurian shot` shales suggest that fully euxinic conditions may have occurred . The
presence of some benthos species such as goniatites and brachiopods suggests, on
the other hand, that the organic-rich �hot` shales of the Frasnian were anoxic,
whereas the water column above was at least partly oxygenated . Extensive
reworking of the sedimentary organic matter by anaerobic bacteria, as deduced
from biological marker patterns, was a common feature.

Most of the maturity data revealed that the Frasnian source rock is at the oil and/or
late oil/early gas generation stage depending upon position within the basin. The
Silurian, on the other hand, is overmature (i.e . in the gas generation phase) in most
of the study area . An exception is the northern part of the basin where the Silurian
shows high capabilities for oil generation. Oil and gas expelled from these source
rocks are trapped mainly in the Triassic (TAGI formation) reservoir which is
sealed by the overlying Liassic salt .

The oils analysed in this study showed great similarities, with respect to their
molecular composition, with the source rock extracts . Obviously, they originate
from a siliciclastic source rock deposited under marine conditions as deduced ioni
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selected compound ratios . The similarities observed between the oils and the rock

extracts in their biological marker fingerprints make oil to oil and oil to source rock

correlations difficult to constrain . Correlations alone are, therefore, not conclusive

for solving some important petroleum geology aspects such as the effective

contribution of each source horizon to hydrocarbon pools observed in the basin.

The observed maturity profiles in the bash: reflect mainly the Late Cretaceous-

Tertiary burial . Most of the maturity data bear no imprint of any high heat flow

event during that time. According to the 1D and 2l7 numerical simulations, the

associated heat flow values range between 60 and 66 mWini~ in the vicinity of the

anticlines (i .e . along the Amguid E1 Biod-Hassi Messaoud ridge) and between 50

and 55 mWlmz everywhere else . Tectonically less stable, tire western part of the

basin could have experienced higher than normal heat flows.

A difference of up to 6 mWlm2 is observed between the 117 and 2D results. In other

1_

	

3_

	

t
flow values

	

nw-r, for the calibration (4f the maturity data arewords Ldie IA~tli. 1iUW vO.IUis är6;ve3nnocuy avs sager vaa+ ...~~.~ .

slightly lower when applying the PetroMod 2D program. Such differences probably

arise from the fact that PetroMod takes into account the influence of lateral heat

transfer on temperature. The estimated amount of overburden eroded during the

Hercynian orogeny roughly increases from the south-east to the north-west and

seems to be in accordance with the Hercynian subcrop pattern. A minimum of 200

in has been estimated in the Flaiad area. A maximum value of about 3000 m has

been estimated in the western part of the basin along he Anagaid El Biod- assi

Messaoud ridge. However, this latest value is likely to be an overestimation .

Taking into account field observations, a slightly higher heat flow at maximum

burial tunes (66-63 rnWlmz) combined with a ercynian erosion of only 1860 m

would generate a more appropriate model. Furthermore such considered amount of

eroded overburden would lead to a more reasonable erosion rate (i.e ., 39 in spite of

55 m/Ma) .

The extent of Hercynian erosion, present-day burial and thermal conductivities of

rocks are . the main factors enhancing or prohibiting the maturation of the



sedimentary organic matter and hydrocarbon generation. Although vitrinite
reflectance and other maturity parameters reflect mainly the Meso-Cenozoic burial,
the earlier temperature evolution (i.e.,prior to the Hercynian uplift and erosion) is
of great importance for hydrocarbon generation in the study area because it
determines how much petroleum generation potential was preserved.

Another important factor which had a great control h prohibiting the maturation of
organic matter is the presence of thick evaporite (salt and anhydrite) bearing strata
in the post-Hercynian section. Due to their high thermal conductivities, evaporites
tend to dissipate the produced energy to the surface (Neunzert et al., 1996,
Neunzert, 1990. It was consequently observed that, for the same heat flow density
at e base of the sedimentary sequence, the hydrocarbon generation depth is much
shallower where sediments of high thermal conductivity are absent.

®

	

Hydrocarbon generation for the Frasnian source rock occurred mainly during the
Mesozoic. The earliest time of peak oil generation was 200 Ma; the latest is the
present. Peak oil generation along the studied transect occurred at around 120 Ma
(Aptian) . For the Silurian source rock, the timing of the diagenesis of organic
matter in the central part of the basin is Palaeozoic . For the western part of the
basin, the hypothesis of a Palaeozoic diagenesis is disputed . A 2D sensitivity
analysis revealed that a Late Car'ooniferous oil generation and expulsion as always
postulated shows controversies with the observed field data . Such an hypothesis
would lead to rather small oil entrapment efficiencies because the relationship
between hydrocarbon generation and structuring was less favourable .

The calibration of the 2D model against overpressure development reveals that the
reverse faults bounding the anticlines in the western part of the basin are most
certainly impermeable to fluid movements. The model also shows that the Late
Triassic-Early Jurassic extensional faults are open to fluid movements and can be
considered, therefore, as important migration pathways within the basin.

According to the 2D simulation results, the hydrocarbons which were generated
during the Palaeozoic cycle, migrated outside the center of the basin at the Late
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Carboniferous time towards the Amguid El Biod-Hassi Messaoud axis (western

part of the basin) and were trapped there. However, the hydrocarbon accumulations

were largely destroyed by progressive exposition of the reservoirs to erosional

events and weathering during the Hercynian movements. Therefore, only the

hydrocarbons trapped during the Mesozoic time make up the present oil and gas

accumulations.

The contribution of the Frasnian source rock is largely confined to the central part

of the basin . Due to more favourable maturity, this source rock is likely to be

responsible for the presence of nü -fields such as sled 'F_'eh, Rer_k_irte East; i ndrilled

in-between structures, as well as Rhourd El Khrouf, Rhourd El Rhouni, Rhourd

Messaoud and others . Minor contributions (mostly gas) are attributed to the

Silurian shales . Good drainage capabilities are associated with major faults .

The hydrocarbons trapped along the Amguid El Biod-Hassi Messaoud axis were

most certainly sourced by the Silurian source rock. The presence of seals (i.e . faults

bounding the anticlines) indicates that these accumulations cannot be fed by the

Frasnian source rock, a fact which confirm the hypothesis advanced in Chapter 5.3 .

The 2lß basin modelling results show also that a Mesozoic generation is the most

accurate hypothesis which would match the observed accumulations in this

hydrocarbon-bearing trend. According to the simulation results, the emplacement

of these hydrocarbons ;n Triassic fields such as Brides, Gassi El Adem, Nezla East .

Nezla North, Gassi Touil, Hassi Chergui and even Rhourd E'1 Baguel occurred after

the Cretaceous structures were formed . Migration from the source rock to the

_reservoirs show a succession of expulsion to older more permeable drains (i.e . the

sandy horizons of the Ordovician between 161 and 124 Ma (Jurassic-Cretaceous),

accumulation in local traps and dismigration as either an oil phase (Gassi El Adem,

Nezla North, Gassi Touil, Hassi Chergui and Rhourd El Baguel) or as a gas phase

(Brides, Nezla East and others) after the Cretaceous compressive movements. Gas

is probably responsible for displacing some oil accumulations in the basin resulting

m gas caps within some fields (e.g . Hassi Chergui) .
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Equations Usedfor the Calculation ofMolecularparameters

2(C23 + C25)
CPI-1
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Tab . 1 : Total organic carbon (Corg), sulfur and Rock-Eva] data ofthe sample set analysed in this study.

Sample
N°

Depth
(m)

Cozb
(%)- I

TC
(G%GJ

-

7703
(%0

S

('IO)
-

S1
(mg ncl$-~

S2
mg hclb)a

S3
mgb 0021g

Tmax
°C)

. ..
FU

mQ.~ hclg Co
01

ä mg C02!g Corö
E44093 4510.00 1 .55 2.17 5.17 1 .78 0.09 0.56 0.49 36 32
E44094 4515.00 2.32 3.74 11 .83 1 .45 0.15 0.29 0,65

-
-®

- _

E44095 4519.00 4.25 4.69 3.63 3.42 0.11 0.28 1 .10
E44096 4520.00 8.99 12.3 27.58 4.74 0.13 0.59 1 .36
E44097 4522.00 10 .7 12.2 12 .5 4.66 0.27 0.72 0.90 " .s0
E44098 4525.00 3.71 4.85 9.50 2.94 0.06 0.31 0.87
E44099 3665 .00 7,50 8.88 11.5 3.97 33.89 23 .56 1.48 314 20
E44100 3582.00 3.55 4.43 7.33 3.6 24.93 7.31 1 .24 436 206 35
E44101 3606.00 4.26 5.12 7.17 2.72 37.05 i 11 .36 1 .08 437

_
267 25

E44102 3620.00 3.92 5.10 9.83 3.03 41 .27 11 .45 1 .16 437 292 30
E44103 3632.00 4.40 9.19 39.92 2.36 39.72 12.57 1 .76 437 286 40
E44230 3736.75 1 .06 1 .05 0.00 1 .72 0.32 0.67 0.06 430 63 6
E44231 3740.15 0.94 0.92 0.00 1 .31 0,33 0.99 0.07 429 105 7
E44232 3744.8L__1.16 1 .19 0.25 1 .09 0.28 0.93 0.08 436 80 7
E44233 3856.05 3.60 3.78 1 .50 0.18 0.45 3.43 0,23 446 95 6
E44234 3947 .00 2.75 2.88 1 .08 2.95 0.94 1 .73 1 .10 429 63 40
E44235 3968.00 2.75 2.82 0 .58 4.02 0.64 1 .20 0.83 432 44 30
E44236 j 3992.00 2,62 2.67 0.42 3.99 1 0.89 1 .79 1 .51 - - 427 68 58
E44237 4035.00 1 .65 3.20 12.92 0.79 " .
E44238 4146.00 1 .79 2.27 12.33 1 .01
E44239 4176.00 3.10 3.05 0,00 3 .46 ". .

E44240 4212.00 7.70 7.99 2.42 6.3 2.82 4.57 1 .03 438 59 13
E44241 4216.00 5.95 7.55 13.33 5.18 2.38 5.68 0.97 446 95 16
E44242 4219.00 3.68 4.38 5.83 4.48 1 .89 2.82 2.4 442 77 65
E44243 4227.00 6.84 7.51 5.58 4.87 3.22 6.19 1 .15 447 91 17
E44244 4306.00 4_83 S 5R 6 25 3.24 1 71 3.96 0.95 450 82 2v
E44245 4324.00 5.60 6.18 4.83 3.29 2.01 2.86 0.94 440 51 17
E44246 4359.00 6.28 8.78 20.83 3.67 2.14 4.16 1 .21 458 66 19
E44247 4371 .00 7.14 8.72 13.17 3.91 1 .87 3.84 1.23 463 54 17
E44248 4406.00 4.21 5 .67 12.17 2.21 1 .14 2.53 1.52 460 60 28
E44249 4412.00 4.12 6.64 21 .00 2.24 1 .35 2.76 1 .60 461 67 37
E44250 4461.00 2.24 3.29 8.75 2.95 0.68 0.92 1.18 437 41 71
E44251 4467.00 1 .58 2.34 6.33 2.51 0.92 1 .21 2.46___ 548
E44252 4510.00 1 .06 1.13 0.58 1 .44 0.60 1.91 2.87 545
E44253 4540.00 1 .79 1 .89 0.83 4.20 0.80 1.8 2,07 547 101 -160
E44954 4570.00 1 .71 I 2.99 10.67 2.23 0.90

I
12l

E44256 4587.00 1 .68 2.29 5.08 3.31 0.84 : 89
E44257 4610.00 1.17 1 .80 5 .25 1 .94 0.62 I .54 2.07 548 132 183
E44258 4622.00 0.82 0.97 1 .25 1.01 0.74 2.47 2.19 544 301 252
E44259 4,632.00 1 .19 1 .82 5.25 2.00 0.89
E44260 4642.00 1 .20 1 .70 4.17 2.86
E44261 4657.00 0.80 1 .53 6.08 0.89 1 .14 ®®
E44262 4690.00 2.49 2.72 1.92 2.69 0.51
E44263
E44264
E44265

4692.00
4699.00
4708.00

1.28
2.20
4.53

1.74
3.39
5.83

3.83
9.92
10.83

3.02
3.10
4.60

0.01
0.01
0.02

t
1
1 i
M-- --

I ew
E44266 4712.00 8.37 9,93 13,00 3 .75 0.02 0.29 0.31 527 3

4 .

E44267 4719.00 9.00 11.10 17 .5 11.9 0.02 0.28 0.38 521 3 4
E44268 4723,00 0.43 0.63 1 .67 0.47 - 0,00 0.08

_
0.06 19 14

E44269 4762.00 19.3 19.4 0.83 18.39 15.55 426 95 81
E44270 4772 .00 2.03 2.86 6.92

_
2.93 0.14 0.30 0.47 420 15 23

E44271 3749.00 1 .68 3.30 13 .5 0.43 0.46 1 .48 1.03 448 88 61
E44272 3754.12 2.33 2.89 4.67 0.10 0.58 2.94 0.49 446 126
E44273 3758.00 1 .96 2.09 1 .08 0.23 0.48 2.05 0.20 447 105 10
E44274 3763.00 1 .95 1 .89 0.25 0.23 0.40 1 .98 0.04 149 102 2



E44275 3787.40 1 .87 2.02 1 .25 0.91 0.51 1 .53 0.14 449 82 7

E44276 3792.30 1 .89 1.91 0 .17 0.25 0.37 1 .47 0.03 447 78 2

E44277 3804.00 3 .72 4.56 7,00 0.77 28 .36 7.20 1.26 435 194 34

E44278 3830.00 3.36 3.95 4.92 3.62 18.77 3.90 1.03 419 116 31

E44279 3862.00 3.53 4.72 9.92 3.19 24.86 6.02 1.08 436 171 31

E44280 3886.00 5.64 6.53 7.42 3.69 36.3 6 .62 1.19 432 117 21

E44281 3924.00 4.38 6.45 ~- 17.25 2.55 29 .2 7.50 1.27 438 171 29

E44283 4112.50 0.8 0.92 1 .00 2.89 0.26 0 .48 0.12 367 60 15

E44284 4117.45 1 .73 2.45 6.00 4.58 0.64 0.74 0.20 447 43 12

E44285 4178.00 3.95 5.09 9.5 2.38 39.95 5.32 1 .24 437 135 31

E44286 4196.00 2.39 6,00 0.72 30.02 4.62 1 .17 439 193 49

E44287 4208.00 2.73 3.55 6.83 0.79 35.38 5.64 1 .27 438 207 47

E44288 4220.00 2.89 4.07 9.83 1 .07 44.35 6.68 1 .47 441 231 51 _

E44289 4224.00 2.76 3.08 2.67 1 .52 40.22 5.78 1 .47 438 209 53 1

E44290 4352.00 2.40 3.19 6.58 0.5 31 .4 6.02 0.91 431 ~ 38

E44291 2592.00 0.94 1 .40 3.83 2.52 0.64 1 .10 2.25 388® 239

E44293 2620.00 1.31 2.27 8.00 3 .59 0.35 0.70 1.12 429 53 86

E44294 2630.00 1 .94 3.26 11,00 4.57 0.84 1.77 1.47 430 91 76

E44295c 2642.'vn , nn
1 .Z~ 2.40n n

9.,_7
nc 3 .60o I n i1'2...-*~ 7 2.i~ (!0.59p ` 4, 38 88R 46

E44296 2652.00 2.02 3.05 8.58 3.90 0.74 1 .50 2.02 435 74 100

E44297 2660.00 3.08 4.97 15.75 5 .06 0.97 1.85 2.22 438 60 72

E44298 2677.00 1 .79 3.23 11 12.00 3.85 0.61 1 .08 1.30 435 60 1 73 i

E44299 2682,00 2.68 3 .49 6.75 4.59 1 .69 1 .89 1 .51 436 71 56 _

E44300 2687.oo 4.19 8 .08 32.42 4.65 1 .33 428 1 .79 443 102 43



Tab.2: Input data for modelling of burial and temperature history of well BK-2

Event
N°

Name Time at the
base (mybp)

Thickness
(m)

Lithology Porosity
(%)

Water dept
(m)

SWI temp
( °C)

Heat flow
(n Wlm'--)

49 Quaternary 2.0 0.0 SANDSTONE 42.0 0.0 21 .0 55
48 Pliocene 4.0 1 -50.0 SAND, silty 39.0 0.0 21 .0 ~- 5 0
47 Ol/Miopl 35.0 260.0 SAND. silty 39.0 1 .0 21 .0
46 Alpine 42.0 -50.0 LIME, dolo 39.0 0.0 24.0
45 Maest-Eoc 74.0 216.0 LIME, dolo 39.0 45.0 27 .0
44 Camp-Sant 86.0 232.0 DOLO,evap 34.0 5_0 28 .0
43 Coniacian 89.0 180.0 SALT 6.0 5.0 29.0 ®..
42 Turonian 90.0 58.0

'
LIME, marly 31 .0 15 .0 29.0 55

41 Upp Cenom 93 .0 128.0 SHALE&ANHYD 6.0 15.0 29.0 55
40 Low Ceno 97 .0 95.0 SHALE, talc 20.0 45.0 29.0 57
39 Albian 112 .0 219.0 SAND,shaly 23.0 30.0 30.0 57
38 ~ 117.0 30.0 LIME, dolo 27.0 45.0 30.0 57
37 Austrian 124.0 1 -150 SAND, silty I 20.0 i 0 .0 i 30 .0 I 57 i
36 Barremian 132.0 653.0 SAND, silty 20.0 30.0 30.0
35 Neocomian 146.0 313.0 SHALE, sandy 15.0 30.0 29.0 ®:
34 Malm 161 .0 218.0 SHALE&LIME 16.0 45.0 28.0 57
33 Bart-Baio 173.0 134.0 SHALE, talc 14.0 15 .0 27.0 60
32 Toarc Aal 187.0 109.0 SHALE, talc 13.0 30.0 25.0 60
31 Pliensbac 194.0 299.0 EVAP,shaly 5.0 45.0 24.0 60
30 Sinemurian 203.0 23.0 LIME, shaly 14.0 10.0 24.0 60
29 Hetangian 208.0 476 .0 SALT 5.0 5 .0 24.0 65
28 Rhaetian 210.0 77.0 SHALE&SALT 5 .0 5 .0 28.0 . 65
27 Keup_TAG 215.0 46.0 SHALE,sandy 10.0 30.0 28.0 70
26 Keup Calc 224.0 143.0 SILT,calc 9.0 15.0 28 .0 70
25 Ite "PAM

w. y_-, 231 . nv n1 n C A ATI-1O~,N~,s�a,yw,., . . ,12.vLOY ~.
30.v

., . .,

24 Hercynian 260.0 -150.0 SAND,shaly 12.0 0.0 28.0 58
23 Hercynian 268 .0 -9999.0 SAND&SHALE 11 .0 0.0 24.0 58
22 Hercynian 275 .0 -9999.0 SILTSTONE 10.0 0.0 23.0 58
21 Hercynian 278.0 -9999.0 SHALE, talc 9.0 0.0 21 .0 58
20 Hercynian 283.0 -9999.0 LIME, shaly 10.0 0.0 21 .0 58
19 Hercynian 286.0 -9999.0 SHALE, evap 8.0 0.0 21 .0 58
18 Stephan 303.0 120.0 SHALE, evap 8.0 5.0 22.0 60
17 Westphal 315.0 300.0 LIME, shaly 10.0 15.0 24.0 60
16 Namurian 333.0 _~ 250.0 SHALE, talc 9.0 10.0 26.0 60

- ® 350.0 SILTSTONE 10.0 15 .0 24.0 60
11 250.0 SAND&SHALE I1 .0 15 .0 23.0 60

200 SAND,shaly 12.0 E 10.0 23.0 60
t 106.0 SILT,sandy 11 .0 30.0 23.0 60

11 Famennian 367.0 350 SHALE,silty 8 .0 45.0 22.0 60
10 Fras upp , 370.0 114 SHALE,calc 8 .0 100.0 22.0 60
9 Fras Rad 373.0 116.0 SHALE,calc 8 .0 100.0 22.0 60
8 Frasnian 377_0 -50.0 SHALE&LIME 7.0 0.0 23.0 60
7 Givetian 381 .0 117.0 SHALE&LIME 7.0 45 .0 23.0 62
6 Eifel-Ems 390.0 63 SHALE, silty 7.00 15 .0 23.0 62
5 Sie,Gedi 399.0 359.0 SAND&SHALE 9.0 30.0 23.0 62
4 Gedinian 409.0 320 SANDSTONE 11 .0 10.0 23.0 63
3 Taconic 411 .0 -25.0 SAND&SHALE 7.0 0.0 23.0 63
2 Ludlow 424.0 650 SAND&SHALE 7.0 30.0 23.0 65
1 Wenlock 435 .0 550 SHALE,silty 5.0 100.0 22.0 65



Tab.3 : Input data for modelling of burial and temperature history of well WT-I

Event
N°

Name Time
(Ma)

Thickness
(m)

Lithology Porosity Water depth
(%) (m)

SWI temp
(°C)

Heat flow
(mWlmz)

49 Quaternar 2.0 0_0 SANDSTONE 42.0 0.0 21 .0 55

48 I Pliocene 4.0 -50.0 SAND, silty 39.0 0 .0 21 .0 55

47 O11MioPl 35 .0 303.0 SAND, silty 39.0 1 .0 21 .0 55
46 Alpine 42.0 -50.0 LIME, dolo 39.0 0.0 24.0 55
45 Maest-Eoc 74.0 274.0 LIME, dolo 39.0 45.0 27.0 56
44 Camp-Sant 86_0 252.0 DOLO,evap 34.0 5.0 28.0 56
43 Coniacian 89.0 122.0 SALT 6.0 5.0 29.0 56

42 Turonian 90.0 111 .0 LIME, marly 31 .0 15 .0 29.0 56 i

41 Cenoman 97_0 241 .0 SHALE,evap 23.0 30.0 29.0 58

40 Albian 112.0 237.0 SANTD,shaly 23.0 30.0 30.0 58

39 Aptian 117.0 30.00 LIME, Bolo 27.0 45.0 30.0 58

38 Austrian 124.0 -100.0 SAND, silty 20.0 0 .0 30.0 58
37 Bar_remian 13_? .0 , 620.0 SAND, silty 20.0 30.0 I 30.0 I 58 I
36 Neocomian 146.0 309.0 SHALE, sandy 15.0 30.0 29.0 58

35 Maim 161 .0 209.0 SHALE&LIME 16.0 45.0 28.0 58

34 Dogger 187 .0 259.0 SHALE;calc 13.0 30.0 25.0 60
® Pliensbac 194.0 257.0 EVAP,shaly 5 .0 45.0 24.0 60 f

32 Sinemurian 203 .0 25 .0 LIME, shaly 14.0 10.0 24.0 60

31 Hetangian 208 .0 409.0 SALT 5 .0 5.0 24.0 65
30 Rhaetian 210.0 61.0 SHALE&SALT 5 .0 5.0 28.0 65

29 Keup TAGS 215 .0 65.0 SHALE,sandy 10.0 30.0 28.0 70

28 Keup_Cale 224.0 138.0 SILT,calc 9.0 15 .0 28.0 70

27 Keup TAGI 231 .0 63.0 SAND,shaly 12.0 30.0 29.0 70

26 Hercynian 245 .0 -200.0 SHALE,calc 8.0 0.0 29.0 58

25 Hercynian 258 .0 -9999.0 SiiALE,silty 1l .ß V .0 29.ß 58
24 Hereynian 265 .0 -9999.0 SILT,sandy 12.0 0 .0 28.0 58

23 Hercynian 270.0 -9999.0 SAND,shaly 11 .0 0 .0 28.0 58

22 Hercynian 275 .0 -9999.0 SAND&SHALE 10.0 0.0 25.0 58
21 Hercynian 278 .0 -9999.0 SILTSTONE 9.0 0.0 24.0 58

20 Hercynian 282 .0 -9999.0 SHALE, calc 10.0 0 .0 21 .0 58

19 Hercynian 286 .0 -9999.0 LIME, shaly 8.0 0.0 21 .0 58
18 Stephan 303 .0 120.0 SHALE, evap 8.0 5.0 22.0 60
17 Westphal 315 .0 300.0 LIME, shaly 10.0 15.0 24.0 60

16 Namurian 333.0 250.0 SHALE, calc 9.0 10.0 26.0 60 [
15 Visean C 342.0 350.0 SILTSTONE 10.0 l5.0 24.0 ' 60 E

14 Visean_B 350.0 250.0 SAND&SHALE 11 .0 15.0 23.0 60

13 Tournais 355.0 200.0 SAND,shaly 12.0 10.0 23.0 60

12 Strunian 363.0 106.0 SILT,sandy 11.0 30.0 23.0 60

11 Famennian 367.0 349.0 SHALE,silty 8.0 45.0 22.0 60

10 Fras Upp 370.0 80.0 SHALE,calc 8.0 100.0 22.0 60

9 Fras 42ad 373.0 116.0 SHALE,calc 8.0 100.0 21 .0 -60

8 Frasnian 377.0 -50.0 SHALE&LIME 7.0 0.0 23.0 60

7 Givetian 381 .0 96.0 SHALE&LIME 7.0 45.0 23.0 62

6 Eifel-Ems 390.0 90.0 SHALE, silty 7.00 15.0 23.0 62

5 Sieg-Gedi 399.0 371 .0 SAND&SHALE 9.0 30.0 23.0 62

4 Gedinian 409.0 310.0 SANDSTONE 11 .0 10.0 23.0 63

3 Taconic 411 .0 -25 .0 SAND&SHALE 7.0 0.0 23.0 63

2 Ludlow F6 424.0 675.0 SAND&SHALE 7.0 30.0 23.0 65

l Wenlock 435.0 550 SHALE,silty 5.0 100.0 22.0 65



Tab-4: Input data for modelling of burial and temperature history of well HAD-l (Model A, B and C)

Event
N"

Name Time
(NIa)

Thickness
(m)

Lithology Porosity
{"/o)

Water depth
(m)

SWItemp
("t-)

Heat flow (mWlmz)
Mod.A Mod.B Mo

42 Quatemar 2.0 12 .0 SANDSTONE 42.0 0.0 21 .0
41 Pliocene 4.0 -50.0 SAND,calc 42.0 0 21.0 55 1

_ .....
JS 55~

40 Ol1Mio l 35.0 96.0 SAND,ca1c 41 .0 10.0 21 .0 55 73 30
39 Alpine 42.0 -50.0 LIME,shaly 47.0 0.0 24.0 ®©
38 Maest-Eoc 74.0 202.0 LLVIEE,shaly 45.0 45.0 27.0
37 Camp Sant 86.0 242.0 LIME,shaly 41 .0 5.0 28.0
36 Coniacian 89.0 148.0 SALT 6.0 5.0 29.0
35 Turonian 90.0 83.0 LI1 t~,marly 34.0 15 .0 29.0 ~j 55 55

.34 Upp_Cenom 93.0 103.0 EVAP,shaly 15 .0 15.0 29.0 55 55 55
LoLow Cenom 97.0 133.0 LIIvlE,marly 31.0 45.0 29.0 58 58 58P Albian 112.0 125.0 SAND,shaly 25.0 30.0 30.0 58 58 58

Aptian 117.0 24.0 LIME,dolo 30.0 45.0 30.0 58 58 58
3 Austrian 124.0 -100 .0 SAND,shaly 24.0 0.0 29_0 58 58 58
29 - Oarremian 132.0 520.0 SAND,shaly 22.0 30.0 29.0 58 58

_ _
58

28 Neocomian 146.0 241 .0 SHALE&SAND 19.0 30.0 28 .0 58 58 58
27 Malm 161 .0 239.0 SHALE&SAND 17.0 30.0 27.0 58 58 58
26 Dogger 187.0 110.0 LFME,mariy 21 .0 45.0 25.0 60 60 60
25 Liassic 210.0 130 .0 SHALE,evap 13 .0 30.0 25.0 65 65 65
24 Keup TAGS 215.0 84.0 EVAP,shaly 10.0 15 .0 28.0 70 70 70
~' Keup-Calc 224.0 i 13.0 SAND,calc 17.0 15 .0 28.0_ 70 70 70

Keup-TAGI 231 .0 45.0 SAND,silty 16.0 10.0 28.0 70 70 70
Hercynian 265.0 -230 .0 SHALE&LIIAE

_
15 .0 0.0 21 .0 58 58 58

20 Hercynian 286.0 -9999.0 SHALE,silty 12.0 0.0 21 .0 58 58 58
19 Stephan 303.0 120.0 SHALE,silty 12.0 10.0 22.0 60 60 60
18 Westphal 315.01 306.0 SHALE&LIME ( 15.0 15.0 , 24.0 60 60 60
17 Namurian 333 .0 246.0 SAND&LIME 17.0

_
10.0 26.0 60 60 60

16 Viseän_C 342.0 260.0 SHALE&SAND 13 .0 15 .0 24.0 60 60 60
15 Visean_B 346.0 345.0 SHALE&SAND 12.0 15.0 24.0 60 60 60
14 - Visean_A 350.0 296.0 SHALE,silty 9 .0 15.0 24.0 60 60 60

Toumais 355 .0 69.0 SHALE&SAND 11 .0 15.0 23.0 60 60 60
Strunian 363.0 100.0 SAND,shaly 12.0 10 .0 23.0 60 60 60

Famennian 367.0 165.0 SHALE,silty 8.0 45.0 23.0 60 60 60
10 Fras upp 370.0 114.0 SAND&LIME 8.0 100.0 22.0 60 60 60
9 Fras Rad 373.0 82.0 SHALE,calc 8.0 100.0 22.0 60 60 60
8
7
6

Frasnian
Givetian
Ems_Eifel

377.0
t381 .07-86.0
390.0

-50.0

129.0 j

SHALE,calc
SHALE,calc

SHALE&SAND

8.0
7.0
10.0

0.0
45.0
15 .0

23.0
22.0
23 .0

60
62
62

60
62
62

60
62
62 1

5 Sieg-Gedi 396.0 308 .0 SHALE&SAND 9 .0 30.0 23.0 62 62 62

[3
4 Gediman 409.0 270.0 SANDSTONE 11 .0 10.0 23.0 63 63 63

Taconic 411 .0 -25.0 SAND,shaly 9.0 0.0 23.0 63 63 63
2 Ludlow 424.0 650.0 SAN-D,shaly 9.0 30.0 23.0 65 65 65
1 Wenlock 435.0 475.0 SHALE,silty 5.0 100.0 21.0

~
65 65 65



Tab.5 : Input data for modelling of burial and temperature history of well SF-t (Model A and B)

Event Name
N°

Time
(Ma)

Thickness
(m)

Lithology Porosity
(%)

Water depth
(m)

SWI temp Heat flow (mWlm-)
(°C) Mod. A od.B

49 Quaternary 2.0 30 .0 SANDSTONE 42.0 0.0 17 .0 58 58

48 Pliocene 4.0 -50.0 SAND, silty 39 .0 0.0 17 .0 SS 35

47 O11Miopl 35.0 192.0 SAND, silty 39.0 1 .0 21 .0 56

46 Alpine 42.0 -50.0 LIME, dolo 39.0 0.0 24.0 56 ®,

45 Maest-Eoc 74.0 171 .0 LIME, dolo 39 .0 45.0 27.0 56
44 Camp-Sant 86.0 329 .0 DOLO,evap 34.0 5.0 28.0 56
43 Coniacian 89.0 161 .0 SALT 5.0 5_0 29.0 56 35

42 Turonian 90.0 67.0 LIME, manly 31 .0 15 .0 29.0 56 35
41 Üpp_Cenorn 93.0 98.0 SHALE&ANHYD 6.0 15 .0 29.0 56

40 Low Cenom 97.0 140 .0 SHALE, talc 20 .0 45.0 29.0 58

39 Albian 112 .0 99.0 SAND,shaly 23 .0 30.0 30.0 58

38 Aptian 117 .0 25.0 LIME, dolo 27 .0 45.0 30.0 58 36

37 Austrian 30.0 i 58 40 1

36 Barremian 132 .0 381 .0 SAND, silty 20 .0 30.0 30.0 58 40

35 Neocomian 146.0 247 .0 SHALE, sandy 15 .0 30.0 29.0 58 45

34 Malm 161 .0 242.0 SHALE&LIME 16 .0 45.0 28.0 58 45

33 Bart_Bajo 173 .0 132.0 SHALE, talc 14.0 15 .0 27.0 58 48

32 Toarc_Aal 187 .0 114.0 SHALE, talc 13 .0 30.0 25.0 60 55

31 Pliensbac 194.0 230 .0 EVAP,shaly 5.0 45.0 24.0 60 55
. . .

30 Sinemurian 203 .0 25.0 LIME, shaly 14.0 10 .0 24.0 60 55

29 Hetangian 208 .0 374.0 SALT 5.0 5 .0 24.0 65 60

28 Rhaetian 210.0 67.0 SHALE&SALT 5.0 5 .0 28.0 65 60

27 Keup_TAGS 215.0 15 .0 SHALE,sandy 15.0 10 .0 28.0 70 65

26 Keup Calc 224.0 64.0 SILT,calc 14.0 15 .0 28.0 70 65

25 Keup_TAGI 231 .0 96.0 SAND,shaly 12.0 30.0 29.0 70 65
24 Hercynian 252.0 -100 .0 SAND,shaly 13.0 0 .0 28.0 58 50

23 Hercynian 265.0 -9999.0 SAND&SHALE 13.0 0 .0 25.0 58 50
22 Hercynian 270.0 -9999.0 SILTSTONE 12.0 0 .0 24.0 58 50
21 Hercynian 275.0 -9999.0 SHALE, talc 11 .0 0 .0 23.0 58 50

20 Hercynian 280.0 -9999.0 LIME, shaly 14.0 0 .0 23.0 58 50

19 Hercynian 286.0 -9999.0 SHALE, evap 8.0 0 .0 21 .0 58 50
18 Stephan 303.0 120.0 SHALE, evap 8.0 5 .0 22.0 60 50

17 Westphal 315.0 300.0 LIME, shaly 10.0 15 .0 24.0 60 50

16 Namurian 333.0 250.0 SHALE, talc 9.0 10 .0 26.0 60 50

15 Visean_C 342.0 350.0 SILTSTONE 10.0 15 .0 24.0 60 50

14 . Visean_B 350.0 250.0 SAND&SHALE 11.0 10 .0 23.0 60 50

13 11 Tournais 355.0 191 .0 SAND,shaly 12 .0 10 .0 23.0 60 50
12 Strunien 363.0 134.0 SILT,sandy 11 .0 30.0 23.0 60 55

11 Famennian 367.0 313.0 SHALE,silty 8.0 45.0 22.0 60 55

10 Fras upp 370.0 i 28.0 SHALE,calc 8.0 100.0 22.0 60 55 t

9 Fras Rad 373.0 142.0 SHALE,calc 8.0 100.0 22.0 60 55

'8 Frasnian 377.0 -25.0 SHALE&LIME 7.0 0 .0 23.0 60 55
7 Givetian 381 .0 87.0 SHALE&LIME 7.0 45.0 23.0 62 58

6 : Eifel Ems 390.0 94.0 SHALE, silty 7.0 15.0 23.0 62 58

5 Sieg-Gedi 399.0 256.0 SAND&SHALE 9.0 30.0 23.0 62 58

4 Gedinian 409.0 300.0 SANDSTONE 11.0 10.0 23.0 63 60
3 Taconic 411 .0 -5 .0 SAND&SHALE 7.0 0 .0 23.0 63 60

2 Ludlow 424.0 605.0 SAND&SHALE 7.0 30.0 23.0 65 60

1 Wenlock 435.0 500 SHALE,silty 5.0 100.0 22.0 65 60



Tab.6 : Input data for modelling of burial and temperature history of well BBK-1

Event
N°

Name Time
(Ma)

Thickness
(m)

Lithology Porosity
(o)

Water depth
(m)

SWItemp
(OC)

Heat flow
(mWlm=)

48 Quaternary 2.0 33.0 SANDSTONE 41-0 0.0 21 .0 55
47 Pliocene 4_0 -50.0 SANDSTONE 44.0 0.0 21 .0 35
46 Ol/Miopl 35.0 220.0 SANDSTONE 36.0 1 .0 21 .0 35 I
45 Alpine 42.0 -50.0 DOLOMI'T'E 44.0 0.0 24.0
44 Maest-Eoc 74.0 162.0 DOLOMITE 39.0 45.0 27.0 ®.
43 Camp-Sant 86.0 279.0 DOLO,evap 31 .0 5.0 28.0 ®.
42 Coniacian 89.0 152.0 SALT 6.0 5.0 28.0
41 Turonian 90.0 74.0 Llkf,dolo 30.0 15.0 29.0 35
40 Cenoman. 97 .0 246.0 SHALE&DOLO 19.0 45.0 29.0 37
39 Albian 112.0 95.0 SAND,silty 26.0 30.0 30.0 40
38 Aptian 117.0 26.0 LEME,dolo 30.0 45 .0 30 .0 40
37 Austrian 124.0 -300.0 SHALE&SAND 23.0 0.0 29 .0 45

f 36 Ba .:emian 132.0 638.0 SHALE&SA:`;D 23.0 30.0 29.0 45
35 Neocomian 146.0 277.0 SHALE,sandy 15.0 30.0 28.0 48
34 Malm 161 .0 268.0 SHALE&LIME 15.0 45.0 27.0 55
33 I Bart_Bajo 173.0 151 .0 SHALE,calc 12.0 10.0 25 .0 , 55
32 Toar Aalen 187.0 290.0 EVAP,shaly 5.0 15 .0 25 .0 55
31 Pliensbac 194.0 265.0 EVAPORITE 5.0 5.0 25 .0 60
30 Sinum HB 203.0 26.0 LIMESTONE 11 .0 10.0 25.0 60
29 Hetangian 208.0 437.0 SALT 5.0 5.0 25.0 65 !
28 Rhaetian 210.0 10.0 SALT 5.0 5.0 25 .0 65
27 Triassic 231 .0 219.0 SAND&SHALE 12.0 10.0 28 .0 65
26 Hercynian 235.0 -50.0 SHALE,calc 8.0 0.0 26.0 50
25 Hercynian 238.0 -9999.0 SHALE,silty 8.0 0.0 26.0 50
24 Hercynian 250.0 -9999.0 SILT,sandy 8 .0 0.0 24.0 50

Hercynian 254.0 -9999.0 SAND,shaly 11 .0 0.0 24.0 50
Hercynian 258.0 -9999.0 SAND&SHALE 12.0 0.0 24.0 50
Hercynian 272.0 -9999.0 SILTSTONE 11 .0 0.0 21 .0 50

20 Hercynian 278 .0 -9999.0 SHALE, calc 9.0 0.0 21 .0 50
19 Hercynian 283 .0 -9999.0 LIME, shaly 10 .0 0.0 21 .0 50
18 Hercynian 286.0 11 -9999.0 SHALE, evap 8.0 0.0 21 .0 50
17 Stephan 303.0 100.0 SHALE, evap 8.0 5.0 22.0 50
16 Westphal 315.0 250.0 LIME, shaly 10.0 15.0 24.0 50
15 Namurian 333.0 250.0 SHALE, calc 9.0 10.0 26.0 50
14 Visean 350.0 400.0 SHALE,sandy 11 .0 15.0 24.0 50
13 Tournaisn 355.0 150.0 SAND,shaly 12.0 10 .0 23 .0 50
12 Strunien 363.0 80.0 SILT,sandy 11 .0 30.0 23 .0 50
11 Famennian 367.0 250.0 SHALE,silty 8.0 45.0 22 .0 50
10 Fras upp 370.0 90.0 SHALE,calc 8.0 100.0 22.0 50
9 Fras Rad 373.0 125.0 SHALE,calc 8.0 100.0 22.0 55
8 Frasnian 377.0 -50.0 SHALE&LI114E 7.0 0.0 23.0 55
7 Givetian 381 .0 82.0 SHALE&LIME 7.0 45.0 23.0 55
6 Eifel-Ems 390.0 86.0 SHALE, silty 7.0 15 .0 23.0 55

Sieg-Gedin 399.0 263.0 SAND&SHALE 9.0 30.0 23 .0 55
4 Gedinian 409.0 276.0 SANDSTONE 11 .0 10 .0 23.0 58

Taconic 411 .0 -25.0 SAND&SHALE -'7 .0 0.0 23.0 60
Ludlow 424.0 700 .0 SAND&SHALE 7.0 30.0 23.0 60
Wenlock 1 435.0 550 .0 SHALE,silty 5.0 100.0 22.0 60



Tab.7: Input data far modelling of burial andtemperature history of well BRD-4 (Model A and B)

Event
N°

Name Time Thickness (m)
(Ma) Mod. A Mod. I3

Lithology Porosity
(%)

Water depth
(m)

SWI temp
(°C)

Heat flow (MWlm=)
Mod. A Mod. B

49 Quaternar 2.0 0_0 0.0 SANDSTONE 46.0 0.0 21 .0 63 63

48 Pliocene 4.0 -100.0 -100.0 SAND,silty 42.0 0.0 21 .0 63 66

47 Mio-Plio 35.0 292.0 292.0 SAND,silty 38.0 1 .0 21 .0 63 63

46 Alpine 42.0 -150.0 -150.0 LIME,dolo 38.0 0.0 24.0 63 63

45 Maest Eoc 74.0 345.0 345.0 LIME,dolo 38.0 45.0 27 .0 63 63

44 Camp Sant 86.0 208.0 208.0 DOLO,evap 35.0 5.0 28 .0 63 63

43 Coniacian 89.0 99.0 99.0 SALT 6.0 5.0 29.0 63 63

42 Turonian 90.0 100.0 100.0 LIME,marly 21 .0 15.0 29.0 63 63

41 Upp Cenom 93.0 74.0 74.0 SHALE&ANHYD 16.0 15.0 29.0 63 64

40 Low Cenotn 97.0 131 .0 131 .0 SHALE,calc 20.0 45.0 30.0 64 64

39 Albian 112.0 125.0 125.0 SAND,shaly 26.0 30.0 30.0 64 64

38 Aptian 117.0 25.0 25.0 LIME, dolo 29.0 45.0 30.0 64 64

37 Austrian xc24.Un '1cn n n-JJV.V -3cnJV.V C AATllVAI.J/,s .~'Tt-y 1 8 .f1 f! f1 29 .0 64 64

36 Barremian 132.0 705.0 705.0 SAND, silty 23.0 15.0 30.0 64 64

35 Neocomian 146.0 306.0 306.0 SHALE, sandy 14.0 30.0 29.0 64 64

34 Maim 161 .0 248.0 248.0 SHALE&LIME 11 .0 45.0 28.0 64 65 l

33 Bart-Bajo 173.0 227.0 227.0 SHALE, talc 11 .0 10.0 27.0 65 ' 65

32 Toarc-Aal 187.0 57.0 57.0 SHALE, talc 12 .0 15.0 25.0 65 65

31 Pliensbac 194.0 310.0 310.0 EVAP,shaly 5 .0 45.0 24.0 65 65

30 Sinemurian 203.0 25.0 25.0 LIME, shaly 8.0 5.0 24.0 65 65

29 Hetangian 208_0 596.0 596.0 SALT 5.0 5_0 24.0 70 70

28 Rhaetian 210.0 77.0 77.0 SHALE&SALT 11 .0 5.0 28.0 70 70

27 Keup-,TAGS 215.0 74.0 74.0 SHALE,sandy 22 .0 10.0 28.0 75 75

26 Keup_Int 224.0 237.0 237-0 SILT,calc 12 .0 15.0 28.0 75 75

25 Keup_TAGI 231 .01 33.0 33.0 SAND,shaly 12.0 5.0 29.0 75_ 75

24 Hercynian 240.0 -75 -35 SAND&SHALE 9.0 0.0 29.0 58 58

23 Hercynian 250.0 -9999.0-9999.0 SANDSTONE 14.0 0.0 29.0 58 58

22 Hercynian 258.0 -9999-0 -9999.0 SAND&SHALE 11 .0 0.0 29.0 58 58

21 Hercynian 264.0 -9999.0 -9999.0 SHALE,silty 9.0 0.0 29.0 58 58

20 Hercynian 268.0 -9999.0 -9999.0 SHALE,sandy 8.0 0.0 29.0 58 58

19 Hercynian 272.0,-9999.0 -9999.0 SAND,shaly 12.0 0.0 29.0 58 58

18 Hercynian 276.01-9999.0 -9999.0 SAND&SHALE 11 .0 0_0 28.0 58 58

17 Hercynian 279.01-9999.0 -9999.0 SILTSTONE 10.0 0.0 28.0 58 58

16 Hercynian 282.0 -9999.0 -9999.0 SHALE, talc 9.0 0.0 28.0 58 58

15 Hercynian 284.01-9999.01 -9999.0 LINUSE, shaly 10.0 0.0 25 .0 58 58

14 Hercynian 286.0 -9999.0 -9999.0 SHALE, evap 8.0 0.0 21 .0 58 58

13
12

Stephan
Westphal

303.0 120.0 70.0
315.0 300.0 . 180.0 .

SHALE, evap
LIME, shaly

8.0
10.0

10.0
15.0

22.0
26.0

60
60

60
60

11 Namurian 333.0 250.0 150.0 SHALE, talc 9.0 15.0 26.0 60 60

I 10 ViseanC 342.0 350.0 220.0 SILTSTONE 10.0 ¬ 5.0 26.0 60 60

9 Visean B 350.0 250.0 150.0 SAND&SHALE 11 .0 15.0 26.0 60 60

8 Toumais 355.0 200.0 100.0 SAND,shaly 12.0 15.0 26.0 60 60

7 Fras Stru 377.0 655.0 420.0 SHALE,sandy 10.0 100.0 22.0 60 60

'6 Eifel Ems 390.0 136.0 50.0 SHALE,silty 9.0 45.0 23.0 62 62

5 Sieg_Gedin 399.0 370.0 250.0 SAND&SHALE 11 .0 30.0 23.0 62 62

4 Gedinian 409.0 320.0 210.0 SANDSTONE 13 .0 10.0 23.0 63 63

3 Taconic 411 .0 -25.0 -25 SHALE&SAND 9.0 0.0 23.0 63 f 63

2 Ludlow 424.0 625.00 550.0 SHALE&SAND 5.0 30.0 23.0 65 __ 65

1 Wenlock 435.0 510 .0 510.0 ~ 5.0 110.0 21 .0 65 65



Tab.8 : Input data for modelling of burial and temperature history of well TZM-1

Event Narne
N"

Time Thickness Lithology
(Ma) (m)

Porosity
("/a)

Water depth SWI temp
(m) ("C-)

Heat flow
(Mwlrn=)

42 Quateruar 2.0 8.0 SANDSTONE 42.0 0.0 21 .0 56
41 Pliocene 4.0 -9999.0 SArD,sia'y 42.0 0.0 21 .0 56
40 ODMiop1 35.0 150.0 SAND,silty 40.0 1 .0 21.0 56
39 Alpine 42.0 -200.0 LLME,marly 43.0 0.0 24.0 56
38 Maest_Eoc 74.0 501 .0 LMIE,marly 35.0 25 .0 27.0 56
37 Coniacian 89.0 0.0 SALT 6.0 0.0 28.0 56
36 Turonian 90.0 30.0 LEVIESTONE 29.0 25.0 29.0 56
35 Cenornan. 97.0 233 .0 SHALE,evap 19.0 5.0 29.0 56
34 Alblan 112.0 42.0 SAND,shaly 23.0 30.0 30-0

_
56

33 Aptian 117.0 24.0 LIME,marly 32.0 15.0 30.0 56
32 Austrian 124.0 -200.0 SAND,sbaly 26.0 0.0 30.0 56
31 Earremian 132.0 350.0 SAND,shaly 26.0 10.0 29.0

_
56

30 Neocornian 146.0 152.0 SHALE,silty 15.0 25.0 29.0 56
29 Malm 161 .0 120.0 SHALE,calc 16.0 45.0 28.0 56
28 Dogger 187.0 338.0 HALE&SAN 17.0 45.0 26.0 60
27 Liassic 210.0 117.0 SHALE,evap 12.0 5.0 24.0 65
26 Trias-Keup 231 .0 104.0 SANDahaly 16.0 I 5 .0 28.0 70
25 Hercyuian 251 .0 -220.0 LIME,shaly 16.0 0.0 28.0 56
24 Hercyuian 286.0 -9999.0 SHLAE,evap 15.0 0.0 21 .0 56
23 Stephan 303 .0 150.0 SHLAE,evap 15.0 5.0 22.0 60
22
21

j Westphal
Namurian

315.0
333.0

310.0
239.0

LIME,shaly
SHALE,calc

11 .0
14.0

15.0
25.0

24.0
26.0

60
60

20 Visean 350.0 518.0 HALE&S 11 .0 45.0 24.0 60
19 Tournais 355.0 263.0 SHALE,silty 9.0 15.0 23 .0 60
18 St_runian 363.0 61 n .A4NM sha?y 11 0 I5.0 23.0 60
17 Famennian 367.0 76.0 SHALE,silty 8.0 45.0 23.0 60
16 Fras u 370.0 57.0 SHALE,calc 8.0 65 .0

__
22.0 60

' - . 373.0 32.0 SHALE,calc 9.0 100.0 22.0 60
376.0 -59.0 SANDSTONE 16.0 0.0 23.0 60

59 381.0 -9999.0 HALE&St1AV 13.0 0.0 23.0 60
12 - 386.0 0.0 SHALE,calc 13.0 45.0 23.0 62

Emsian 390.0 0.0 SHALE,silty 13.0 15.0 23.0 62
10 Sie7Gedi 399.0 100.0 HALE&S 9.0 15.0 23 .0 62
9 Gedlnian 409.0 80.0 SANDSTONE 11 .0 10.0 23.0

_
62

Q Taconic 411.0 -50.0 HALE&SAN 13.0 0.0 1 23.0 1 63
7 Ludlow 424.0 438.0 HALE&S 10.0 15.0 23.0 65

I 6 Wenlock 435.D 312.0 SHALE,silty 6.0 100.0 22.0 65



Tab.9 : Input data for modelling of burial and temperature history of well KA-Ibis
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Event
N"

Name Time
(Ma)

Thickness
(m)

-Lithology Porosity
(%)

Water depth
(m)

SWI temp
("(-)

Heat flow
(mwlmL )

43 Pliocene 4.0 -100.0 SANDSTONE 42.0 0.0 21.0 55

42 v̂üMiopl 35.0 100.I SANDSTONE,, 41 .0 11 0 .0 210 1, 55 0

41 Alpine 42.0 -50.0 LENAE,dolo 42.0 0.0 24.0 ',

40 Maest Eoc 74.0 213.0 LIME,dolo 39.0 45.0 27.0 55

39 Camp Coni 89.0 114.0 LIME&EVAP 16.0 5 .0 28.0 55

38 Turonian 90.0 79.0 LL'ME,marly 33.0 15.0 29.0 56

37 Cenoman . 97.0 167.0 LIME,shaly 38.0 30.0 29.0 56

36 AIbian 112.0 87.0 SAND,shaly 26.0 30.0 30.0 58

35 Aptian 117.0 30.0 LME,dolo 29.0 45.0 30.0 58

34 Austrian 124.0 -100.0 SANTD,silty 27.0 0.0 29.0 58

Baarreman 132.0 314.0 SAND,silty 22.0 30.0 29.0 58

Neocornian 146.0 224.0 HALE&S 20.0 30.0 29.0 58

31 Malm 161 .0 ( 250.0 ,SHALE&L14SH18.0 45.0 27.0 58

30 Bart-Bajo 173.0 260.0 SHALE,sandy 15.0 15.0 26.0 59

29 Toarc Aal 187.0 241 .0 LLME&EVAI 7 .0 30.0 24.0 59

28 Pliensbac 194.0 52.0 EVAP,shaly 10.0 45.0 24.0 59

27 Sinernurian 1203.0 21.0 LLME,dolo 16.0 I 10.01 24.0
_ ..
59

26 Hetangian 208.0 296.0 SALT 5 .0 5.0 24.0 65

25 Rhaetian 210.0 142.0 EVAP,shaly 10.0 5.0 25.0 65

24 Keup TAGS 215.0 78.0 SHALE,sandy 16.0 30.0 28.0 70
23 Keu _Calc 224.0 217.0 HALE&S 22.0 15.0 28.0 70

22 Keap_TAGI 31 .0 77.0 SAND,shaly 1 .0 0.0 9.0 70

21 Hercynian 246.0 -150.0 HALE&S 13 .0 0.0 29.0 58

20 Hercynian 258.0 -9999.0 SANDSTONE 14.0 0.0 26.0 58

19
18

Herynian
Hercynian

264.0
267.0

-9999.0
-9999.0

SIrapE&SA
SHALE,sandy

17.0
14.0

0,0
0.0

25.0
24.0

58
58F17 Hercynian 268 .0 -9999.0 SHALE,calc 13.0 0.0 24.0 58

16 Hercynian 271 .0 -9999.0 SHALE,calc 12.0 0.0 24.0 58

© Hercynian 274.0 -9999.0 SHALE,sandy 13.0 0.0 23.0 58

® Hercynian 277 .0 -9999 .0 HALE&S 14.0 0.0 21 .0 58

Hercynian 280 .0 -9999 .0 LIME,shaly 16.0 0.0 21 .0 58

Hercynian 286 .0 -9999 .0 SHALE,evap 11 .0 0.0 21 .0 58

Stephan 303.0 150.0 SHALE,evap 11 .0 5.0 22.0 60

10 West Nam 333.0 500.0 LMIEE,shaly 16.0 15.0 25.0 60

9 Tour Visean 355.0 650.0 HALE&SP . 14.0 15 .0 24.0 60

S Famen S 367.0 120.0 SHALE,sandy 13.0 45 .0 23.0 60

7 Frasnian 377.0 80.0 SHALE,calc 12.0 100.0 22.0 60

6 Givetian 381 .0 30.0 SHALE,calc 12.0 45 .0 22.0 60
F

- 390.0 30.0 SHALE,sandy 13.0 15.0 23.0 62

ieg_ e i 399.0 100.0 SI A1E,-v-S 14.0 30.0 23.0 62

3 Gedinian 409.0 100.0 SANDSTONE 17.0 10.0 23.0 63

2 Ludlow 424.0 350.0 HALE&S 14.0 30.0 23.0 65 i
1 Wenlock 435.0 322.0 SHALE,silty 6.0 100.0 . , 22 .0 65
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