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ABSTRACT

Located in the northern part of Arabian Peninsula, Syria is one of the
Middle East oil countries. The most petroliferous province in Syria is the
Euphrates Graben system in the eastern part of the country. Oil and gas
have been discovered in this graben in the mid 1980’s by Shell E&P and
its partners. Since then no comprehensive study has been performed to
investigate the origin of crude oils produced from more than 60 oil fields in
the area. This study deals with this issue from a petroleum geochemistry
perspective and tries to answer open questions regarding the source of light
and heavy oils produced over the Euphrates Graben. Eighty two oil samples
in addition to 37 rock samples have been analysed geochemically in order to
investigate the molecular composition of hydrocarbons and the maturation
degree of their associated source rocks. Routine geochemical analysis in ad-
dition to stable isotopes and diamondoid analyses were carried out for 30 oil
samples. Based on gross composition, biomarker and non-biomarker char-
acteristics, oil-oil correlation identified three oil families in the study area:
Family 1, Family 2A and Family 2B. Crude oils of Family 1 have been found
to be generated from a marine, clay-rich and highly mature source rock.
The related source rock is older than Jurassic in age based on age-related
biomarker parameters. Maturity-related parameters (aliphatic biomarkers)
and non-biomarkers (like diamondoids) imply that a highly mature source
rock is responsible for generating Family 1 crude oils. These features fit
very well to Palaeozoic Tanf Formation (Abba group) which is equivalent
to Lower Silurian Hot Shales found elsewhere in the Middle East and North

Africa. However, the Upper Cretaceous R’'mah Formation and Shiranish
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Formation were found to be responsible for generating the remaining crude
oils studied here. Compositional and molecular differences between fami-
lies 2A and 2B were attributed to facies and subtle maturation variations.
Geochemical oil-source rock correlation supported the classification of oil
families that Family 2A was most likely generated from the Shiranish For-
mation, while the R’'mah Formation was the source rock for Family 2B oils.
According to the very complex tectonic situation of this rift basin and, addi-
tionally, the lack of geological data, it was not possible to definitely retrace
the migration pathways for oils from source rocks to reservoirs. However, an
attempt to figure out the potential migration fairways is presented by con-
cepts for trap configurations for specific areas especially for crude oils found
in shallow Miocene reservoirs. To predict to which extent these oil families
could mix with each other, oil mixing mathematical models have been ap-
plied for crude oils which have different signatures from different sources.
The results of the theoretical mixing were promising and showed that some
oils in the southeastern part of the graben generated principally from the
Upper Cretaceous R’'mah Formation, and have got significant contribution
from a Silurian source rock. These findings about petroleum mixtures could
support the attempts to find more hydrocarbon plays in the Palaeozoic sec-
tion in south- and northeastern part of the graben by retracing possible oil
migration routes. Secondary alteration processes influenced the petroleum
composition particularly in shallow reservoirs. Geochemical investigations
for crude oils in the northwestern part of the graben showed that biodegra-

dation took place resulting in lower API gravities and poorer light ends.



ZUSAMMENFASSUNG

Syrien, im nordlichen Teil der arabischen Halbinsel gelegen, ist eines der
wichtigsten erddlproduzierenden Lander des Nahen Ostens. Eine der erdolhoffigsten
Provinzen ist das Euphrat-Graben-System im Ostlichen Teil des Landes, in
dem im Laufe der 80er Jahre Erdol und Erdgas durch Shell E&P und seine
Partner entdeckt wurden. Seit damals wurden keine weiterfiihrenden Stu-
dien durchgefiihrt, welche die Herkunft der aus mehr als 60 Olfeldern stam-
menden Rohole eindeutig belegen konnten. Die vorliegende Arbeit wid-
met sich dieser Wissensliicke mit einem petroleum-geochemischen Ansatz
und versucht, offene Fragen beziiglich der Herkunft der im Bereich des
Euphrat Grabens geforderten Leicht- und Schwerdle zu beantworten. 82
Olproben und 37 Gesteinsproben wurden geochemisch analysiert, um die
molekulare Zusammensetzung der geforderten Kohlenwasserstoffe zu unter-
suchen und den Reifegrad der jeweiligen Muttergesteine festzustellen. Fiir
30 ausgewahlte olproben wurden zusatzlich stabile Isotope und Diaman-
toide analysiert. Durch 6l-6l Korrelation, basierend auf der Gesamtzusam-
mensetzung, sowie Charakteristika von Biomarkern und Nicht-Biomarkern,
wurden drei olfamilien im Studiengebiet identifiziert: Familie 1, Familie
2A und Familie 2B. Fiir die Rohole der Familie 1 kann gezeigt werden, dass
diese von einem marinen, tonreichen Muttergestein stammen, welches, nach
Analyse reifeabhéngiger Biomarker (aliphatische Biomarker) und Nicht-
Biomarker (Diamantoide), von hoher Maturitdt sein muss. Unter Zuhil-
fenahme altersabhangiger Biomarker-Parameter kann ein pré-jurassisches
Alter abgeleitet werden. Basierend auf diesen Charakteristika kann auf die

Tanf Formation (Abba Gruppe) als Muttergestein geschlossen werden, die

Vil
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ein Aquivalent zu den ”Hot Shales” des unteren Silurs im Nahen Osten und
Nordafrika darstellt. Des Weiteren wird gezeigt, dass die in der Oberen
Kreide abgelagerten R’'mah Formation und Shiranish Formation verant-
wortlich fiir die Genese der iibrigen untersuchten Rohoéle sind. Komposi-
tionelle und molekulare Unterschiede zwischen Familie 2A und 2B konnten
auf Fazies- und geringfiigige Reifeunterschiede zuriickgefiihrt werden. Geo-
chemische Erdol-Muttergesteins-Korrelationen unterstiitzen die Klassifika-
tion in olfamilien dahingehend, dass die Familie 2A der Shiranish Forma-
tion und die Familie 2B der R’'mah Formation zuzuordnen sind. Aufgrund
der sehr komplexen tektonischen Situation und dem Fehlen relevanter ge-
ologischer Daten war es im Rahmen dieser Arbeit nicht moglich, einen
eindeutigen Migrationsweg der Rohole vom Muttergestein zum Reservoir
nachzuvollziehen. Trotzdem werden hier potentielle Migrationswege unter
Zuhilfenahme skizzenhafter Fallenstrukturen und Konfigurationen fiir spez-
ifische Gebiete aufgezeigt, insbesondere fiir Rohole aus den flachen Reser-
voiren des Miozans. Um vorherzusagen, in welchem Ausmaf sich diese
Olfamilien untereinander vermischen, wurden statistische Mischungsmod-
elle fiir 6le mit unterschiedlichen Signaturen und Muttergesteinen erar-
beitet. Die Ergebnisse dieses theoretischen ”Mixing”-Ansatzes sind vielver-
sprechend und zeigen, dass einige Ole aus dem siidéstlichen Teil der Graben-
struktur zusatzlich zu ihrer primaren Herkunft, der oberkretazischen R’mah
Formation, signifikante Anteile aus silurischen Muttergesteinsintervallen aufweisen.
Diese Ergebnisse konnten neue Explorationsansatze unterstiitzen, da durch
Kenntnis moglicher Migrationsrouten zusatzliche Kohlenwasserstoffvorrate
im paldozoischen Intervall im siid- und norddstlichen Teil des Grabens zu
finden sein konnen. Sekundére Alterationsprozesse hatten ebenfalls, vor
allem in flach gelegenen Reservoiren, einen signifikanten Einfluss auf die
Erdolzusammensetzung. Geochemische Untersuchungen von Roholen aus
dem nordwestlichen Teil des Grabens zeigen, dass Biodegradation stattge-
funden hat, was sich in einer hoheren 6ldichte und einer geringeren Konzen-

tration an kurzkettigen Kohlenwasserstoffen niederschlagt.
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Chapter 1

Introduction and Background

1.1 Petroleum Geochemistry

Petroleum Geochemistry is an established science concerned with the uti-
lization of chemical principles to the study of the formation, migration,
accumulation and the alteration of petroleum and the application of this
understanding in the exploration and recovery of oil and gas. In this con-
text, petroleum geochemistry has its useful modern applications in explo-
ration and production of ” conventional” hydrocarbons and also supports
the development of ”unconventional” resources like shale gas. In oil ex-
ploration, geochemistry enlarges exploration effectiveness by accounting for
many of the factors that control the volumes of petroleum available in a
trap, including source quality and richness, thermal maturity, and the tim-
ing of generation-migration-accumulation relative to entrapment formation.
Fig.1.1 shows that when geochemical parameters are coupled with structural
and reservoir data, the exploration efficiency will be more than double in
comparison to only using the available geophysical data (Murris, 1984).

In this framework, petroleum geochemistry is applied in exploration for
instance in (1) petroleum systems and exploration risk assessment (Hunt,
1996; Murris, 1984), (2) molecular composition, biological markers, isotope
chemistry and chemometric analysis for genetic oil-oil and oil-source rock

correlation (Dahl et al., 1993; MacKenzie, 1984; Mackenzie et al., 1983;
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Figure 1.1: Petroleum geochemistry improves forecasting efficiency. Modi-
fied after (Murris, 1984).

Peters et al., 1994; Peters & Moldowan, 1993; Peters et al., 1986b; Philp,
1985), (3) 3D basin modeling (Peters et al., 2000a; Welte et al., 1997), and
(4) secondary alteration effects on petroleum composition (Behar et al.,
1997; Connan, 1984; Horsfield et al., 1992; Tissot & Welte, 1984; Wilkes
et al., 2008). In phase of oil production and development of producing
fields, petroleum geochemistry complements information of reservoir engi-
neering to solve reservoir-related problems that can result in increasing the
recoveries of the huge amounts of petroleum deserted in the traps as unre-
coverable. It has useful applications in reservoir management such as (1)
reservoir continuity assessment (Halpern, 1995; Nederlof et al., 1994; Ross
& Ames, 1988; Slentz, 1981), (2) analysing the commingled production from
multiple zones (Hwang et al., 2000; Kaufman & Ahmed, 1990), (3) evalu-
ating the oil mixing potential from multiple sources (Chen et al., 2003b;
McCalffrey et al., 1996; Zhang et al., 2003), (4) prediction of oil quality in
accumulations (Bement et al., 1996; Baskin & Jones, 1993), and (5) predic-

tion of gas-oil and oil-water contacts (Baskin et al., 1995). The following
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sections describe the basic principles of petroleum geochemistry.

1.1.1 Petroleum Origin and Generation

Petroleum is defined as a complex mixture of hydrocarbons derived from
degradation of organic matter buried in sedimentary rocks. The organic
matter in sediments derives from the remains of extant organisms including
algae, bacteria and higher plants. By accumulation and lithification of sedi-
ments, sedimentary rocks are formed. The potential petroleum source rocks
are fine-grained sedimentary rocks rich in organic matter and have been em-
pirically correlated with shales having >0.5% total organic carbon (TOC)
content (Philippi, 1965). The transformation process of organic matter into
petroleum (oil and gas) is divided into three main stages called process of
maturation and includes: diagenesis, catagenesis, and metagenesis as illus-
trated in Fig.1.2 (Horsfield & Rullkotter, 1994a; Killops & Killops, 1993;
Tissot & Welte, 1984).

LESS HYDROGEN MORE HYDROGEN CONSIDERATION
KEROGEN FORMATION
DIAGENESIS K * Precursor organisms
* Diagenetic reactions
—| R,=0.5% I— Onset of oil Generation * Selective preservation
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* Kerogen structure
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[o1}—{cm
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REMAINING POTENTIAL

* Recognition of original oil

potential

METAGENESIS * Gas generation

Figure 1.2: The main stages of petroleum formation: diagenesis, catagenesis
and metagenesis. Modified after (Horsfield & Rullkotter, 1994a).

Diagenesis of organic matter refers to biologically, chemically, and phys-
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ically induced changes in the organic matter composition that occur in the
subsurface in sedimentary rocks at an equivalent vitrinite reflectance of 0.5%
(Hunt, 1996; Peters et al., 2005). Actually, these changes begin before or-
ganic matter reaches the sediments as organic matter sinking through the
water column is fed upon by both the macrofauna and (aerobic) bacteria.
Indeed, a significant proportion of the organic matter reaching the sediment
does so in form of residues of the living organisms and /or higher plants. De-
composition occurs once the organic matter reaches the sediment surface.
Burial by subsequently accumulating sediment eventually isolates it from
water. Where the burial flux of organic matter is high enough, oxygen is
eventually consumed and as the organic matter is buried to a progressively
greater depth, it is attacked by a series of bacterial communities utiliz-
ing a progression of electron receptors (oxidants). Under these conditions
a series of zones exists where nitrogen, iron and sulfate reduction occur
(anaerobically) (Killops & Killops, 1993). The bulk of the organic matter
in sediments exists in solid form, yet only dissolved compounds can cross
cell membranes and be a useful source of nutrition of microbes. For this
reason, bacteria release enzymes that first break insoluble complex organic
molecules into smaller soluble ones. Complex organic molecules usually can-
not be oxidized completely by a single organism, because no single organism
is likely to produce all the necessary enzymes. Instead, these molecules are
broken down by consortia of bacteria. Thus proteins, carbohydrates, and
lipids are broken down into amino acids, simple sugars, and long-chain fatty
acids. At the same time there are very complex compounds which are not
easy to decompose (bio-macromolecules). These bio-macromolecules will be
preserved and/or condensed into geopolymers to form the so-called kerogen
which is the principle product of diagenesis (Tissot & Welte, 1984). Kero-
gen is defined as sedimentary organic matter that is insoluble in water and
organic solvents. It is usually accompanied by a smaller fraction of solu-
ble organic matter called bitumen. Kerogen is usually classified into one of
three types, based on bulk H/C and O/C ratios. Type I kerogen is rich

in lipids especially long-chain aliphatics, and has high petroleum potential.
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It is derived primarily from algal and bacterial remains, often deposited in
lacustrine environments. Type Il kerogen is the most common type. It is
derived primarily from planktonic and bacterial remains deposited in ma-
rine environments (though remains of higher plants can contribute as well)
(Tissot & Welte, 1984; Espitalie et al., 1977). Its lipid content and oil po-
tential are somewhat lower than Type I kerogen. Type I1I kerogen is rich in
aromatic and poor in aliphatic structures. It is formed principally from the
remains of vascular plants. Its oil potential is poor, but it can be a source
of gas (Horsfield & Rullkotter, 1994a; Hunt, 1996). As sedimentary organic
matter is buried, it experiences progressively higher temperatures and pres-
sures. Although most bacterial decomposition occurs quickly, in the upper
meters or so (diagenesis depth), it may continue at a much slower pace in-
definitely. Indeed, bacteria have been found in subsurface source rocks at
temperatures up to 75 °C and a depth of nearly 3 km. As bacterial activity
ceases, a number of new reactions begin as the organic matter attempts to
come to equilibrium with higher pressures and temperatures. These reac-
tions, in which kerogen breaks down into a variety of hydrocarbons and a
refractory residue, are collectively called catagenesis. In the oil-generating
stage of catagenesis called oil window, which is the point where maximum
hydrocarbon generation occurs, vitrinite reflectance is typically in the range
of 0.6 to 1.3 %. During catagenesis heteroatom bonds are the first to be
broken as they generally are weaker than carbon-carbon bonds. Hydro-
carbons released during this stage are thus those attached to the kerogen
structure with heteroatoms or merely trapped within it. Thus the hydrocar-
bon fraction of bitumen in immature kerogen is dominated by ”geochemical
fossils” or biomarkers, i.e. molecules that have lost their functional groups
but whose basic skeleton is preserved (Peters & Moldowan, 1993; Killops
& Killops, 1993). As temperature increases, carbon-carbon bonds are also
broken, a process called cracking. Carbon-carbon bonds in the centre of
chains are slightly weaker than those at the ends. As these begin to break,
hydrocarbon fragments are released that progressively dilute biomarkers.

Also because of this effect, the size of hydrocarbons evolved decreases with
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increasing maturity. Thus the hydrocarbons generated in the oil window of
catagenesis show a maximum abundance at relatively low carbon number
(~C1o) and steadily decreasing abundance with increasing carbon number
(Peters et al., 2005). As temperatures approach and exceed 150 °C, even
smaller hydrocarbons (<Cj) become dominant. These are gases at surface
temperature and pressure. Dissolved in them, however, are lesser amount of
longer chains (2Cj). These condense to liquids upon reaching the surface
and hence are called condensates. Hydrocarbons that are gas-dominated yet
contain a significant amount of longer hydrocarbons are called gas conden-
sates, and this stage of catagenesis, corresponding roughly to 150 to 180 °C
is called the wet gas zone. At higher temperatures, the liquid hydrocarbons
are completely eliminated by C-C bond breaking. Eventually, all C-C hydro-
carbon bonds are broken, leaving methane (C'Hy) as the sole hydrocarbon,
accompanied by nearly a pure carbon residue. This stage of evolution is
referred as metagenesis or the dry gas zone (Horsfield & Rullkotter, 1994a;
Bordenave, 1993).

1.1.2 Petroleum Migration and Accumulation

Most petroleum source rocks are fine-grained. Subjected to pressure of
burial, their porosities are quite low, hence liquid and gaseous hydrocarbons
are expelled once the source rock becomes saturated; this process is called
primary migration. The mechanisms of migration of hydrocarbons are not
fully understood, but probably involve both passage through microfractures
and diffusion through the kerogen matrix. Expulsion efficiencies vary with
kerogen type. The quality and quantity of the petroleum generated depends
largely on the type of organic matter. Since petroleum tends to migrate
out of the source rock as it is created, it is difficult to judge the amount
of petroleum generated from field studies. However, both mass balance
calculations on natural depth sequences (Schmoker, 1994) and laboratory
pyrolysis experiments on immature kerogen will give some indication of the
petroleum generation potential (di Primio & Horsfield, 1996; Dieckmann

et al., 2000 1998; Horsfield & Dueppenbecker, 1991).
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Migration will continue until the petroleum reaches either a trap or the
surface (called secondary migration). Secondary migration of petroleum
in carrier beds is controlled by buoyancy forces, hydrodynamic fluid flow
and capillary forces (Bordenave, 1993; Hunt, 1996; Tissot & Welte, 1984).
Distances covered by secondary migration ranges from a few kilometers to
more than one hundred kilometers. Hydraulic fracture, tectonism, trap fail-
ure, or through capillary supplies petroleum from reservoirs into new carrier
beds what is called tertiary migration resulting in new secondary reservoirs
or surface seeps. The more water soluble components of petroleum may
dissolve in water, either flowing through the reservoir or encountered by
migrating petroleum. This process, called water washing, will deplete the
petroleum in these water-soluble components. Aerobic bacteria encoun-
tered by petroleum can metabolize petroleum components, a process called
biodegradation. Long, unbranched alkyl chains are preferentially attacked,
followed by branched chains, cycloalkanes, and acyclic isoprenoids. Aro-
matic steroids are the least affected. Finally, further thermal evolution can
occur after migration, resulting in an increase in methane and aromatic

components at the expense of aliphatic chains.

1.1.3 Petroleum Systems and Oil Families

The Petroleum System is a unifying concept that encompasses all of the
disparate elements and processes of petroleum geology. A petroleum system
includes a pod of active source rocks and all genetically related oil and gas
accumulations. It contains all the geologic elements and processes that are
essential if an oil and gas accumulation is to exist (Magoon & Dow, 1994).
To fully charectarize the petroleum system the following elements must be
identified: source rock, reservoir rock, seal rock and overburden rock. On
the other hand the petroleum systems have two processes: trap formation,
and generation, migration, accumulation of hydrocarbons (see Fig.1.3).

A petroleum system investigation identifies names (source rock and
reservoir rock) and maps the geographic, stratigraphic and temporal extent

of a petroleum system (Demaison & Huizinga, 1991). The investigation
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Figure 1.3: The main geological elements of the petroleum system. Modified
after (Magoon & Dow, 1994).

includes certain components:

e Petroleum-petroleum geochemical correlation

Petroleum-source rock geochemical correlation

Burial history chart

Petroleum system map

Petroleum system cross section

Events chart

Table of hydrocarbon accumulations

Determination of generation-accumulation efficiency

For the Middle East, the focus of the current thesis, some studies have
been published dealing with the petroleum systems of different oil provinces.
The Palaeozoic and Jurassic petroleum systems of Saudi Arabia, for in-
stance, have been studied intensively by (Abu-Ali & Littke, 2005; Abu-Ali
et al., 1999; Cole et al., 1994ab; Survey, 2002). Petroleum systems of Iraq
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were analysed in different papers (Aqrawi, 1998; Fox & Ahlbrandt, 2002;
Verma et al., 2004). Some studies have been also performed for Oman
petroleum systems (Grantham et al., 1987; Terken, 1999; Terken et al.,
2001). Petroleum systems of Adaiyaman, central and SE Turkey were anal-
ysed in (Demirel, 2004; Demirel & Guneri, 2000; Demirel et al., 2001; Hu-
vaz, 2009; Soylu et al., 2005). In Syria the petroleum provinces have been
analysed in some papers like (de Ruiter et al., 1995; Abboud et al., 2005;
Kent & Hickman, 1997). Petroleum systems characterization involves clas-
sification of oil families and detailed oil-source rock correlation based on
geochemical parameters including biomarkers, stable isotopic composition
of individual compounds and diamondoids (Peters et al., 2005). A distinct
oil family could be defined as a group of crude oils produced from different
reservoirs and are genetically-related as they have been generated from a
single source rock in the sedimentary basin. Oil families classification is
based principally on oil-oil and oil-source rock geochemical correlation to
find the genetic relationships among these oils (Greene et al., 2004; Osadetz
et al., 1992; Sarmiento & Rangel, 2004; Sharaf et al., 2007; Zhang & Huang,
2005a; Peters et al., 1994).

1.2 Regional Petroleum Geology

The Middle East region has the most prolific petroleum provinces in the
world where it contains about two thirds (755.325 billion barrel oil Bbbl,
60.97 %) of the world’s remaining oil reserves and over one third (2585.351
trillion cubic feet TCF, 41.10 %) of its remaining gas reserves (Ahlbrandt
et al., 2000; BP, June 2008). On the other hand one-third (25,878 million
barrel per day Mbbl/d) of the world oil production takes place in the Middle
East. Conversely, the rest of the world accounts for as much as two-thirds
of production, with only one-third of total reserves being attributed to it
(EIA, 2010). Additionally, the Middle East has several of super giant oil
fields in the world which have more than 30 Bbbl petroleum reserves the like

Ghawar oil field (90 Bbbl) in Saudi Arabia, Burgan in Kuwait (86 Bbbl),



10 CHAPTER 1. INTRODUCTION AND BACKGROUND

and Magnon in Iraq (30 Bbbl).

The reasons of the productive oil abundance are due to the following
geological key factors (Alsharhan & Nairn, 1997; Beydoun, 1998; Beydoun
& Dunnington, 1975):

e A long history of quiet and almost continuous sedimentation.

A very large volume of predominantly marine sediments.

e Extensive, excellent and often very thick reservoirs, principally car-

bonates but also sandstones.

e Deposition of organically-rich source rocks under anoxic conditions in

the right juxtaposition with very permeable extensive reservoirs.

e Capable and broadly spread seals over several intervals of geological

time.

e The existence of extremely large anticlinal traps coincident with peak

oil generation and migration.

e The absence of prolonged erosional intervals and strong tectonics.

The Middle East hydrocarbon habitats can be subdivided into three
main basins: the Arabian Platform, the Zagaros Basin, and the Oman Oil
Basin (Ahlbrandt et al., 2000; Alsharhan & Nairn, 1997) (see Fig.1.4). This

subdivision coincides with the age of the oil fields.

e The petroleum systems in the Arabian Platform are composed of
Jurassic and Cretaceous source rocks and reservoirs (Christian, 1997;
Murris, 1980; Newell & Hennington, 1983), but also Palacozoic hydro-
carbon systems occur (Abu-Ali et al., 1991 1999; Al-Husseini, 1991).

e Younger basins are attributed to Cenozoic age on the Zagros Basin

as a result of the late Cenozoic tectonics which forms the Zagros Belt
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Figure 1.4: Oil and gas fields in the Middle East region adopted from (Kon-
ert et al., 2001).

(Ala et al., 1980; Alsharhan & Nairn, 1997; Pitman et al., 2004; Al-
Habba & Abdullah, 1989; Metwalli et al., 1974; Sadooni & Aqrawi,
2000; Verma et al., 2004).

e The Oman Oil Basin contains Infracambrian, Paleozoic, and Cre-
taceous hydrocarbon systems (Droste, 1997; Grantham et al., 1987,
Terken et al., 2001).
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Anticlinal traps are the most common structural type, which are proba-
bly related to the basement-controlled structures as in offshore Abu Dhabi,
Kuwait, Saudi Arabia, Bahrain and Qatar Arch. Other types of hydrocar-
bon traps are associated with salt structures as in Yemen and with domal
structures with either E-W or S-N trends in the Cretaceous of the United
Arab Emirates (U.A.E) and offshore Qatar. Other petroleum accumula-
tions are linked to rift-type basins (e.g. Euphrates Graben in Syria and the
Red Sea). A few stratigraphic traps are found in Saudi Arabia and Kuwait
(Alsharhan & Nairn, 1997; Ahlbrandt et al., 2000).

Syria, which is situated in the northern part of the Arabian Plate, has
oil reserves of 4.2 Bbbl (0.36 % form world reserves) and 10.6 TCF of natu-
ral gas (0.17 % form world reserves) (OAPEC, 2010). Crude oil production
of Syria in 2008 was 390 Thbl/d (about 0.5 % of the world production)
(OAPEC, 2010). The petroleum exploration history in Syria began in 1934
in northeastern Syria and the first exploration well has been drilled in 1939.
The first petroleum shows have been realized in Jebissa and Ghouna (NE
part of Syria) during the late ’30s and '40s by the Iraq Petroleum Company
(IPC) in association with the state-owned petroleum company (the later
Syrian Petroleum Company SPC). The first major discovery, the Karatchok
Field, was made in 1956 by the U.S American independent Menhall Com-
pany, followed by a second discovery of the Suwaidiyah Field in 1959 by the
German company Concordia. Subsequently, in 1962, the discovery of the
Rumailan Field by the Syrian Petroleum Company followed the national-
ization of all oil operations. In 1975, the Syrian government began to award
production-sharing contracts to foreign operators. In mid-1980s the signifi-
cant discoveries have been made in the Euphrates Graben which is located
in the southeastern part of the country. Fig.1.5 shows the oil and gas fields
of Syria in the late '90 of the 20" century. Crude oils produced from oil
fields are transported through the Syrian pipeline to the both refineries in
Homs and Banyas in addition to the Tartus Port for exporting (Alsharhan
& Nairn, 1997; Aldahik, 2003).

Tectonically, Syria consists of relatively stable and unstable blocks. The
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Figure 1.5: Oil and gas fields location in Syria adopted from (Brew et al.,
2001a).

stable sector includes the Aleppo Plateau, the Rutbah Uplift, and the
Rawda (Khleissa) High. Meanwhile, the unstable sector includes the Dead
Sea Fault System, Palmyride Fold Belt, the Euphrates Fault System, and
Abd El Aziz - Sinjar Uplift (Barazangi et al., 1993; Best et al., 1993; Brew
et al., 1999 1997b; Chaimov et al., 1993) (see Fig.1.6).

Only three tectonic provinces are considered to be hydrocarbon-bearing
zones: the Palmyride Fold Belt, the Euphrates Fault System, and the Abd
El Aziz - Sinjar Trough (Al-Saad et al., 1992; Alsharhan & Nairn, 1997;
Brew et al., 1999 1997a; Jamal et al., 2000; May, 1991; Kent & Hickman,
1997).

In general, the late Palaeozoic-Mesozoic extension, Mesozoic extension,

and late Cenozoic compression are the main causes of forming the source
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Figure 1.6: Topography and the major tectonic zones of Syria.

and reservoir rocks in Syria (Alsharhan & Nairn, 1997; Brew et al., 1997a).

In the Palmyride Fold Belt, the source rocks are buried deeper than
elsewhere in Syria. This deep burial results gas and condensates being
generated that are accumulated mostly in the Middle Triassic Kurrachine
Dolomite which is sealed by the Kurrachine Anhydrite formation (Jamal
et al., 2000; Salel & Seguret, 1994; Searle, 1994) (see Fig.1.7). The Upper
Carboniferous Markada sandstone is considered as another reservoir target.
It is believed that the late Palaeozoic-Mesozoic fault blocks and the folds
created during structural inversion and shortening are responsible for trap
formation in this zone.

In the Bishri Block in the transition zone between Palmyride and Eu-

phrates Graben (Alsdorf et al., 1995) a combination of oil and gas is pro-
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Figure 1.7: Generalized stratigraphy and selected structural elements in
various hydrocarbon provinces in Syria. Proven features related to hydro-
carbon accumulation are shown as solid lines; dashed lines where uncertain.
Adopted from (Brew et al., 1997Db)

duced. Hydrocarbons found in the Lower Cretaceous sandstones are thought
to be the result of westward migration of petroleum generated in the Eu-
phrates Graben. The potential Upper Cretaceous source rocks (Arak marl
and Shiranish Formation) may not have been sufficiently buried to reach

full maturity in the Bishri Block (Illiffe et al., 1998).

In the Mesopotamian Foredeep the source rocks are attributed to Late
Cretaceous and Triassic strata charging the traps formed by folded Late
Cretaceous (Massive Limesone) and Cenozoic (Chilou and Euphrates) sed-
iments (Abboud et al., 2005; Kent & Hickman, 1997; Aldahik, 2001) (see
Fig.1.7).

1.3 The Study Area

With more than one billion barrel of proven recoverable oil reserves and

lesser amount of natural gas found since mid-1980’s (Litak et al., 1998),
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the Euphrates Graben is considered as the most prolific and prospective
oil province in the Syrian Arab Republic. The Euphrates Graben fault
system, extending from the Iraq border in the southeast towards the Turk-
ish border to the northwest (Fig.1.8), extends over an area of about 160
x 90 km (Guyot & Zeinab, 2000; Litak et al., 1998) and has an estimated
maximum extension of about 6 km (Litak et al., 1997). The Euphrates
Graben is kind a rift basin which consists of grabens, half grabens and
flower structures (Litak et al., 1997; Sawaf et al., 1993). This rift basin is
comparable to the Gulf of Suez rifting basin due to the surfacial area (c.a.
14400 km?), recoverable hydrocarbon amount (c.a. 1 Bbbl oil), and even
due to the orientation (southeast-northwest) [(Alsharhan, 2003) and the
references herein|. The Euphrates Graben, located in the SE Syria, is part
of a system of rifts which developed during in the Late Cretaceous (Caron-
Cecile & Jamal-Maher, 2000; de Ruiter et al., 1995; Sawaf et al., 1993). In
the latest Maastrichtian, the rifting in the Euphrates Graben ceased due to
the continental-continental collision along the northern Arabian Plate asso-
ciated with emplacement of ophiolites along the margins (Litak et al., 1998;
Sawaf et al., 1993). As a result of this rifting, about 2.5 km of Cretaceous
sediments have been deposited in the central graben and thin towards the
northeast and southwest margins (Fig.1.8).

Two distinct fault populations are noted in the study area:

e west-northwest-striking normal faults with relatively large throws in
the northwestern part of the study area, which may initially have

formed in response to Late Cretaceous stresses (Litak et al., 1998).

e steeply dipping, northwest-striking flexures and strike-slip faults nearer
to the Iraqi border (see Fig.1.8), which might be related to the north-
west trending late Proterozoic Najd fault system exposed in Saudi

Arabia (Beydoun, 1991).

As a standard rifting basin, the stratigraphical history of the Euphrates
Graben could be subdivided into three major units: pre-rift, syn-rift, and

post-rift sequences (Fig.1.9).
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Figure 1.8: Location map of the study area showing the wells from which
the analysed oil samples come from.
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Figure 1.9: Schematic cross section in the study area of AB profile in per-
pendicular to the graben axes (see Fig.1.8 for profile location). Modified
after (de Ruiter et al., 1995)

e Pre-rift: Since the rifting onset was in the Late Cretaceous, the
pre-rift unit is composed of strata ranging from Paleozoic to Early
Cretaceous (de Ruiter et al., 1995). The Early Paleozoic section
consists of alternations of shallow-marine clastics of Ordovician age

(Khabour Fm) (Ala & Moss, 1979) followed by Lower Silurian shales



18

CHAPTER 1. INTRODUCTION AND BACKGROUND

(Tanf Fm.) (Lababidi & Hamdan, 1985) deposited by repeated regres-
sive and transgressive cycles (Beydoun, 1991; Brew et al., 1999) (see
Fig.1.10). The Upper Silurian and Devonian formations are absolutely
absent in the study area because of a proposed regional uplift (Brew
et al., 1999; Sawaf et al., 1993). Periods of maximum transgression
resulted in carbonates distribution in the middle part of Carbonifer-
ous, Triassic and Lower Cretaceous sections (Ziegler, 2001). In terms
of petroleum geology, the pre-rift section contains the organic matter-
rich marine shale of the Lower Silurian Tanf Fm. which is considered
as one of the two main source rocks in the study area charging the
Paleozoic reservoirs e.g. Doubayat Fm. (Alsharhan & Nairn, 1997;
Brew et al., 1997b; de Ruiter et al., 1995; Frijhoff et al., 2006). This
Tanf Fm. is equivalent to the Lower Silurian "Hot Shale” in North
Africa and Arabia (Luning et al., 2000 2005; Konert et al., 2001). The
most prolific reservoirs in the Euphrates Graben are also part of the
pre-rift unit (de Ruiter et al., 1995). They are: (1) the Lower Cre-
taceous shallow marine Rutbah Fm.; (2) the Post Judea Sand (PJS);
and (3) the fluviatile Triassic Mulussa F (Alsharhan & Nairn, 1997)
(see.Fig.1.10).

Syn-rift: The (Coniacian) Derro Formation coupeld of red beds is
the first deposited sediment in the syn-rift sequence (de Ruiter et al.,
1995), followed by the occurrence of the lagoonal cherty limestone
R’mah Formation (equivalent to Soukhne) and carbonate of the Erek
Formation. The deposition of the Lower Shiranish Fm. is also part of

the syn-rift section.

This syn-rift sequence includes the most prolific source rock (R’'mah
Fm.) in the Euphrates Graben charging the pre-rift Triassic and
Lower Cretaceous beds (Beydoun, 1986; de Ruiter et al., 1995; Ser-
ryea, 1990). However, the shallow to open marine Lower Shiranish

Fm. could play a binary role as a source and reservoir rock simulta-
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the main source rock and reservoir horizons.

neously.

e Post-rift: The post-rift sedimentary fill of the Euphrates Graben
is the latest Maastrichtian Upper Shiranish Fm. During deposition
of this younger part of the Shiranish Fm. most fault activities had
ceased (de Ruiter et al., 1995; Litak et al., 1997). The Miocene reserves
(Dhiban, Euphrates, and Jeribe formations) are located mainly in the
northwestern part of the Euphrates Graben (see Fig.1.10). They are

comparatively small and the production rates are low.






Chapter 2

Goals and Objectives

The Euphrates Graben is the most petroliferous province in Syria with
a production capacity of about 400.000 bbd in the mid 90’s. Crude oils
are produced from different horizons of the stratigraphic column from Or-
dovician to Miocene. These oils vary in quality from light to heavy and
have different geochemical signatures indicating that they might originate
from various sources. Three potential source rocks can be identified in the
study area; two Upper Cretaceous candidates (R'mah and Shiranish For-
mations) and the Silurian Tanf Formation (from the Abba group). No pre-
vious studies have been performed to assess the differences and similarities
among crude oils in the study area. Additionally, there are no publications
analysing the suspected sources of hydrocarbons existing in the Euphrates
Graben. The current study principally utilizes ”Petroleum Geochemistry”
(see sec.1.1) to investigate and distinguish the main chemical features and
characteristics of Syrian crude oils. The specific goals and objectives of the

current study are as follows:

e Characterize the geochemical composition of crude oils in the Eu-

phrates Graben Petroleum System (Chapter.4).
e Identify the main oil families found in the study area (sec.5.1.1).

e Evaluate the Lower Silurian Tanf Formation as a potential source rock

especially in the southeastern part of the graben (sec.4.2.1).

21
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e Try to differentiate between the two Upper Cretaceous source rocks

and their related crude oils (sec.5.2).

e Assess and quantify the oil mixing potential between different sources

in the reservoired oils (sec.5.3).

e Investigate the impact of secondary alteration processes (e.g. biodegra-
dation) on the composition of crude oils trapped in shallow reservoirs

(sec.5.4).

e Define the migration pathways depending on available geological data

(sec.5.2.3).

To fulfill the aims of this study, various geochemical analyses have been
employed (Chapter.3). Oil-oil (sec.5.1) and oil-source rock (sec.5.2) correla-
tion tools are used to differentiate the geochemical signatures of petroleums
and, consequently, to categorize crude oils into certain populations. The
integration of geochemical and available geological data has been done to
better understand the chemical variations of crude oils in the geological
framework and to show the significant role of the very complicated tec-
tonic settings in controlling the migration fairways and, consequently, the

distribution of oil families in the study area.



Chapter 3

Experimental Methods

A total of 82 oil samples (Tab.3.1) and 37 rock samples (Tab.3.4) were made
available for this study by Al Furat Petroleum Company (AFPC) and Shell
International E&P B.V. Both oil- and rock-sample set were characterized

by the analytical procedures described below.

3.1 OQOil Samples Analysis

The oil samples were collected from reservoir zones throughout the entire
stratigraphic column (Tab.3.1) and include Paleozoic, Triassic, Cretaceous
and Tertiary reservoir units. In the first stage, all 82 oil samples were
analysed by Whole Oil Gas Chromatography (GC-FID) to screen the main
geochemical properties of crude oils. Based on these results 30 oil sam-
ples have been chosen for further detailed analyses (GC-MS, SIM-GC-MS,
MRM-GC-MS).

Number | Well code Depth [m] Reservoir Fm. Age
G002952 | ABH101 330.0m Lower Fars Miocene
G002953 | ISH101 3219.1 - 3276.2 | Rutbah Cretaceous
G002954 | AHM101 2735.0 - 2747.2 | Post Judea Sand Cretaceous
G002955 | JID101 2879.0 - 2928.0 | Lower Rutbah Cretaceous
G002956 | AHM102 2438.0 - 2465.0 | Rutbah Cretaceous
G002957 | AHM102 2284.0 - 2290.0 | Erek Cretaceous

Continued on next page

23



24

CHAPTER 3. EXPERIMENTAL METHODS

Table 3.1 — continued from previous page

Number | Well code Depth [m] Reservoir Fm. Age
G002958 | FUR101 2299.0 - 2340.0 | Shiranish Cretaceous
G002959 | TMM101 3099.5 - 3110.0 | Post Judea Sand Cretaceous
G002960 | RAT102 1993.0 - 2017.0 | Erek Cretaceous
G002961 | TMM101 2992.5 - 3002.5 | Derro Cretaceous
G002962 | OMA102 3548.0 - 3624.0 | L. Rutbah / Mulussa F | Cretaceous
G002963 | ISB101 3051.0 - 3098.0 | Lower Rutbah Cretaceous
G002964 | SIJ102 2880.0 - 2907.5 | Post Judea Sand Cretaceous
G002965 | OMA107 3533.0 - 3620.0 | Lower Rutbah Cretaceous
G002966 | SHL101 3706.0 - 3788.0 | Lower Rutbah Cretaceous
G002967 | SLJ101 2781.5 - 2787.5 | Post Judea Sand Cretaceous
G002968 | RAT101 2415.5 Lower Doubayat Carboniferous
G002969 | TAN102 2770.0 - 2836.0 | Mulussa F Triassic
G002970 | SLJ101 2957.0 - 2963.0 | L. Rutbah Cretaceous
G002971 | OMA102 3739.5 - 3844.0 | Mulussa F Triassic
G002972 | ISH101 3289.0 - 3300.0 | Rutbah Cretaceous
G002973 | TAE101 3017.0 - 3145.0 | Mulussa F Triassic
G002974 | BRGI101 2285.1 Post Judea Sand Cretaceous
G002975 | AKA101 1894.0 - 1916.0 | ICD Carboniferous
G002976 | ONE101 3150.0 U. Shiranish Cretaceous
G002977 | AZQ101 2911.5 - 2922.0 | Mulussa F Triassic
G002978 | SHA101 1750.0 - 1756.0 | Mulussa D Triassic
G002979 | ABH101 2731.0 - 2736.0 | Mulussa F Triassic
G002980 | ABH101 2655.0 - 2665.0 | Rutbah Cretaceous
G002981 | BRS101 3760.0 - 3777.0 | Khabour Ordovician
G002982 | BRS101 3026.0 - 3061.0 | U. Doubayat Carboniferous
G002983 | DER44 581.0 - 600.0 Jeribe Miocene
G002984 | ISB120 3100.0 L. Rutbah Cretaceous
G002985 | JID107 2880.0 - 2978.0 | L. Rutbah / Mulussa F | Cret./Tri.
G002986 | SRT102 2674.0 - 2682.0 | Erek / Mulussa F Cret./Tri.
G002987 | YOU103 2900.0 - 2972.0 | Mulussa F Triassic
G002988 | DER45 565.0 - 593.0 Jeribe Miocene
G002989 | DER60 570.0 - 595.0 Jeribe Miocene
G002990 | KSR101 1768.0 - 1799.0 | Judea Carbonate Cretaceous
G002991 | HMD101 2118.2 Mulussa D Triassic
G002992 | ASHO001 558.0 - 561.5 Jeribe Miocene

Continued on next page
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Number | Well code Depth [m] Reservoir Fm. Age
G002993 | MAH1 515.0 - 527.0 L.Fars /524 Jeribe Miocene
G002994 | ASHO002 614.0 - 618.0 Jeribe Miocene
G002995 | ASHI101 2552.5 - 2555.5 | R’'mah Cretaceous
G002996 | ASH101 2553.0 - 2556.0 | R'mah Cretaceous
G002997 | MAH3 516.0 - 521.0 Jeribe Miocene
G002998 | MAHS3 616.5 - 625.0 Euphrates Miocene
G002999 | AKE101 2546.1 - 2561.0 | R’'mah Cretaceous
G003000 | THMO0001 2944.3 - 2956.3 | Judea Carbonate Cretaceous
G003001 | NIS001 808.0 - 815.5 Dhiban Miocene
G003002 | ISH101 3219.0 - 3276.2 | Rutbah Cretaceous
G003003 | THMO0104 3102.0 - 3108.0 | Rutbah Cretaceous
G003004 | THMO0001 810.1 - 826.0 Dhiban / Euphrates Miocene
G003005 | EWS101 2142.1 - 2157.1 | U. Shiranish Cretaceous
G003006 | AKE101 2586.9 Kometan Cretaceous
G003007 | EWS101 2180.2 - 2184.2 | U. Shiranish Cretaceous
G003008 | EWS101 2120.2 U. Shiranish Cretaceous
G003009 | EWN101 2819.1 - 2861.1 | Rutbah Cretaceous
G003010 | WAHO1 1781.1 - 1786.1 | Mulussa C Triassic
G003011 | NIS001 783.1 - 808.1 Dhiban Miocene
G003012 | WAH3 1807.1 - 1814.1 | Mulussa B Triassic
G003013 | MADO001 1575.1 - 1625.1 | Erek Cretaceous
G003014 | THMO0102 23741 U. Shiranish Cretaceous
G003015 | THMO0102 2949.5 - 2978.0 | Rutbah Cretaceous
G003016 | THMO0103 2955.5 - 2993.0 | Rutbah Cretaceous
G003017 | MNW101 1783.2 Doubayat Carboniferous
G003018 | WAHO05 1778.0 - 1809.0 | Mulussa B Triassic
G003019 | WAHG6 1360.0 - 1385.0 | Mulussa H Triassic
G003020 | YOS101 2903.0 L. Rutbah Cretaceous
G003105 | BRG-102 Post Judea Sand Cretaceous
G003106 | BRS-101 Doubayat Carboniferous
G003107 | BRS-104 Post Judea Sand Cretaceous
G003108 | OMA-166 Lower Shiranish Cretaceous
G003109 | OMA -166 St Rutbah Cretaceous
G003110 | OMA-186 Rutbah Cretaceous
G003111 | OMA-2011 Lower Shiranish Cretaceous

Continued on next page
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Table 3.1 — continued from previous page

Number | Well code Depth [m] Reservoir Fm. Age
G003112 | OMA-2012 Lower Shiranish Cretaceous
G003113 | SIJ-137 Upper Shiranish Cretaceous
G003114 | SLJ -137 Rutbah Cretaceous
G003115 | OBM Oil Based Mud

G003116 | THM-007 Euphrates Miocene
G003117 | THR-110 Rutbah Cretaceous

Table 3.1: List of the analysed 82 Oil samples

3.1.1 Whole Oil Gas Chromatography (GC-FID)

The GC-FID measurements on the whole oils were carried out for the de-
tection and quantification of saturated and aromatic compounds. Analyses
were performed with a GC-FID (6890A, Agilent Technologies, USA) which
was equipped with a HP-PONA fused silica capillary column (50 m x 0, 32
mm i.d., film thickness = 0, 50 um). The injector temperature was set to 30
°C with a rate of 700 °C/min heating up to 300 °C held for 3 minutes. The
GC oven temperature was programmed from 30 °C to 60 °C at a heating
rate of 2 °C/min, followed by a heating rate of 4 °C/min up to 320 °C with
a final time of 35 min. The carrier gas was helium (He) with a flow rate of
1 ml/min. The split mode was set at split ratio of 1/50. Quantification of
the resolved compounds (listed in Tab.3.2) was carried out using isooctane
(CsHys) as internal standard. The GC-FID chromatogram of a whole oil

sample is shown in Fig.3.1.

Compound Abbreviation Compound Abbreviation
iso.pentane 1-C's iso-nonane 1-Cy

pentane n-Cl ethylbenzene EBenzene
2,2-dimethylbutane 2,2-DMB (1,341,4)-dimethylbenzene  meta+para-Xylene
cyclopentane CP 2+4-methyloctane 2+4-MOct
2,3-dimethylbutane 2,3-DMB 3-methyloctane 3MOct
2-methylpentane 2MP 1,2-dimethylexylene ortho-Xylene
3-methylpentane 3MP nonane n-Cy

Continued on next page
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Compound Abbreviation Compound Abbreviation
hexane n-Cg decane n-Cho
2,2-dimethylpentane 2,2-DMP iso-undecane i-C11
methylecyclopentane MCP undecane n-C11
2,4-dimethylpentane 2,4-DMP dodecane n-C1a
2,2,3-trimethylbutane 2,2,3-TMB iso-tridecane 1-C13
benzene Benzene iso-tetradecane 1-C14
3,3-dimethylpentane 3,3-DMP tridecane n-Ch3
cyclohexane CH iso-pentadecane i-C1s
2-methylhexane 2MH tetradecane n-Cha
2,3-dimethylpentane 2,3-DMP iso-hexadecane 1-C1g
1,1-dimethylpentane 1,1-DMP pentadecane n-C1s
3-methylhexane 3MH hexadecane n-C1g
cis-1,3-dimethylcyclopentane cis 1,3-DMCP iso-octadecane i-C1s
trans-1,3-dimethylcyclopentane trans 1,3-DMCP heptadecane n-Chry
3-ethylpentane 3EP pristane Pr.
cis-1,2-dimethylcyclopentane cis 1,2-DMCP octadecane n-Chg
iso-octane CgHqg 15 phytane Ph.
heptane n-Cy nonadecane n-Chg
methylhexane MCH icosane n-Cog
1,trans-1,3-trimethylcyclopentane  1-trans,1,3-TMCP | henicosane n-Coq
ethylcyclopentane ECP docosane n-Cag
2,5-dimethylhexan 2,5-DMHex tricosane n-Cas
1,4-dimethylhexane 2,4-DMHex tetracosane n-Coy
1,trans,2,4-trimethylcyclopentane  1-trans,2,4-TMCP | pentacosane n-Cos
3,3-dimethylhexane 3,3-DMHex hexacosane n-Cag
1,2,3-trimethylcyclopentane 1,2,3-TMCP heptacosane n-Car
2,3,4-trimethylcyclohexane 2,3,4-TMCP octacosane n-Cag
toluene Toluene nonacosane n-Cog
2-methylheptane 2MHep triacontane n-Cso
3-methylheptane 3MHep hentriacontane n-Csy
octane n-Cg dotriacontane n-Csa
ethylecyclohexane ECHex

Continued on next page
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Table 3.2 — continued from previous page

Compound Abbreviation Compound Abbreviation

Table 3.2: List of the light and saturated hydrocarbons, which were iden-
tified by gas chromatography flame ionization detection. Also given are

abbreviations used in the chromatogram that is shown in Fig.3.1.

3.1.2 Single lon Monitoring - Gas Chromatography - Mass
Spectrometry (SIM-GC-MS)

The aliphatic fractions of the selected 30 oils were analysed using Single
Ion Monitoring-Gas Chromatography-Mass Spectrometry (SIM-GC-MS) for
diamondoids identification and quantification. The instrument and its set-
tings is the same of GC-MS (see sec.3.3.2) except that for this analysis no
full scan was carried out but the detection of some specific ions. Two groups
of diamondoids were identified in the studied oils (see Fig.3.2 and Tab.3.3

for identification):

e adamantanes (including adamantane, methyladamantanes, dimethy-
ladamantanes, trimethyladamantanes, tetramethyladamantanes, and

pentamethyladamantanes using GC-MS m/z 136, 135, 149, 163, 177,

and 191 fragmentograms, respectively).

e diamantanes (including diamantane, methyldiamantanes, dimethyl-
diamantanes, trimethydiamantanes using GC-MS m/z 188, 187, 201,

215 fragmentograms, respectively)

3.1.3 Compound Specific Stable Isotopes

e Stable Carbon Isotopes:

The carbon isotopic composition of petroleum components was mea-
sured by GC-C-IRMS (gas chromatography-combustion-isotope-ratio
mass spectrometry), Fig.3.3. The GC-C-IRMS system consisted of



29

OIL SAMPLES ANALYSIS

3.1.

Z'¢'81,] ur 9so1} 0} PuodsolIod soLIes MeoJ ojdures [10 opnId URLIAG Ul POYIJUSPT SOUR)URTIRIP PUR SOURJURURDPY :€'¢ 9[R],

q1¢
q1¢e
10¢
10¢
102
102
18T
18T
18T
881

161
LLT
LLT
LLT
LLT
LLT
€91
€91
€91
€91
€91
6V 1
6V 1
671
6V1
671
GeT
GeT
GeT
GeT
9¢€T

(z/w) yeod oseq

0€¢
0€e
91¢
91¢
91¢
91¢
4\ré
4iré
4iré
88T

902
90¢
¢61
¢61
4
4!
¢61
8LT
8LT
8LT
8LT
8LIT
P91
P91
V91
V9T
P91
P91
08T
0GT
9€T

(z/w) LV

ommzb
@NWNNHO
wmmwﬂo
wmmm:b
wmm@ﬁo
wmmcﬂo
mmmmﬂ@
mmmméo
mwﬁmﬁ@
ONN,NED

wmmmﬂ@
wm\ﬂwmﬁo
wmmib
wmmib
wmmib
wmmwﬂo
wmmwﬁo
mmmmﬂo
mwﬁmﬁ@
mmmmﬁo
mmmmﬂo
mmmmﬁb
ommmﬂo
owﬁmﬂ@
ommmﬁo
ommmﬁo
ommmﬂmv
ONNHNNHD
wﬁm:b
wﬁmzb
wﬁmoﬂo

RINULIO]

ANIL-6'7'€
ANIL6FT
ana-v'e
ANa-8'y
ANd-¥c + 71
ANa-6F
AN-€

amn-1

AN

a

VINd-L'G'€T'T
VINIL-LG¢H-T
VINRL-G'CC'T
VINRL-9'CE'T
VINRL-L'CTT
VINOL-L'G'E'T
VINA-G'¢H-T
suvyy VINILF'€'T
$10 VINILT'E'T
VINAL-9°E'T
VINAL-G'E'T
VIN-€'A-T
VINA-C'T

suvyy VINA-'T
512 VINA-F'1
VINA-€'T

VA

Va1

VIN-C

VIN-T

Vv

qqY

QURIURTRIP[AYIOWILL] 6T
QURIURTRIP[AYIOWILLT 6T T
OURJURUIRIPAYJOUIL-F'E
OURIURTRIP[AT}OWI([-]'F
QURIURTRIPIAIOWI([F'C + F'T
QURJURWRIP[AYIOWI([-6‘F
QURJURWIRIP[AYIOIN-E
QURJURTRIPIAYIOIN-T
oURURTIRIPIATIOIN-F
ouRJURTIRI(]

ouRURWRPR[AYOWRIUS -/ ‘G €T T
QURJURWIRPR[AYJOWLIT -/, G ¢ TAY)o-T
QURJURIIRPR[AYJOWRIT -G C T T
QURJURUIRPR[AJOWRIIO],-9'G E T
ouRJURTIRPR[AYJOWRIIT -1 ‘G T
QURJURTURPR[AYJOWRIINT -L ‘G C T
QURJURUIRPRIAYIOWI([-G ¢ [AYIH-T
(supag) ouejuretrepRIAYIOWILL ¢ T
(s10) ouejueUrRPRIAYIOWILIT ¢ T
QURJURTIRPRIAY QWL -0‘¢* T
QURIURTURPR[AYJOWII] -G'C T
aueURTIRPRIAYIDIN-C TAYIT-T
QURIURTURPR[AJOWI(]-Z T

(sup.g) ouejueUIRpPRIATIOWI([-FT
(s10) euejueurepRIAYIOWI-F]
ouRjURTRPR[AYJOWIP-E‘ T
uRIURTIRPRIAYIH-E,
auerjURTIRDPRIAYI-T
QURIURTIRPRIAYIPIN -G
ouRIURUIRDRIATIOIN -]
ouRjURIIRDY

TUOTUIISS Y

1€
0€
6¢
8¢
Lc
9¢
514
4

€¢
gC  seuejuRMRI(]

1¢
0¢
61
8T
LT
91
a1
VI
€l
¢l

S
—

— AN <H 1O O 00D

IN Yead seurjuBUIRDY




30 CHAPTER 3. EXPERIMENTAL METHODS
Isooctane (IS) n'clo
n-C
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@ n-C,,
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Figure 3.1: Example of a whole oil chromatogram of NSO (Norwigen Stan-
dard Oil). A full range of n-alkanes up to n-Cs5 was observed.

a GC unit (6890N, Agilent Technology, USA) connected to a GC-
C-TC III combustion device coupled via open split to a MAT 253
mass spectrometer (ThermoFisher Scientific, Germany). The organic
substances of the GC effluent stream were oxidised to C'O, in the
combustion furnace held at 940 °C on a CuO/Ni/Pt catalyst. C'Oy
was transferred on line to the mass spectrometer to determine carbon
isotope ratios. Crude oil (0.5 ul) was injected to the programmable
temperature vaporization inlet (PTV, Agilent Technology, USA) with
a septumless head, working in split/splitless mode. The injector was
held at a variety of split ratios ranging from 1:20 to 1:50, depending
on the compound concentrations in individual oils. The initial tem-
perature of the injector was set to 230 °C. With injection, the injector
was heated to 300 °C at a programmed rate of 700 “Cmin~! and held
at this temperature for the rest of the analysis time. Petroleum com-
ponents were separated on a fused silica capillary column (HP Ultra
1, 50 m x 0.32 mm ID, 0.52 pum FT, Agilent Technology, USA). The
temperature program of the GC oven was initially held at 30 °C for

1

10 min, followed by a 2 “Cmin~" ramp to 60 °C , then at a rate of 4

*Cmin~! to 300 °C and held there for a further 30 min. Helium, set
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Figure 3.2: Ion chromatograms displaying the distribution of adamantanes
and diamantanes in oil sample G002961 (see Tab.3.3 for peak assignments)

to a flow rate of 1.0 mlmin~!, was used as carrier gas. All oil samples
were measured in triplicate with a standard deviation of < 0.5 %o
for most of the compounds and samples. The quality of the carbon
isotope measurements was checked regularly by measuring n-alkane
standards (n-C15, n-Cy, and n-Cas) with known isotopic composition

(provided by Campro Scientific, Germany).

e Stable Hydrogen Isotopes:

The hydrogen isotopic composition of petroleum components was mea-

sured by GC-P-IRMS (Gas Chromatography-Pyrolysis-Isotope-Ratio
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Figure 3.3: Schematic view of a GC-C-IRMS-system for compound-specific
isotope analysis. The separation of complex mixtures is done by gas chro-
matography. At a temperature of 940 °C separated compounds are oxidized
to COy and H,0O catalytically. The reduction interface eliminates nitro-
gen oxides and the water is separated from the carrier gas by a Nafion
membrane in the water removal device. The remaining C'Os is ionized and
detected in the mass spectrometer. From the ratio of **CO; to *CO, the
513C value can be calculated.

Mass Spectrometry). The GC-P-IRMS system consisted of a GC
unit (6890N, Agilent Technology, USA) connected to a pyrolysis de-
vice coupled via open split to a MAT 253 mass spectrometer (Ther-
moFisher Scientific, Germany). After passing the GC (6890 Series,
Agilent Technology, USA), hydrocarbons were reduced to Hs and
elemental carbon in the pyrolysis reactor held at 1450 °C. H, was
transferred on line to the mass spectrometer to determine hydrogen
isotope ratios. Crude oil (0.5 ul) was injected to the programmable
temperature vaporisation inlet (PTV, Agilent Technology, USA) with
a septumless head, working in split/splitless mode. The injector was
held at a variety of split ratios ranging from 1:10 to 1:50, depending
on the compound concentrations in individual oils. The initial tem-
perature of the injector was set to 230 °C. With injection, the injector
was heated to 300 °C at a programmed rate of 700 °Cmin~' and held
at this temperature for the rest of the analysis time. Petroleum com-
ponents were separated on a fused silica capillary column (HP Ultra
1,50 m x 0.32 mm ID, 0.52 pm FT, Agilent Technology, USA). The
temperature program of the GC oven was initially held at 30 °C for

1

10 min, followed by a 2 “Cmin~" ramp to 60 °C, then at a rate of
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4 °Cmin~"' to 300 °C and held there for a further 30 min. Helium,

1 was used as carrier gas. All oil

set to a flow rate of 1.0 ml min~
samples were measured in triplicate with a standard deviation of < 5
%0 for most of the compounds and samples. The Hs=+ factor was de-
termined daily by measuring 10 reference gas peaks with increasing
amplitude. This factor had an average value of 5.48 £0.13 ppm/nA.
The quality of the hydrogen isotope measurements was checked reg-
ularly by measuring n-alkane standards (n-Ci7, n-Cig, n-Cy, n-Cag,

and n-Cy;) with known isotopic composition (provided by A. Schim-

melmann, Biogeochemical Laboratories, Indiana University).

3.2 Rock Samples Analysis

37 rock samples (Tab.3.4) from the potential source rocks in the study
area have been analysed geochemically in order to assess their potentiality

(sec.4.2.1) and to perform oil to source rock correlation (sec.5.2).

3.2.1 Solvent Extraction

The source rock extracts were obtained using a Soxhlet apparatus. Approx-
imately 50 g of the whole rock sample was pulverized. An amount of the
crushed samples (ca. 20g) was weighed into a cellulose extraction thimble
and then placed in the extraction tube of the Soxhlet apparatus and ex-
tracted for 24 hours using approximately 350 ml of an azeotropic mixture
of methanol /acetone/chloroform 30:38:32. After extraction, the solvent was
removed using a turbovap device followed by a nitrogen stream. The ex-
tracts were then subjected to the following geochemical analyses: MPLC,

GC-FID, GC-MS, and GC-MS-MS.

3.2.2 Gas Chromatography of Saturates GC-FID

The GC-FID measurements on the aliphatic fraction were carried out for

the detection and quantification of saturated compounds in the n-Ci5 to



CHAPTER 3. EXPERIMENTAL METHODS

34

"SPOYJOU [ROIJARUR JUOIOPIP [IM APNIS JUSIIND oY) Ul posATeur sojdures yo01 2¢ Jo ISTT :F'¢ 9[qR],

X X X X X X {stuelIy§ | 0cse ¢0T VINO  TIce00D
X X X {stueIy§ | 00¢€ ¢0T VINO  00¢€00D

X X X Ustuelys 060€ ¢0T VINO  88TE00D

X X X X X X UstueiysSn 046¢ 60T VINO  G8T€00D
X X X X X X rqqV 0€0€ 10T LVY  0S8€00D
X X X X X vqqQV §19¢-G99¢ 10T NWWH  &¥1S00D
X X X X X vqqV G19¢-019¢ T0T NWWH  TPT1S00D
X X X X X X vqqVv GG1¢-09¥¢ T0T NWH 0719000
X X X X X rAqqV 07LE-0€LE T0T LS 6€TS00D
X X X X X vqqV 089€-0L9€ T0T TS  8ETS00D
X X X X X X vqqQV G6G€-G85€E 10T IdS  LETS00D
X X X X X vqqV 000€+G966¢ 10T WHV  9€TS00D
X X X X X vqqVv 0€6¢+9c6c  TOT INHV ~ GETS00D
X X X X X X eqqVy Gy8¢+0¥8¢ 10T INHV  ¥E€TS00D
X X X X X rqqV 006¢-067¢ 10T LVY  €€TS00D
X X X X X vqqQV SVve-G€Eve 10T LVY  CETS00D
X X X X X X vqqV 0€€¢-0¢EC 10T VY TETS00D
X X X X X vqqV 0£9€+929¢ €0T TS 0€TS00D
X X X X X rAqqV G8GE+0849E €0T TS 6¢1500D
X X X X X rAqqV 0€s€ €0T 1S 8¢1500D
X X X X X vqqQV G8VE+08¥¢ €0T TS L21500D
X X X X X X vqqV G8EE+08EE €0T (IS 9¢1500D
X X X X X X vqqV G0GE-98V€E 10T S¥d  G¢1S00D
X X X X X vqqVv GLYE-0LYVE 10T S99 7¢1S00D
X X X X X X rAqqV GGvE-avve 10T S99 €¢1S000
X X X X X vqqV Geve-GIve T0T S99 ¢¢1S000
X X X X X vqqQV GREE-GLEE 10T S99 1¢TS000
X X X X X X 49V GPEE-0EEE 10T S99~ 0215000
X X X X X qeuy G19¢+019¢ 08T VINO  6TTS00D
X X X X X qeury G09¢+009¢ 08T VINO  STTS00D
X X X X X X ey GGLE - GPLE 69T VINO  LTTS00D
X X X X X qeu Yy 08¢ 991 VINO  9TTS00D
X X X X X qeur Yy GLG¢€ 991 VINO  STTS00D
X X X X X qewy 0LG€ 991 VINO  PI1S00D
X X X X X qeuy G9ge 99T VINO  €TTS00D
X X X X X ey 09¢€ S91 VINO  ¢ITS00D
X X X X X X ey €€9€ - 9¢9¢  TVIVINO  S¥1S00D
SIN-SIN-DD  SIN-DD  DTdIN  dId-DD uolpenxy [eay 3ooy uonjeuriog (w) yydeq i SO ordureg




3.3. OIL AND SOURCE ROCK SAMPLES ANALYSIS 35

n-C3y range. Analyses were performed with a GC-FID (6890A, Agilent
Technologies, USA) which was equipped with a HP Ultra 1 capillary column
(50 m x 0, 32 mm i.d., film thickness = 0, 50 ym). The injector temperature
was set to 40 °C with a rate of 700 °C/min heating up to 300 °C held for 3
minutes. The GC oven was programmed from 40 °C with 2 min isothermal
to a final temperature of 300 °C with 65 min isothermal at a heating rate of
5 °C/min with a constant flow rate. The injected aliphatic fraction, diluted

in n-hexane, was detected by a FID operating at 310 °C.

3.3 Oil and Source Rock Samples Analysis

3.3.1 Medium Pressure Liquid Chromatography MPLC

Thirty oil samples and 37 rock extracts were separated by Medium Pres-
sure Liquid Chromatography (MPLC) (Radke et al., 1980) to obtain their
three respective polarity fractions: saturates (normal, branched and cyclic
alkanes), aromatic hydrocarbons, and hetero compounds, which contain ni-
trogen, oxygen and/or sulphur atoms. Diluted in n-hexane the sample was
placed in an injector block where the sample loop starts. The MPLC was
equipped with sixteen pre-columns filled with pure silica gel (Silica 100 with
a grain size of 63-200 pum), which retains the nitrogen, sulphur and oxygen
(NSO) compounds of the neat crude oil or rock extract. In the downstream
main column that is filled with LiChroPrep Si60, the aromatic fraction of the
oil is trapped while the aliphatic compounds elute. Flow through the main
column is then reserved by use of the back-flush valve and the flow rate is
increased. Thus, the aromatic hydrocarbons elute during this back-flushing
period into a second vial. The MPLC unit was loaded with approximately
30-40 mg of the neat crude oil or rock extract for each sample. As internal
standards Sa-androstane and 1-ethylpyrene were used for the aliphatic and
aromatic fraction, respectively. The NSO compounds trapped on the pre-
columns were released by using a dichloromethane/methanol (95:5) solvent

mixture.
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3.3.2 Gas Chromatography - Mass Spectrometry GC-MS

The aromatic hydrocarbon fractions were analysed using Gas Chromatography-
Mass Spectrometry (GC-MS). Analyses were performed using a Finnigan
MAT 95XL mass spectrometer that was coupled to a HP 6890A gas chro-
matograph. The GC was equipped with a BPX5 fused silica capillary col-
umn (50 m x 0.22 mm i.d; f.t. = 0.25 pm). The injected amount was 1
pl, and the injector temperature was set to 52°C , subsequently heated up
with 720°Cmin~"' to 300°C . The oven temperature started at 50°C with
a 1 min isothermal stage, then heating up with 3°Cmin~! to 310°C final
temperature which was held for 20 min. Helium was used as the carrier
gas with a constant flow of 1 ml/min. The MS unit was operated in the
EI mode at an electron energy of 70eV and a source temperature of 260°C.
Full scan mass spectra were recorded from m/z 50-330 Da for the aromatic
fraction at a scan rate of 2.5 scan per second. GC-MS measurements were
used to evaluate several alkylated benzenes, naphthalenes, phenanthrenes
and dibenzothiophenes as well as mono- and triaromatic steroids. Identifi-
cation of each compound class was carried out using respective m/z values

displayed in Figures (3.4 to 3.9) and Tables (3.5 to 3.10).
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m/z  91+105+106 (C2) 1"
91+105+119+120 (C3)
91+105+119+134 (C4)

12
2 21+22+23
20 33 34
26 2629
10 270 | 31
i 32
15 19 30
13[|14 18
24+25

Figure 3.4: Ton chromatogram displaying the distribution of alkyl benzenes
in oil sample G002963. Tab.3.5 for peak assignments.

mz 127+128 (N) 9
115+141+142 (C1)
141+155+156 (C2) 2

141+155+169+170 (C3)

14 |16,
N 546lll 1
11 19 22
0
13
34 8 23
U ; 21

Figure 3.5: Ton chromatogram displaying the distribution of naphthalenes.
Tab.3.6 for peak assignments.
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Name of Group Number Compound name m/z
DMB 1 Ethylbenzene 91+105+106
2 1.3-Dimethylbenzene (m-Xylene)
3 1.4-Dimethylbenzene (p-Xylene)
4 1.2-Dimethylbenzene (0-Xylene)
TMB 5 Isopropylbenzene 91+105+119+120
6 n-Propylbenzene
7 1-Methyl-3-ethylbenzene
8 1-Methyl-4-ethylbenzene
9 1,3,5-Trimethylbenzene
10 1-Methyl-2-ethylbenzene
11 1,2,4-Trimethylbenzene
12 1,2,3-Trimethylbenzene
TeMB 13 te.-Butylbenzene 914105+119+134
14 Isobutylbenzene
15 sec.-Butylbenzene
16 1-Methyl-3-isopropylbezene
17 1-Methyl-4-isopropylbezene
18 1-Methyl-2-isopropylbezene
19 1,3-Diethylbenzene
20 1-Methyl-3-propylbezene
21 1,4-Diethylbenzene
22 1-Methyl-4-propylbezene
23 n-Butylbenzene
24 1,3-Dimethyl-5-ethylbezene
25 1,2-Diethylbenzene
26 1-Methyl-2-propylbezene
27 1,4-Dimethyl-2-ethylbezene
28 1,3-Dimethyl-4-ethylbezene
29 1,2-Dimethyl-4-ethylbezene
30 1,3-Dimethyl-2-ethylbezene
31 1,2-Dimethyl-3-ethylbezene
32 1,2,4,5-Tetramethylbenzene
33 1,2,3,5-Tetramethylbenzene
34 1,2,3,4-Tetramethylbenzene

RT

12.17
12.55
13.00
13.60

14.95
16.42
16.76
16.94
17.19
17.67
18.47
19.91

18.27
19.07
19.17
19.64
19.94
20.47
21.07
21.24
21.54

21.65

22.02
22.52
22.68
23.00
23.28
24.03
24.66
24.85
26.48

Table 3.5: Alkylbenzenes identified in Syrian crude oil samples. Peak series
correspond to those in Fig.3.4.
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m/z Name of Group Number Component
127+128 Naphthalene (N) N N
1154+141+142 Methylnaphthalene (MN) 1 2-MN
2 1-MN
141+155+156 Di-Methylnapthalene (DMN) 3 2-Ethyl.N
4 1-Ethyl.N
5 2,6-DMN
6 2,7-DMN
7 1,3-DMN
8 1,7-DMN
9 1,6-DMN
10 1,4 + 2,3-DMN
11 1,5-DMN
12 1,2-DMN
13 1,8-DMN
14141554+169+170 Tri-Methylnaphthalene (TMN) 14 1,3,7-TMN
15 1,3,6-TMN
16 1,4,6 + 1,3,5TMN
17 2,3,6-TMN
18 1,2,7-TMN
19 1,6,7-TMN
20 1,2,6-TMN
21 1,2,4-TMN
22 1,2,5TMN
23 1,2,3-TMN

RT

28.67

33.94
34.70

38.31
38.41
38.82
38.90
39.42
39.45
39.65
40.36
40.48
41.01
42.34

43.78
44.10
44.69
44.90
45.32
45.41
45.53
46.10
46.45
47.14

Table 3.6: Naphthalenes identified in Syrian crude oil samples. Peak series
correspond to those in Fig.3.5.

mz 1764178 (P)
165+189+191+192 (C1)
206 (C2) 9
220 (C3)

oottt LA

Figure 3.6: Ion chromatogram displaying the distribution of phenanthrenes.
Tab.3.7 for peak assignments.
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m/z
176+178

165+189+191+192

206

220

Name of Group
Phenanthrene (P)

Methylphenanthrene (MP)

Di-Methylephenanthrene (DMP)

Tri-Methylephenanthrene (TMP)

Number

P

= W N =

Compound
Phenanthrene

3-MP
2-MP
9-MP
1-MP

3-Ethyl Phenanthrene
9-,2-,1-EP + 3,6-DMP
3,5- + 2,6-DMP
2,7-DMP

1,3- + 3,9- + 2,10- 4+ 3,10-DMP
2,5- + 2,9- + 1,6-DMP
1,7-DMP

2,3-DMP

1,9- + 4,9- + 4,10-DMP
1,8-DMP

1,2-DMP

1,3,6- + 1,3,10- 4+ 2,6,10-TMP
1,3,7- + 2,6,7- + 2,7,9-TMP +7-Ethyl-1-Methyl Phenanthrene
1,3,9- 4+ 2,3,6-TMP

1,6,9- + 1,7,9- 4+ 2,3,7-TMP
1,3,8-TMP

2,3,10-TMP

TMP (unknown)

1,6,7-TMP

1,2,6-TMP

1,2,7- + 1,2)9-TMP
1,2,8-TMP

RT
54,25

58,10
58,32
58,95
59,16

61,06
61,69
61,92
62,12
62,51
62,77
62,95
63,16
63,25
63,80
64,29

65,81
66,11
66,37
66,55
66,92
66,99
67,30
67,51
67,79
68,08
68,63

Table 3.7: Phenanthrenes identified in Syrian crude oil samples. Peak series correspond to those in Fig.3.6.
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mz 184 (DBT)

1 198 (MDBT)
4 212 (DMDT)

226 (TMDT)

Mhsoetamatd U

Figure 3.7: Ton chromatogram displaying the distribution of dibenzothio-
phenes. Tab.3.8 for peak assignments.

m/z Name of Group Number Compound RT
184  DiBenzoThiophene (DBT) 1 DBT 53.24
198 MethylDiBenzoThipphene (MeDBT) 4 4-MeDBT 56.7
2 2-MeDBT 57.37
3 3-MeDBT 57.43
1 1-MeDBT 58.16
212 DiMethylDiBenzoThiophene (DiMeDBT) 1 4-EthDBT 59.69
2 4.6-DiMeDBT 59.94
3 2-EthDBT 60.3
4 2.4-DiMeDBT 60.42
5} 2.6-DiMeDBT 60.6
6 3.6-DiMeDBT 60.7
7 3-EthDBT 60.81
8 2.74+3.742.8-DiMeDBT  61.3
9 1.841.441.6-DiMeDBT  61.49
10 3.4-DiMeDBT 61.89
11 1.7-DiMeDBT 61.98
12 1.3-DiMeDBT 62.08
226 TriMethylDiBenzothiophene (TriMeDBT) 1 4-PropDBT 62.5
2 EthMeDBT 62.66
3 9,4,6-TriMeDBT 63.44
4 24,7 + 2,4,8-TriMeDBT ~ 64.17
5 1,4,6-TriMeDBT 64.57
6 3,4,6-TriMeDBT 64.98
7 1,3,7+3,4,7-TriMeDBT  65.57

Table 3.8: Dibenzothiophenes identified in Syrian crude oil samples. Peak
series correspond to those in Fig.3.7.
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8 9+10+11+12
mz 253 (Monoaromatic steroids)
6+7
15
14
1 5
13
4 16
2
3 M

Figure 3.8: Ion chromatogram displaying the distribution of monoaromatic
steroids. Tab.3.9 for peak assignments.

mz 231 (Triaromatic steroids) 5
7
6 8
1 4
2
3 9 10
ab
st i, A

ab

Figure 3.9: Ion chromatogram displaying the distribution of triaromatic
steroids. Tab.3.10 for peak assignments.



3.3. OIL AND SOURCE ROCK SAMPLES ANALYSIS

43

m/z Name of Group Peak Component Carbon Number  RT

253  Monoaromatic 1 Pregnane (x=ethyl) 21 65,65
2 20-Methylpregnane (x=2-propyl) 22 68,03
3 20-Ethylpregnane (x=2-butyl) 23 70,54
4 55-Cholestane 205 27 77,67
5 Diacholestane 205 27 77,83
6 5B-Cholestane 20 R;Diachlolestane 20R 27 79,22

7 5a-Cholestane 205 27
8 58-Ergostane 205;Diaergostane 205 28 79,71
Steroids 9 5a-Cholestane 20R 27 81,36

10 5a-Ergostane 205 28

11 55-Ergostane 20R; Diaergostane 20R 28

12 55-Stigmastane 205;Diastigmastane 205 29
13 S5a-Stigmastane 205 29 82,86
14 5a-Ergostane 20R 28 83,07
15 56-Stigmastane 20R; Diastigmastane 20R 29 83,27
16 Sa-Stigmastane 20R 29 84,91

Table 3.9: Monoaromatic steroids identified in Syrian crude oil samples.

Peak series correspond to those in Fig.3.8.
m/z | Name of Group Peak Component Carbon Number  RT
231 Triaromatic 1 Pregnane (x=ethyl) 20 74.08
2 20-Methylpregnane (x=2-propyl) 21 76.6
3 20-Ethylpregnanes (x=2-butyl; 22 78.92
a and b are epimeric at C20)
4 Cholestane 205 26 85.62
5 Cholestane 20R; Ergostane 205 26, 27 87.16
Steroids 6 Stigmastane 205 (24-ethylcholestane 205) 26 88.36
7 Ergostane 20R (24-methylcholestane 20R) 27 89.1
9 24-n-Propylcholastane 205 29 89.5
(a and b are epimeric at C24)

8 Stigmastane 20R 28 90.8
10 24-n-Propylcholastane 20R 29 92.29

Table 3.10: Triaromatic steroids identified in Syrian crude oil samples. Peak
series correspond to those in Fig.3.9.
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1 2
m/z370 — 191
3
m/z384 — 191
4
’ 5 m/z398 — 191
|
MMW‘IWMWW\J wumu o .
m/z412 — 191
W_N_Jk
112 13
mlz \ﬂ r‘14 17
426+440+454+468+482 15 f
~ 191 I M | e 1819 20

) L

A A A M, J‘ bt S, | I\
TR it s g B L SV LS | W OO | SR A W

Figure 3.10: Ion chromatograms displaying the distribution of hopanes in
the aliphatic fraction determined by GC-MS-MS. Tab.3.11 for peak assign-
ments.

3.3.3 Metastable Reaction Monitoring MRM-GC-MS-MS

GC-MS-MS measurements were applied to the aliphatic fractions for eval-
uation of saturated biomarker compounds. The saturated hydrocarbon
biomarkers were recorded in the Metastable Reaction Monitoring (MRM)
mode with a dwell time of 21 ms and an inter dwell time of 20 ms per
metastable transition resulting in a scan cycle time of 0.984 s for the de-
tection of 24 metastable transitions. Evaluations of hopanes (m/z 191) and
steranes (m/z 217) were carried out using these daughter fragments with
corresponding parent ions m/z 370, 384, 398, 412 for hopanes, m/z 372, 386,
400, 414 for steranes, m/z 358 for norcholestanes, and m/z 414 — 231 for
C30 methylsteranes. The evaluation of hopane and sterane distributions of
crude oils investigated in this study was carried out by relative abundances
of peak areas. Contrary to the light, saturated and aromatic hydrocarbons,
which were identified by GC-MS, the total concentrations in ug/g oil were
not determined. For hopane and sterane identifications please see (Figures

3.10 to 7?7 and Tables 3.11 to 3.14).
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Number

0 O Uik W

©

Name Synonym
18(H)-22,29,30-Trinorneohopane Ts
17a(H)-22,29,30-Trinorhopane Tm
17a(H),215(H)-Dinorhopane Bisnorhopane
17a(H),215(H)-30-Norhopane
18« (H)-Norneohopane Cy9 -Ts
175(H),21a(H) -30- Norhopane Normoretane
030 -Ts
17a(H),215(H)-Hopane Hopane
178(H).21a(H)-Hopane Moretane
Gammacerane

(225)-17a(H),218(H)-29-Homohopane
(22R)-17a(H),218(H)-29-Homohopane
(225)-17a(H),215(H)-29-Diomohopane
(22R)-17a(H),215(H)-29-Diomohopane
(225)-17(H),213(H)-29-Triomohopane
(22R)-17(H),215(H)-29-Triomohopane
(229)-17a(H),218(H)-29-Tetraomohopane
(22R)-17(H),215(H)-29-Tetraomohopane
(2295)-17a(H),218(H)-29-Pentaomohopane
(22R)-17(H),213(H)-29-Pentaomohopane

Mass

370
370
384
398
398
398
412
412
412
412
426
426
440
440
454
454
468
468
482
482

Formula

CorHyg
CorHye
CagHyg
Ca9Hsg
Ca9Hsg
CagHxg
C30Hs20
C30Hsz
Cz0Hs5:
C30Hso
C31Hsy
C31Hsy
C32Hsg
U3z Hsg
C33Hsg
C33Hsg
C34Hgp
C34Hgp
Czs5Hgo
Cz5Hgo

Table 3.11: Individual hopanes identified in the aliphatic fraction of Syrian
crude oil samples analysed by GC-MS-MS.

mz372 - 217

mz400 - 217

mzil4d— 217

Figure 3.11: Ton chromatogram displaying the distribution of steranes in
the aliphatic fraction determined by GC-MS-MS. Tab.3.12 for peak assign-

ments.
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MRM 7722358 — 217

14

12 13 @ 24-Nordiacholestane

4 ; [ 27-Nordiacholestane
0 [l 24-Norcholestane
114 [ 21-Norcholestane

27-Norchloestane
X

R

e —

NS
RN

Y72z
RN

p

Figure 3.12: Ton chromatogram displaying the distribution of 21-, 24, 27-
norcholestanes and 24-, 27-nordiacholestanes in the aliphatic fraction anal-
ysed by GC-MS-MS. Tab.3.13 for peak assignments.

Compound Configuration Peak Nr.

24-Nordiacholestane A 1
B 2

27-Nordiacholestane A 3
B 4

24-Norcholestane aaa-208 5
afB-20R 6

X 7

afBB-208 8

aaa-20R 9

21-Norcholestane aaa+aff 10
27-Norcholestane aaa-208 11
afBB-20R 12

afB-208 13
aaa-20R 14

Table 3.13: Nor- and nordiacholestanes identified in Syrian crude oil sam-
ples.
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Peak Nr. Compound

2a-methyl-24-ethylcholestane 205
38-methyl-24-ethylcholestane 205
2a-methyl-24-ethylcholestane 143,17a(H) 20R
2a-methyl-24-ethylcholestane 143,17«(H) 205
38-methyl-24-ethylcholestane 143,17«(H) 20R
38-methyl-24-ethylcholestane 143,17a(H) 205
4a-methyl-24-ethylcholestane 205
4a-methyl-24-ethylcholestane 145,173(H) 20R
2B-methyl-24-ethylcholestane 20R + 4a-methyl-24-ethylsterane 145,178(H) 205
3[-methyl-24-ethylcholestane 20R

© 00~ O Ui W

[t
o

Table 3.14: (39 methylsteranes identified in Syrian crude oil samples by
MRM GC-MS-MS.

MRM 272414 — 231

| 9 B 2 -Methyl-24-ethylsterane

(=2}

3B -Methyl-24-ethylsterane

Il 4o-Methyl-24-ethyisterane

[3,]

w
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Figure 3.13: Ton chromatogram displaying the distribution of C3y methyl-
steranes. Tab.3.14 for peak assignments.



Chapter 4

Results

In this chapter, a description of the main geochemical parameters used
in this study is presented. These biomarkers (i.e. aliphatic and aromatic
hydrocarbons), non-biomarkers (like light hydrocarbons and diamondoids)
and stable isotope signatures are obtained by performing series of geochemi-
cal analyses as described in the previous chapter (Chapter.3). Additionally,
some general readings of these data in terms of depositional environment,
source facies and thermal maturity will be presented to better recognize and

figure out what kind of oil samples are studied.

4.1 QOil Samples

Petroleum geochemistry is an essential tool in order to understand the chem-
ical composition of oil and gas and its variation in petroleum producing
areas. The bulk geochemical and biomarker characteristics act as a "fin-
gerprint” for oil, which may be used to characterize the oil families (oil-oil
correlation) in an exploration area and to identify their possible associated

source rocks.

4.1.1 Bulk Properties

The analysis of bulk properties [gross composition, API gravity, sulfur con-

tent and trace metal contents (i.e. vanadium and nickel)] of an oil yields

49
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important information regarding the causes of oil quality variations. These
data have been made available for this study by industry partners: Shell
International E&P and Al Furat Petroleum Company AFPC.

e API Gravity:

API gravity is a physical property expressing the density of liquid
petroleum and used to classify the crude oils into heavy or light (Tis-
sot & Welte, 1984). API gravity values were available only for thirty
oil samples and listed in Tab.4.1. Most of the samples have API
gravity values above 30° and can be considered as light oils. G002980,
G002982, and G002954 are the lightest samples as they have the high-
est values (API gravity = 58°, 49° and 43°, respectively) which might
be due their high maturity level. Low API gravity (12° - 25°) of heavy
oils (G002993, G002998; G003011, G003005, and G002978) could be
as a result of secondary alteration processes or generation from im-

mature source rocks (Hunt, 1996).

e Sulfur Content:

Sulfur content is another bulk property of a crude oil which reflects
its quality and/or the origin (Peters et al., 2005). As the average con-
tent of sulfur in crude oils is 0.65 % , low sulfur crude oils contain <
1 % of sulfur; however, oils with more than 1 % sulfur are high sul-
fur crude oils (Tissot & Welte, 1984). The oil samples show a range
of sulfur content between 0 and 2.7 % with most of them < 1 % of
weight sulfur (Tab.4.1). All oils from Miocene reservoirs have high
sulfur content ranging from 1.1 % to 2.2 % which could be a result
of secondary alteration processes (biodegradation). Biodegradation
leads to an increase in the sulfur content in crude oils due to the pref-
erential removal of saturated hydrocarbons (Hunt, 1996). In addition,
the API gravity of oils varies inversely with the sulfur content, where
crude oils greater than 1 wt.% in sulfur generally have remarkably low

API gravity (12° - 20°) (see Fig.4.1). The oil sample from Cretaceous
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reservoirs (G003005) has the highest value of sulfur content with an
API gravity value of 21°.

&) G003005
G002978 & G002998
003011 & 6002993
1.50
1
X
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o
0.50 O X0 L0
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. . 1%
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Figure 4.1: Percent of sulfur versus API gravity for selected oil samples
from the study area.

e Trace Elements (vanadium and nickel content): At the time of depo-

sition, the chlorophyll molecule loses its magnesium. Vanadium and
nickel atoms are incorporated to the porphyrin in the place of magne-
sium during diagenesis (Tissot & Welte, 1984). These metals exist in
petroleum in a wide range of concentrations from 1 to 1200 ppm. The
relative stability of vanadium over nickel causes its relative dominance
in marine oils (Lewan, 1984). In most cases, crude oils with high sul-
fur content are also enriched in vanadium and nickel metals (Hunt,
1996). Fig.4.2 shows that the oil samples with high vanadium content
are also high in nickel content (G002978, G002993, and G003005).
Increasing contents of these trace metals correspond with an increase
in sulfur content (1.8% - 2.7%) and decrease in API gravity (19° -
27°) (see Fig.4.3) which might be interpreted as a result of a light to
moderate biodegradation effect (Peters et al., 2005).

e Saturated and Aromatic Hydrocarbon Composition:
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Figure 4.2: Cross plot showing nickel and vanadium concentrations for some
Syrian oils. G002978, G002993, and G003005 have the highest V and N
contents.

The oil samples are commonly enriched in saturated hydrocarbons.
Almost all of the samples have saturated hydrocarbon contents in
the range of 42% - 77% (Tab.4.1). Samples G002998, G003005, and
G002978 depart significantly from the general tendency (see Fig.4.4)
by having a saturate portion of only 30.2%, 23.8% and 22.0%, re-
spectively, which can be interpreted as the influence of in reservoir
biodegradation (Tissot & Welte, 1984). The aromatic hydrocarbon
content of the oil samples reflects the same trend; it ranges from 19%
to 46%. The ratio of saturates to aromatics is over 1 in all oil samples
except three crude oils (namely G003005, G002998, and G002978).
The proportion of NSO compounds is the highest (over 26.0%) for
these three latter oil samples (Tab.4.1). In this context these oils are

considered as the heaviest in the sample set.
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Figure 4.3: Bulk oil properties comparison for Syrian oil samples. API grav-
ity decreases proportionally with increasing sulfur, vanadium, and nickel
content.

Recap:

Bulk parameters of crude oils showed different type of crude oils found in
the Euphrates Graben. G002980, G002982, and G002954 are the lightest
in the available data set as they have relatively high API gravities > 43°,
which could indicate a highly mature source rock. Alteration processes
could have an effect on crude oils in the northwestern part of the study area
that are found in shallow Miocene reservoirs. These oils have a high content

of sulfur, nickel, and vanadium and are the lowest in API gravity.
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Figure 4.4: Ternary diagram showing gross composition of oil samples.

4.1.2 Molecular Composition

The molecular composition of crude oils is represented not only by light
and saturated hydrocarbons but also by branched alkanes and acyclic iso-

prenoids which are measured by gas chromatography.

e Normal Alkanes:

The whole-oil gas chromatograms show a full range of n-alkanes from

n-C5 to n-Cs; for most of the analysed oil samples (Appendix.A).

GC fingerprints can differentiate oils because of their different origins,
or because they have experienced different histories during migration
and/or in the reservoir (Peters & Moldowan, 1993). Fig.4.5 shows gas
chromatograms for two crude oils (G002954 and G002995) from the
study area. These two oils seem to be unrelated looking at the different
distribution of n-paraffins and isoprenoids which could be attributed
to different source rocks and organic matter types. However, both

non-waxy oils give the impression to be generated mainly from marine
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source rocks as they do not have a dominant sequence of heavy n-

alkanes.
n-C, n-Cio
IS / /
n-Cys Sample # G002954
T T T T T
Time (min)
IS
ﬂ'/ClO n'C15
n-C,

Sample # G002995

Time (min)

Figure 4.5: GC fingerprints for two oils from the study area. The dissimi-
larity can probably be attributed to different sources.

G002954 consists dominantly of low molecular weight n-alkanes (<n-Coyg)
with no apparent carbon number preference. Although G002995 is
also dominated by light homologues, the relative amounts of higher
molecular weight hydrocarbons (>n-Cy) are much higher. In addi-
tion, these n-alkanes display an even over odd carbon preference (CPI
= 0.88, Tab.4.2) in the n-Coy-n-C3s range, a feature common to many

oils originating from carbonate source rocks (Tissot & Welte, 1984).

The light hydrocarbon preference index (LHCPI) also reflects the rel-
ative dominance of short-chain over long-chain hydrocarbons as it is

calculated as follows:
LHCPI= [n—C'17+n—Clg+n—C’19] / [n—C'27+n—C’28+n—C'29]

In this framework, this parameter gives an indication to the matura-

tion level of crude oils and source rocks as well. By increasing the
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Figure 4.6: Crude oil sample (G002972) showed fewer gasoline range com-
ponents, compared to the rest of the data set. This may be an indication
of evaporative loss of the lighter ends during storage.
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Figure 4.7: GC profile of G002997 oil sample showing loss in n-alkanes
with a large hump of unresolved components giving them the appearance
of biodegraded oils.

maturity, LHCPI values should increase as the thermal cracking of
heavy compounds into smaller ones will progressively occur (Fig.4.8).
For the previous two oil samples, it is obvious that the G002954 is more

mature than G002995 (LHCPI=8.40 and 2.59, respectively; Tab.4.2).

Some oils have lost most light compounds in front until n-Cy (e.g.
G002972, Fig.4.6). This deltoid n-alkanes distribution pattern could
be attributed to evaporation processes due to storage conditions. The
profiles for some samples (G002997, G002993, and G002998) are sig-

nificantly different showing losses in n-alkanes with a large hump of
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Figure 4.8: Cross plot showing that LHCPI values increase with increasing

maturity.

unresolved components giving them the appearance of biodegraded

oils (Fig.4.7).

Sample Pr/Ph Pr/n-C;; Ph/n-Cis F B I H CPI LHCPI
G002952 1,56 0,35 0,27 1,35 0,27 4,82 30,58 0,93 13,80
G002953 1,21 0,78 0,67 0,67 0,31 0,50 18,60 0,96 3,31
G002954 1,84 0,30 0,19 0,97 0,62 4,69 2447 097 8,24
G002955 1,07 0,65 0,63 0,88 041 071 2202 093 3,06
G002956 1,10 0,62 0,62 1,07 0,42 0,93 2441 0,93 3,07
G002957 1,02 0,54 0,58 1,26 040 123 2693 093 3,33
G002958 1,13 0,81 0,81 0,82 039 037 1841 096 2,88
G002959 1,68 0,27 0,19 0,82 0,04 817 19,39 1,06 781
G002960 0,90 0,37 0,45 1,40 050 2,67 3349 091 3,75
G002961 0,73 0,38 0,56 211 025 271 3531 090 3,08
G002962 1,04 0,55 0,59 111 059 085 2681 095 353
G002963 0,92 0,51 0,61 1,39 0,71 1,58 30,71 0,94 3,45
G002964 0,75 0,46 0,66 1,38 021 297 3098 088 4,71
G002965 1,07 0,55 0,57 1,12 0,57 0,85 26,45 0,97 3,28
G002966 0,86 0,54 0,68 1,37 0,47 1,08 29,58 0,95 3,25
G002967 0,72 0,58 0,86 153 029 143 2967 090 3,40

Continued on next page
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Sample  Pr/Ph Pr/n-Ci; Ph/n-Cis F B I H CPI LHCPI
G002968 0,97 0,47 0,55 1,02 021 151 2880 094 4,10
G002969 0,97 0,59 0,67 1,10 048 096 2597 094 327
G002970 0,73 0,62 0,38 147 026 1,17 2885 087 2,82
G002971 1,11 0,50 0,52 1,19 0,76 125 27,95 0,99 3,86
G002972 1,05 0,47 0,55 0,89
G002973 1,24 0,81 0,72 0,74 0,36 0,56 1921 0,95 240
G002974 0,79 0,32 0,47 145 050 247 3233 093 3,57
G002975 0,96 0,43 0,48 124 029 1,87 31,05 093 3,02
G002976 0,78 0,42 0,51 1,65 033 1,00 3291 096 9,10
G002977 0,81 0,53 0,71 147 039 200 31,55 087 3,00
G002979 1,22 0,33 0,31 123 030 438 2894 094 622
G002980 1,43 0,35 0,29 1,30 023 487 2897 094 11,75
G002981 0,91 0,46 0,58 0,89 19,12
G002982 1,70 0,27 0,19 1,55 038 3,75 34,06 097 860
G002983 1,52 0,51 0,38 0,31 008 1,79 885 098 3,96
G002984 1,00 0,52 0,57 1,18 090 143 2946 094 3,58
G002985 1,17 0,69 0,65 0,75 053 0,64 2244 093 3,09
G002986 0,93 0,56 0,64 1,04 052 107 2614 093 325
G002987 0,30 0,46 0,59 1,35 023 217 31,38 091 3,00
G002988 1,37 0,51 0,41 025 009 177 711 098 365
G002989 1,40 0,49 0,39 0,35 008 185 10,56 0097 2,57
G002990 0,70 0,59 0,87 120 032 130 2516 088 234
G002992 1,24 0,30 0,71 027 012 088 487 096 341
G002993 1,27 1,40 1,15 0,25 015 059 6,20 104 241
G002994 1,25 0,79 0,71 014 015 073 351 099 250
G002995 0,33 0,54 0,72 1,32 056 1,11 2762 088 259
G002996 0,35 0,57 0,73 1,30 057 1,13 28,07 092 3,3
G002997 1,30 1,57 1,22 0,15 036 070 3,68 1,03 250
G002998 1,22 2,09 2,49
G002999 1,00 0,63 0,72 1,26 051 0,78 2514 096 3,32
G003000 1,02 0,56 0,61 1,19 0,09 095 2739 094 297
G003001 1,10 0,67 0,69 0,58 038 0,57 14,84 097 3,50
G003002 1,26 0,81 0,72 0,68 030 050 18,65 098 291
G003003 1,09 0,52 0,57 1,09 051 093 27,18 090 6,13
G003004 1,33 0,76 0,64 020 005 046 546 0099 2,61

Continued on next page
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Sample  Pr/Ph Pr/n-Ci; Ph/n-C;s F B 1 H CPI LHCPI
G003005 0,93 0,60 0,73 120 057 0,76 2749 0,96 3,59
G003006 0,98 0,53 0,64 1,35 0,64 073 2552 090 843
G003007 0,87 0,62 0,80 1,33 0,63 071 2555 093 5,62
G003008 0,98 0,54 0,64 1,40 0,65 071 2597 094 7,80
G003009 0,78 0,38 0,52 1,84 022 217 3535 093 328
G003011 1,33 0,94 0,81 0,56 022 031 1332 095 3,11
G003013 0,70 0,38 0,57 125 004 1,331 3274 093 269
G003014 1,01 0,48 0,57 086 051 0,71 24,83 091 10,64
G003015 1,04 0,57 0,61 0,89 040 0,79 23,16 0096 3,15
G003017 0,68 0,38 0,57 1,12 0,02 1,20 29,86 0,94 239
G003020 0,98 0,40 0,45 1,14 0,17 315 2738 093 7,30
G003105 0,30 0,34 0,48 1,88 0,34 285 3385 0,94 4,00
G003106 1,74 0,29 0,20 1,88 021 375 3701 097 637
G003107 1,15 0,34 0,33 147 028 259 36,01 097 4,71
G003108 1,09 0,56 0,57 1,02 052 086 2564 0,96 3,02
G003109 1,04 0,57 0,60 1,12 050 0,86 26,77 096 283
G003110 1,07 0,54 0,57 1,04 071 082 2958 096 3,35
G003111 0,95 0,43 0,53 0,92 12,88
G003112 1,16 0,64 0,62 0,77 051 0,65 21,90 096 3,30
G003113 1,03 0,53 0,58 069 054 060 21,83 095 5,60
G003114 0,86 0,57 0,73 1,31 032 071 2495 089 458
G003116 1,17 0,67 0,62 0,33 025 059 803 095 263
G003117 1,01 0,56 0,60 1,07 043 081 2530 091 3,55

Table 4.2: Light hydrocarbon parameters. Pr/Ph = pristane over phy-
tane ratio; Pr/n-Cy; = pristane over heptadecane ratio; Ph/n-Cig =
phytane over octadecane ratio; F (paraffinicity) = n-heptane over mch
ratio; B (aromaticity) = toluene over n-heptane ratio; I (iso-heptane
ratio) = [(2mhex + 3mhex) / (c13dmcp + t13dmep + t12dmep)];
H (heptane ratio) = [(100x n-C7) / ((chex + 2mhex + 23dmp +
11dmcp 4 3mhex + c13dmep +t13dmep + t12dmep + 3ep + 224tmp
+ n-C7) + mchex)]; LHCPI (light hydrocarbon preference index) =
[n-Ci74+n-Cig+n-Cho| | [n-Cor+n-Cog+n-Col; see Tab.3.2 for com-

pounds abbreviations
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e Pristane and Phytane:

The phytyl side chain of chlorophyll in phototrophic organisms is con-
verted under oxic conditions mainly to pristane (Ci9Hy) and under
anoxic conditions mainly to phytane (CooHyo) (Killops & Killops,
1993; Powell & McKirdy, 1973); see Fig.4.9. Therefore, Pr/Ph ra-
tios of oils can be used to differentiate oxic from anoxic conditions

(Didyk et al., 1978; Peters & Moldowan, 1993).

oA _cH0H Phytol (chiorophyll

kV)W/M/LNL/

Phytane

suboxic

Figure 4.9: Pristane and phytane formation from phytole, which is derived
from the chlorophyll side chain.

At the same time, there are evidences that pristane and phytane could
have sources other than degradation of phytol (Albaiges et al., 1985;
Goossens et al., 1984; Illich, 1983); therefore this ratio should be used
with caution in interpreting paleoenvironments of oil source rocks. All
the chromatograms show the presence of acyclic isoprenoids with pris-
tane/phytane ratios ranging from 0.73 to 1.84. In this framework, the
analysed crude oils were generated from marine source rocks deposited
under anoxic conditions. The influence of maturity and source-facies
(Hughes, 1984; Peters et al., 2005) on this ratio could not be ignored
as it is clear that the samples with the highest Pr/Ph ratios (e.g.
G002954, G002982) (1.84 and 1.70, respectively), have the highest
API gravity values (°43 and °49, respectively), and the highest satu-
rated fraction at the value of 77 %. However the isoprenoid/n-paraffin

ratios are often used to provide information not only on the deposi-
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tional environment and source rock type but also on the secondary
processes like biodegradation and maturation (Peters et al., 1999b;
Peters, 2000b). Both Pr/n-Ci7; and Ph/n-Cig ratios increase with
biodegradation due to the loss of associated n-alkanes and on the
other hand, decrease with increasing maturity due to the increasing

dominance of these n-alkanes.

Fig.4.10 shows that most of the samples are located in the area of ma-
rine organic matter type. Three of the analysed oils (namely G002997,
(002998, and G002993) are located in the upper right corner of the
diagram having the highest values. At the same time, three other oils
(G002982, G002959, and G002954) can be easily recognized on the
left hand side of the diagram having the lowest values.

10.00

1.00

Pr/n-C,;

0.10

0.10 1.00 10.00
Ph/n-Cq

Figure 4.10: The plot of Pr/n-Cy7 vs. Ph/n-Cig can be used to infer the
oxicity and the organic matter type (Peters et al., 1999Dh).

e Gasoline Range Analysis:

A representative gasoline range gas chromatogram is presented in
Fig.4.11. Gasoline range (n-C; to n-Cy) hydrocarbons has such a
strong source and secondary alteration influence (Peters et al., 2005);

therefore it could give several important parameters to quantify and
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Class Class limit %
Heptane ratio | Isoheptane ratio
normal 18 to 22 0.8 to 1.2
mature 22 to 30 1.2 to 2.0
super mature 30 to 60 2.0 to 4.0
biodegradation 0to 18 0to 0.8

Table 4.3: Classification of oils on the basis of light hydrocarbon composi-
tions.

assess the crude oil composition variations. Some of these parame-
ters are suggested in Thompson’s publications (Thompson, 1979 1983
1987 1988 1991). Two indices are employed, termed heptane (H) and
iso-heptane (I) ratios (see Tab.4.2), for the classification of oils and

kerogens.

These indices assess degree of paraffinicity and allow the definition of
four types of oil: normal, mature, super mature, and biodegraded or
immature, Tab.4.3. The values (3.86 <H <35.35 and 0.56 <I <8.17)
represent a broad range of maturities and probably different source

rock types.

MCH
n<C,

n<C,
Tol ene

Ben ene

nC,,
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| n€20
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Figure 4.11: The specific components used in calculating the saturates cor-
relation parameters: where: n-C5 = n-pentane, n-Cg = n-hexane, n-C; =
n-heptane, MCH = methylcyclohexane, Pr= pristane, Ph = phytane, CPI=
carbon preference index.
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Paraffinicity (F = n-C7 / mch) and aromaticity (B = toluene / n-C»)
ratios were suggested as indicators for in-reservoir evaporation pro-
cesses (Thompson, 1988). Plotting both ratios against each other in
one diagram could be useful to describe and illustrate the impact of
several secondary alteration processes on crude oils (Talukdar et al.,
1990). For samples investigated in this study, it is clear that the ma-
jority of oil samples are located within the "normal oil” area, which
could be defined as F ~0.69 - 2.0 and B ~0.1 - 0.9 (see Fig.4.12). Some
oils have F values below 0.6 because of biodegradation effects, which
reduces the heptane ratio (H) to values less than 18 (e.g. G002993,
G002997, G003001, and G003011).

3.00

2.50

‘ Evaporative Fractionation

2.00 \
1.50

om
=
S
T
£ Normal Oil Maturation
o
< 1.00

0.50 A1 \ .

2 ," Water Washing
Biodegrgdatigh <> ’ ‘
0.00 0.50 1.00 1.50 2.00 2.50

Paraffinicity F

Figure 4.12: Plot of aromaticity (B) versus paraffinicity (F) ratios referring
to several reservoir alteration processes after (Talukdar et al., 1990).
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Recap:

Normal alkane distributions of most of investigated oils show a dominance of
light hydrocarbons over long-chain ones referring to mature non-waxy crude
oils generated from generally marine type II, type II/III organic matter. The
pristane over phytane ratio is high in oils which have the highest API gravity
and saturated fraction (G002982, G002954 and G002959) which could refer
to a possible impact of maturity on the Pr/Ph ratio. Although these high
values might indicate a clay-rich source rock (Silurian Tanf Formation), this
ratio can not be considered as a reliable source related parameter due to the
maturity effect. The Pr/n-Ci7 vs. Ph/n-Cig cross plot differentiates some
oils having the highest values (G002997, G002993, and G002998) due to a
possible effect of biodegradation in the northwestern part of the study area
where shallow Miocene reservoirs occur. On the other hand, oils having the
lowest values of these two parameters (G002982, G002954, and G002959)
are located in the left hand side of the plot. These latter oils are located
geographically in the southeastern part of the graben where the proven

occurrence of Silurian Tanf Formation exists.
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4.1.3 Aliphatic Biomarkers Characteristics

GC-MS-MS analysis was used to examine the distribution of sterane and
hopane chemical fossils (see Fig.4.13 for molecular structures) by monitor-
ing the ions at m/z 217 and m/z 191, respectively (see Fig.3.10 to Fig.??
and Tab.3.11 to Tab.3.14). Biomarkers are biologically derived compounds
present in crude oil and bitumen whose carbon skeleton shows a clear re-
lationship to the structure of their assumed precursor compound (Peters
& Moldowan, 1993). These compounds offer valuable information on the
depositional environment, lithology, type of organic matter, and the possi-
ble age of the related source rock. Due to the detection mode (MRM) for
hopanes and steranes the total concentrations (1 g/g) were not determined,

therefore evaluations are based on the relative abundances.

Hopanes R Steranes

e.g., CaoHsz

/\ 17a(H),21B(H)-Hopane X =H, CHs, CoHs

Figure 4.13: Molecular structures of hopanes and steranes.

4.1.3.1 Hopanes

The bacterial (prokaryotic) membrane lipids are the main origin of many
terpanes in petroleum (Ourisson et al., 1982; Ourisson & Nakatani, 1994).
Terpanes include many homologous series including tricyclic, tetracyclic,
and pentacyclic terpanes which have been identified in the Syrian oils (see
Fig.3.10 and Tab.3.11 for the names of the compounds identified).

Visual inspection of the m/z 191 mass fragmentograms of the oil sam-
ples shows different distributions of terpane compounds which reflect differ-
ent related source rocks and/or maturities (Peters et al., 2005; Zumberge,
1987). Fig.4.14-a (G002997) shows a significant dominance of hopanes (Cayg

and C3g) over other compounds in comparison with sample (G002995) in
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Fig.4.14-b which has a different pattern of the tricyclic terpanes distribu-
tion and also a dissimilar relationship between Ts and Tm biomarkers. On
the other hand, it is very hard to recognize any terpanes in the biomarker

profile of G002954 (Fig.4.14-c) probably because of its very high maturity

level.
E| C;, hopane
E a) m/z 191 = G002997
é C,o hopane
é Ll WWMMMM
3 T T T T T T T T T T T T T T T T T T T T W
o b) m/z 191 = G002995
1]
S C34-C35; Homohopane
°
S dTic clicTe pane | ] A
o) I \
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=
T
[]
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c) m/z 191 = G002954

| T{mé (r‘nin‘)
Figure 4.14: m/z 191 mass fragmentograms showing the three types (tri-,
tetra-, and pentacyclic) of terpanes observed within the samples set. (a)
shows a significant dominance of hopanes (Cy9 and Cs) , (b) represents a
different patterns of tricyclic and pentacyclic terpanes, (c¢) has no recogniz-
able compounds to be identified.

The ratio of Cy; 18a-trinorneohopne (18-22,29,30-trinorneohopane or
Ts) over Co; 17a-trinorhopane (17a-22,29,30-trinorhopane or Tm) is re-
ported to be a maturity parameter (Seifert & Moldowan, 1978a) and also
influenced by source facies as well (Bakr & Wilkes, 2002; Moldowan et al.,
1986b) (see Fig.4.15 for molecular structures). In the studied oil samples,
the Ts/(Ts+Tm) ratio values range between 0.33 - 0.78 (see Tab.4.4). Due

to the previously mentioned reasons, no considerable correlations could be
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found for this biomarker against either maturity or source-related parame-

ters as each has an influence.

Tm maturation Ts
less stable more stable

‘,
4

170-22,29,30-trisnorhopane 180-22,29,30-trisnorneohopane

Figure 4.15: Molecular structures of Cy; 18a-trinorneohopne (18a-
22,29 30-trinorneohopane or Ts) and Cy; 17a-trinorhopane (17a-22,29,30-
trinorhopane or Tm).

The distribution of C3- Cs5 17,215 (H)-homohopanes is used to deter-
mine the homohopane index [Cs5/ ( C31- Cs5)], which provide an indication
to depositional settings and maturity of the related source rocks (Hanson
et al., 2001; Peters & Moldowan, 1991). The homohopane index varies
between 0.07 and 0.20 pointing to anoxic depositional conditions of the
associated source rocks.

The relative abundance of gammacerane has widely been used as indica-
tor of increased water salinity and water column stratification (Moldowan
et al., 1985; Sinninghe Damste’ et al., 1995; ten Haven et al., 1989; Venkate-
san, 1989). In this framework the high Gammacerane Index [gammacerane/
(gammacerane + Cjp hopane)] values (>1) refer to a hypersaline environ-
ment (Fu et al., 1986). Gammacerane index for the studied crude oils do
not exceed the value of 0.24, which reflects non-hypersaline conditions of the
source strata. The 225/ (225+22R) (31 homohopane isomerization ratio
rises from 0 to 0.6 with thermal maturation due to the conversion of R con-
figuration into S one (Peters & Moldowan, 1993). The values of this ratio
in the crude oils analysed range between 0.57 and 0.64 (see Tab.4.4). This
illustrates that the ratio could not be used reliably to assess the maturation

level as the equilibrium has been reached.
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Sample Mo/(Mo+Ho) (55 HHI GI Ts/(Ts+Tm) Cs55 S+R/ C34 S+ R HH iso.
G002952 0.09 0.12 0.11 0.59 0.77 0.62
G002953 0.08 0.07 0.05 0.70 0.60 0.61
G002954 0.18 0.00 0.00 0.78 0.64
G002956 0.05 0.11 0.06 0.64 1.05 0.60
G002959 0.12 0.00 0.17 0.61 0.67
G002960 0.07 0.16 0.11 0.64 1.25 0.61
G002961 0.06 0.10 0.11 0.48 0.84 0.60
G002963 0.06 0.13 0.24 0.56 1.17 0.62
G002964 0.06 0.13 0.14 0.45 1.21 0.60
G002965 0.08 0.13 0.13 0.83 1.14 0.67
G002966 0.09 0.15 0.12 0.73 1.24 0.63
G002968 0.08 0.08 0.08 0.58 0.80 0.61
G002969 0.09 0.08 0.05 0.66 0.78 0.62
G002973 0.04 0.08 0.07 0.50 0.92 0.59
G002974 0.07 0.14 0.14 0.76 1.10 0.64
G002975 0.11 0.09 0.04 0.49 1.01 0.57
G002976 0.10 0.14 0.18 0.57 1.06 0.57
G002980 0.09 0.09 0.09 0.40 0.83 0.57
G002981 0.10 0.10 0.09 0.43 1.01 0.58
G002982 0.13 0.16 0.00 0.69 1.54 0.62
G002988 0.07 0.14 0.19 0.52 0.74 0.56
G002993 0.07 0.07 0.07 0.55 0.73 0.60
G002995 0.07 0.12 0.13 0.72 1.02 0.62
G002997 0.06 0.07 0.07 0.55 0.67 0.60
G003005 0.05 0.08 0.08 0.78 0.73 0.62
G003006 0.06 0.13 0.11 0.33 1.30 0.60
G003009 0.06 0.19 0.16 0.64 1.42 0.60
G003011 0.06 0.07 0.05 0.55 0.72 0.60
G003015 0.07 0.10 0.14 0.67 0.88 0.61
G003017 0.05 0.20 0.16 0.48 1.49 0.59

Table 4.4: Hopane biomarker parameters of crude oils, where: Mo/(Mo+Ho) = moretane/(moretane+hopane); HHI = C55 homohopane

index; GI = gammacerane index; HH iso. = homohopane isomerization ratio




70 CHAPTER 4. RESULTS

4.1.3.2 Steranes

Steranes are saturated hydrocarbons bearing a tetracyclic structure which
are derived from sterols present originally in eukaryotes such as higher plants
and algae (Mackenzie et al., 1982; Summons & Capon, 1988c).

Steranes are usually identified using the GC-MS technique by m/z 217
mass fragmentorgams, but in the studied oil samples it was very hard to
identify the steranes in this way because of their low concentrations. There-
fore a more sensitive technique (MRM-GC-MS) was used to identify the
steranes (see Fig.3.11 and Tab.3.12 for compounds identification).

Fig.4.16 shows m/z 217 mass fragmentograms for three crude oil sam-
ples. Sterane and diasterane distributions varied notably which could reveal
different associated origins and/or maturities. Cyg and Cy; diasteranes sig-
nificantly dominate over steranes in sample (G002954. However, it is clear
that Cy; steranes in G002964 are more abundant in comparison to G002988,
in which Cyg steranes are the most abundant compounds. Additionally, Cog
steranes are hard to recognize in (G002954, in contrast to G0029864 for
instance.

The ratio of Cog/ Cag a3 sterane is considered as a reliable age-related
parameter for marine settings as it increases from Precambrian to Tertiary
due to the relative increase of Cyg sterane and the decrease of Cyg sterane
content through geologic time (Moldowan et al., 1985). Therefore, it was
possible for Grantham & Wakefield (1988) to distinguish Upper Cretaceous
and Tertiary oils from Palaeozoic ones. In the studied Syrian oils, this ratio
ranges from 0.42 - 1.19 (Tab.4.5) with the majority of the samples having
ratios >0.70. Four samples (G002954, G002959, G002982, and G002988; see
Fig.4.17) have values below 0.7 which might be an indication for a source
rock Pre-Jurassic in age (probably Palaeozoic Tanf Formation).

The diasterane/sterane ratio is based on [135,17a(H) 20S + 20R]/([5a,14a,17a(H)
205 + 20R]+| ba, 148, 175(H) 205 + 20R)) for the Cyy, Cag, and Cyg ster-
anes obtained from MRM-GC-MS. This parameter is considered as an indi-

cator of the thermal maturity of the source rock (Seifert & Moldowan, 1978a;
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Figure 4.16: m/z 217 mass fragmentograms showing the sterane and di-
asterane distributions observed within the samples set. (a) shows a relative
dominance of diasteranes over steranes compounds, (b) has different dis-
tribution of steranes and diasteranes, (c) represents regular steranes domi-
nance.

van Graas, 1990). Moreover, this ratio may also indicate the mineralogy of
the source rock because of the role of clay, such as illite or montmorillonite,
as a catalyst for the conversion of steranes to diasteranes (Sieskind et al.,
1979; van Kaam-Peters et al., 1998b). Therefore, the diasterane/sterane ra-
tio is commonly used to distinguish petroleum from carbonate versus clastic
source rocks (Mello et al., 1988b). This ratio has a broad range in the anal-
ysed oils (between 0.15 and 2.51, see Tab.4.5), which might be an indication
of different stages of thermal maturation and different type of source facies.
G002954 and G002959 have the highest values (2.51 and 2.18, respectively)
referring to clay-rich and highly mature source rocks.
Three series of Cyq steranes are known, including 21-, 24-, 27-norcholestanes

(Fig.4.18) (Moldowan et al., 1991a). The ba,14a,17a(H) 20S 4+ 20R and
5a,145,178(H) 20 S 4+ 20R compounds were identified in the 24- and 27-

norcholestanes. The lack of 205 and 20R isomers in the 21-norcholestanes
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Figure 4.17: Cys/ Co9 afff sterane ratio as an age-raleted biomarker. Low
values (below 0.7) for G002954, G002959, G002982, and G002988 oil sam-
ples indicate probably to Palaecozoic origin.

indicates a lack of the methyl group at C-20. These Cy sterane com-
pounds were identified using MRM-GCMS m/z 358 — 217 (see Fig.3.12
and Tab.3.13 for compound identification). The 21- and 27-norcholestanes
appear to have no direct sterol precursors but may originate through bacte-
rial oxidation or thermally induced cleavage and loss of a methyl group from
larger steroids (>C4). Nordiacholestanes help to distinguish Tertiary from
Cretaceous oils and Cretaceous from older oils. The 24-Nordiacholestanes
probably originate from diatoms, which evolved from Jurassic to Creta-
ceous time and again during the Tertiary. 24/(24+427)-Nordiacholestane
ratios greater than 0.25 and 0.55 typify oils from Cretaceous or younger
and Tertiary source rocks, respectively (Holba et al., 1998b). In the studied
oils this ratio varies between 0.21-0.44 (see Tab.4.5).

Five oil samples (G002954, G002959, G002982, G002988, and G002952,
Fig.4.19) have values for this ratio below 0.25 which indicates a source rock
age older than Jurassic. All other oils have values not more than 0.44
asserting a source rock not younger than Upper Cretaceous in age.

Isomerization at C-20 in the Cog 5ar,14cr,17a(H)-steranes causes 205 /
(205420R) to rise from 0 to about 0.5 (0.52-0.55 = equilibrium) with in-
creasing maturity (Peters et al., 2005; Seifert & Moldowan, 1986). Only the
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27-Norcholestane 24-Norcholestane

21-Norcholestane

S

27-Nordiacholestane

24-Nordiacholestane

Figure 4.18: The structures of 21-, 24-, and 27-norcholestane and 24- and
27-nordiacholestane compounds identified in the crude oils.
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Figure 4.19: The 24/(24+427)-nordiacholestane ratio as an effective source-
age parameter to distinguish oils originating from different eras.

R configuration at C-20 occurs in steroid precursors in living organisms, and
is gradually converted during thermal influence into a mixture of R and §
sterane configurations (see Fig.4.20). Values of this maturity parameter in
the studied oils (Tab.4.5) fall in the range of 0.42-0.58 which shows that
most oil samples have reached or even exceed the equilibrium limit identi-

fied above. Therefore, this parameter is not suitable to differentiate the oils
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according to their maturity level.

During diagenesis and because of thermal degradation, isomerization
will take place at C-20 in the R configuration (found only in living or-
ganisms) of the Cyg steroid molecule (Seifert & Moldowan, 1978a). This
process results in conversion of R into a mixture of R and § Cyg ster-
anes (see Fig.4.20). The equilibrium is reached at a value of about 0.52-
0.55 (Peters et al., 2005). Consequently, the 205 /(20S+20R) ratio of Cag
ba,14a,17a(H)-steranes could provide a significant indication to the matu-
ration degree of the associated source rock unless it reaches the equilibrium.
In the studied oils, this maturity-related parameter ranges from 0.42 to 0.58
(see Tab.4.5) showing most samples have reached or even exceed the equi-
librium limit identified above. Therefore, this biomarker is not very helpful
to reliably assess the maturity of the oils in this sample set. Similarly,
isomerization at C-14 and C-17 positions in the 205 and 20R Cyg regular
steranes due to thermal stress will lead to another maturity biomarker. 5
/(BB+aa) reaches the equilibrium at about 0.7 (Peters et al., 2005) and
is supposed to be independent of source organic matter input. Fig.4.21
displays a cross plot of 38/(85+aa) versus 205/(205S420R). There is no
great benefit from this plot in evaluating the maturity of the investigated
oils because both parameters are almost close to the equilibrium values.

Therefore, another effective maturity-related parameters needs to be found.

Me H
Me

1< <

Maturation

20R 20S

Figure 4.20: Molecular structures of 20R (biological epimer) and 205 (geo-
logical epimer) for the Cyy 5,14, 17c(H)-steranes.

A study on recent marine and terrigenous sediments performed by (Huang

& Meinschein, 1979) showed that the distribution of Co7, Cog, and Cag sterols
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Figure 4.21: Cross plot of sterane maturity parameters based on apparent
isomerization of asymemtric centers in the Cyg steranes.

displayed on a ternary diagram can be used to differentiate depositional
settings. Later, it has been stated that the corresponding sterane ternary
diagrams do not change significantly throughout the oil-generative window
(Peters & Moldowan, 1993). The applicability of the sterane ternary dia-
gram for crude oils and source rocks is limited due to the broad overlaps of
different depositional environments in the triangular plot (Moldowan et al.,
1985; Peters et al., 2005). It was observed that the percentage of Cog ster-
anes decreases in a broad trend through geological time (Grantham & Wake-
field, 1988). Upper Jurassic and younger crude oils contain less than 40%
Cyg steranes, whilst Lower Palaeozoic and older oils contain greater than
40-50%. Fig.4.22 and Tab.4.5 illustrate that four oil samples (G002954,
G002959, G002982, and G002988) have Cs percentage values greater than

39% which could refer to Palaeozoic source strata.
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Figure 4.22: Triangular plot illustrating the relative abundance of Cy7, Cos,
and Cyg regular steranes [Sa, 14a, 17« (H) 205 + 20R and 5«, 1403, 173
(H) 205 + 20R] in the saturate fractions of crude oils. The arrow illustrates
the decreasing Cyg concentration through geological time; after (Grantham
& Wakefield, 1988).

Recap:

Hopane-based maturity parameters could not be used reliably to assess the
maturation degree of crude oils investigated in this study because it is in-
fluenced by source signatures (e.g. Ts/(Ts+Tm)) or because it reached the
equilibrium state (e.g. 225/ (225+22R) C5; homohopane isomerization ra-
tio).

The ratio of Cys/ Co9 aff sterane acts as a very good clue to assess
the age of associated source rock as it classifies four samples (G002959,
G002954, G002982, and G002988) to be generated from source rock older
than Jurassic in age which is obviously the Silurian source. The 24/(24+27)-
nordiacholestane biomarker ratio leads to the same direction and assorts the
same oils as a separate group.

The ratio of Cy; to Cy diasteranes/steranes refers to clay-rich source
rocks for G002959 and G002954. Sterane-based maturity biomarker ratios
BB/(BB+aa) and 205 /(20S+20R) are in the equilibrium range for most of
oil samples and therefore, could not be used efficiently to assess the maturity

of the studied crude oils.
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4.1.4 Diamondoids

Diamondoids are cage-like hydrocarbons and comprised of rigid fused car-
bon structures that resemble tiny pieces of diamond (Mckervey, 1980; Wingert,
1992). They naturally occur in virtually all oils and condensates in various
amounts (Dahl et al., 1999; Petrov et al., 1973; Wei et al., 2006b; Wingert,
1992). The structures (Fig.4.23) and numbering of adamantane and dia-

mantane are shown in Fig.3.2 and Tab.3.3 .

Adamantane Diamantane

Figure 4.23: Molecular structures of diamondoids (adamantane and dia-
mantane).

There is a kind of speculation about the real formation process of these
compounds by catalytic (i.e. Lewis acids) rearrangement of polycyclic hy-
drocarbons during or after oil generation (Petrov et al., 1973). Diamondoids
are thermally more stable than most other hydrocarbons (Dahl et al., 1999),
and more resistant to microbial degradation than most other petroleum
components (Wingert, 1992); therefore, they may be considered as an ef-
fective tool in oil correlation (Peters et al., 2005). The concentrations for
the diamondoid compounds were calculated based on SIM-GCFID measure-
ments of aliphatic fraction using 5a-androstane as an internal standard (see
Appendix B.1).

The concentrations of diamondoids are observed to increase with thermal
stress, simply because of cracking of the heavy hydrocarbons into smaller
ones. This suggests that they can be used as a molecular proxy for thermal

maturity of source rocks and crude oils. In the studied oils, the sum of
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adamantane concentration ranges between 108 - 9175 ppm, that of diaman-
tane concentrations falls in the range of 35 - 361 ppm (see Tab.4.6). Fig.4.24
shows that 002959 and G002954 crude oils have the highest amounts of
diamondoids indicating to highly mature source rock which is most likely
the Palaecozoic Tanf Formation. On the other hand most oils plot close
to each other in the lower range of diamondoid content which could imply
that they are related to source rocks lower in maturation level which are

probably the Upper Cretaceous strata.

400 —
G002959
300 —
—_ G002981
% @ G002960
g i
@ @ G002954
C
8 200 — @
C
£
kS i Goo2980  ©002952 Y
) &
W O
o
100 — @
5 RO
0 — 1 ' T ' T T T T 1
0 2000 4000 6000 8000 10000

¥ Adamantanes (ppm)

Figure 4.24: Cross plot of sum of the concentration of the entire range of
diamantanes (ppm) versus the sum of the concentration of the entire range
of adamantanes (ppm). Arrow refers to increasing maturity.

Basically the degree of stability differs from one diamondoid hydrocar-
bon to another. For instance, 1-methyladamantane (1-MA) is expected to
be more stable than 2-methyladamantane (2-MA) because of the presence
of the methyl group at the bridgehead position (Wingert, 1992). The same
is true for 4-methyldiamantane (4-MD) which is more stable than 1- or 3-
methyldiamantane (1-MD, 3-MD respectively). Therefore two ratios have

been identified as maturity indicators (Chen et al., 1996) as follows:
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MATI (methyladamantane index) = 1-MA/(1-MA+2-MA)
MDI (methyldiamantane index) = 4-MD/(4-MD+1-MD+3-MD)

These parameters preferentially coincide with highly mature oils than
with mature oils (Chen et al., 1996). Since almost all of the studied oils
are in the mature range, these parameters are not so useful to assess the
maturity (Fig.4.25), as no significant trend could be observed in the plot of

diamondoids concentrations (see Fig.4.24).
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Figure 4.25: Cross plot of methyladamantane index (MAI) versus methyl-
diamantane index (MDI). Limits of X and Y axis are obtained from (Chen
et al., 1996). No significant trend could be recognized.

Diamondoid patterns are also considered as an effective source facies-
related parameter according to Schulz et al. (2001), who have suggested
the following two source-related parameters based on dimethyldiamantanes

which are virtually unaffected by thermal maturation (Eq.4.1 and Eq.4.2):

DMDI —1=3,4DMD/(3,4ADMD + 4,9DM D) (4.1)

DMDI —2=4,8DMD/(4,8DMD +4,9DMD) (4.2)



82 CHAPTER 4. RESULTS

From Fig.4.26, two different types of source rocks can be distinguished.
The oil samples located below the dashed line show that a clastic is com-
ponent dominant in the source rock which could be an indication to the
Silurian shales. In contrast, oil samples plotting above the dashed line show
more carbonate input which could refer to the Upper Cretaceous source

rocks.
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Figure 4.26: Cross plot of dimethyl diamantane index-1 (DMDI-1) versus
dimethyl diamantene index-2 (DMDI-2), where DMDI-1 typifies silica type
IT source and DMDI-2 typifies carbonate type II source (Schulz et al., 2001).

Recap:

G002959 and G002954 crude oils have the highest amount of diamondoids

indicating to highly mature source rock which is most likely the Palaeozoic

Tanf Formation. On the other hand most of the oils have lower diamondoid

contents which could imply that they are generated from source rocks lower

in maturation level which are probably the Upper Cretaceous strata. Source

facies could be differentiated as well using diamondoid hydrocarbons. Some

oils (like G002959, G002954 and G002982) might be generated from clay-

rich Silurian source rocks, while others have been generated most likely from

Upper Cretaceous carbonate source rocks.
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4.1.5 Aromatic Hydrocarbons

Polycyclic Aromatic Hydrocarbons (PAHs) distribution and abundance in
oils and source extracts are thought to be influenced by the origin of the or-
ganic matter, the depositional environment, source input, and maturation
degree of oils and source rocks (Alexander et al., 1985; Budzinski et al.,
1995; Huang & Pearson, 1999; Peters et al., 2005). Five groups of PAHs
were recognised in oil samples, alkylbenzenes (Hartgers et al., 1992), naph-
thalenes (van Aarssen et al., 1999), phenanthrenes (Budzinski et al., 1995;
Huang et al., 2004), dibenzothiophenes (DBTs) (Chakhmakhchev et al.,
1997; Chakhmakhchev & Suzuki, 1995; Depauw & Froment, 1997; Mossner
& Wise, 1999), and aromatic steroids (Peters et al., 2005).

Two series of aromatic steroids were recognized using gas chromatography-
mass spectrometry corresponding to mono- and triaromatic steroids apply-
ing the mass trace at m/z 253, m/z 231 respectively (Philp, 1985). The
distribution of monoaromatic steroids in the aromatic fractions of three dif-
ferent oil samples as determined from their m/z 253 chromatograms are
depicted in Fig.4.27.

The labeled peaks in this latter figure are identified in Tab.3.9. A visual
inspection of the mass chromatograms in Fig.4.27 clearly shows a significant
difference in the distribution pattern of monoaromatic steroid hydrocarbons
for the investigated oils. In G002964, the compounds number 16 (20 R-Cg
stigmastane), and number 5 (Cy; diacholestane) are nearly absent which
could refer to a carbonate source rock. Furthermore, it can be noticed
from the fragmentogram of G002954 (Fig.4.27¢) that the noise is high and
the concentrations of the monoaromatic steroids are low, which indicates
a high level of maturity and that the monoaromatic steroids have been
cracked. The triaromatic steroids were detected for three oil samples in the
key mass chromatogram (m/z 231, Fig.4.28) based on the relative retention
times published by Peters et al. (2005). There is no significant difference in
triaromatic steroids distribution patterns of G002997 and G002964. How-

ever, the G002954 fragmentogram (Fig.4.28¢c) shows hardly recognizable
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Figure 4.27: Mass chromatograms of m/z 253 showing the distribution of
the monoaromatic steroid hydrocarbons in three oil samples. Labeld peaks
are identified in Tab.3.9

triaromatic steroid hydrocarbons.

It has been suggested that the extent of cracking in side chains of mono-
and triaromatic steroid hydrocarbons can be used to provide information re-
garding maturity (Seifert & Moldowan, 1978a; Mackenzie et al., 1981a). The
abundance ratios of the short- to long-chain components have frequently
been used as maturity parameter.

The ratios MA(I)/MA(I41I) and TA(I)/TA(I+1I) increase during ther-
mal maturation from 0 to 100 % (Peters et al., 2005; Seifert & Moldowan,
1978) because of (1) preferential cracking of the long-chain rather than
short-chain (Beach et al., 1989), or (2) conversion of long-chain to short-
chain aromatic steroids or (3) both (Peters & Moldowan, 1993). The monoaro-
matic steroid ratio was calculated using the sum of all major Cy; - Cog
monoaromatic steroids as MA(II) and Cy; plus Cyy as MA(I) (Moldowan &
Fago, 1986a) (peaks 4-16 and peaks 1-2 respectively in Fig.3.8, the monoaro-
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Figure 4.28: Mass chromatograms of m/z 231 showing the distribution of
the triaromatic steroid hydrocarbons in three oil samples. Labeld peaks are
identified in Tab.3.10

matic steroids chromatogram). The TA(I)/TA(I+II) parameter is measured
by concerning the sum of Cag- Cag (205+20R) triaromatic steroids as TA(II)
and the Cyy and Cy triaromatic steroids as TA(I) (peaks 4-8 and peaks 1-2,
respectively in Fig.3.9, the triaromatic steroids chromatogram). These aro-
matic steroids components could not be identified in the samples G002952,
G002954, G002959, and G002982 (see Tab.4.7) due to the high levels of mat-
uration. This coincides with investigations obtained from other maturity-
related parameters which strengthen the belief of the Silurian origin of these
oils.

The Methylphenanthrene Index MPI-1, which has been derived from the
distribution of the phananthrene and the methylphenanthrene isomers, is
widely used as a maturity indicator (Radke & Welte, 1981). MPI-1 values
in crude oils increase with increasing maturity, because the thermally less

stable a-isomers 1-methylphenanthrene (1-MP) and 9-methylphenanthrene
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Sample = MPI-1 R, MDR MA I/(I+II) TA I/(I+1I)
G002952 085 179 1.28 n.d n.d
G002953 080  0.88 293 0.18 0.25
G002954 088 177  4.38 n.d n.d
G002956  0.69  0.81 181 0.11 0.13
G002959  0.68 189  3.78 n.d n.d
G002960  0.68 081 219 0.13 0.24
G002961  0.70 082  1.57 0.13 0.12
G002963 075  0.85  1.78 0.19 0.21
G002964 084 090  1.27 0.12 0.10
G002965 088 093  3.76 n.d 0.65
G002966  0.77  0.86  4.29 n.d 0.60
G002968 073 084 272 n.d 0.41
G002969  0.76  0.85  2.60 0.14 0.19
G002973  0.76  0.86  2.54 0.16 0.17
G002974 079  0.87  1.61 0.13 0.13
G002975 085 091  4.08 n.d 0.34
G002976  0.75 085  2.01 0.14 0.13
G002980 071  1.88  1.29 n.d 0.22
G002981 092 095 1.95 0.36 0.58
G002982 093 174  3.64 n.d n.d
G002988 092 095 278 0.09 0.22
G002993 096 097 1.44 0.07 0.09
G002995  0.69 081  3.13 0.13 0.20
G002997 087 092 143 0.08 0.09
G003005  0.82  0.89  3.06 0.13 0.18
G003006 092 095  1.56 0.06 0.08
G003009 070 082  3.12 0.31 0.42
G003011  1.00 100  1.52 0.05 0.08
G003015  0.75  0.85  2.37 0.14 0.20
G003017 084 091  1.47 0.12 0.15

Table 4.7: The calculated parameters based on Polycyclic Aromatic Hy-
drocarbons PAHs. * where: MPI-1 = [1.5(2-MP + 3-MP)/ (P + 1-MP
+ 9-MP)]; % Rec = calculated Vitrenite Reflectance which is inferred from
MPI-1 values by the formulas given in the text (Eq.4.4 and Eq.4.5); MDR
= 4-MDBT/1-MDBT; MA I/(I+II) = monoaromatic steroids I/(I+II); TA
I/(I+1I) = triaromatic steroids I/(I+1I)

(9-MP) are in the denominator, while the intermediately stable S-isomers 2-
methylphenanthrene (2-MP) and 3-methylphenanthrene (3-MP) are in the
numerator of the equation Eq.4.3 (Peters et al., 2005).

MPI—1=[15(2—-MP+3—MP)/(P+1—MP+9—MP)] (4.3)

The MPI-1 is also influenced by the source lithology and the organic
matter type (Cassani et al., 1988), as well as possible effects of migration
(Radke et al., 1982a). In studied oils, the MPI-1 index values range between

0.68 - 1.00 (see Tab.4.7). Using this parameter, an equivalent vitrinite



4.1. OIL SAMPLES 87

reflectance (% R.) has been calculated from two equations (Eq.4.4 and

Eq.4.5) recommended by (Radke, 1987).

%R.=0.6x MPI —1+04.......... (R,,<1.3) (4.4)

%R.=—0.6 x MPI —1+23......... (R, = 1.3) (4.5)

For most of the investigated oil samples Eq.4.4 has been used for cal-
culations as they are normal to mature oils having probably a Rm below
1.3. However, the second equation Eq.4.5 has been used to calculate the %
R, for five very light oils and condensates, where °API >40 (see Tab.4.1),
(namely G002952, G002954, G002959, G002980, and G002982). For this
group of oils, % R, is in the range of 1.74-1.89.

Determination of Polycyclic Aromatic Sulphur Heterocycles PASHs re-
sulted in recognizing dibenzothiophene and the alkyldibenzothiophenes (DBT,
MDBT, DMDBT, and TMDBT) (Mossner & Wise, 1999).

Methylbenzothiophene (MDBT) hydrocarbons distribution patterns are
used commonly to differentiate the maturation level of crude oils and source
rocks (Chakhmakhchev & Suzuki, 1995; Radke, 1988; Radke et al., 1986;
Tissot & Welte, 1984). That is based on the assumption that alkyl-DBT iso-
mers with the methyl substituent in the 1-position have relatively low kinetic
stability, whereas isomers with the methyl substituent in the 4-position are
the most thermodynamically stable (Chakhmakhchev et al., 1997; Radke,
1987).

Fig.4.29 shows three different alkyl-DBT distribution patterns produced
from the aromatic fractions of three crude oil samples (G002954, G002995,
and G002564) applying the mass trace at m/z 184+198+4212+226. The
relationship between DBT hydrocarbons labeled 1 and 4 (red labels) is sig-
nificantly different from each other implying quite various maturation levels.
G002954 illustrates the most mature sample having a clear dominance of
4-MDBT (peak number 4) relative to 1-MDBT (peak number 1) which is
kinetically less stable. At the same time, DMDBTs and TMDBTSs have so
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a) Sample # G002964

4 b) Sample # G002995
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c) Sample # G002954
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Figure 4.29: Mass chromatograms of m/z 1844198+212+4226 showing the
distribution of the alkyl-DBT hydrocarbons in three oil samples. Labeled
peaks are identified in Fig.3.7 and Tab.3.8 for peak assignments

small peaks hardly to be recognized and identified which is another clue for
the high maturity level of this oil.

Source rock lithology and type of the organic matter affect the distribu-
tion of the aromatic hydrocarbons (Peters et al., 2005). Radke et al. (1986)
distinguished Type II kerogen from the Type III one based on the signifi-
cant difference of MDR (the ratio of 4-MDBT/1-MDBT ) values between
them. MDR values of Type III kerogen are 2.5 and above, while for Type II
kerogen the values are up to 1.0. The investigated Syrian oil samples seem

to be derived from a mixed organic matter type (II4I1I) (Fig.4.30).
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Figure 4.30: 4-MDBT/1-MDBT (MDR) versus Ts/(Ts+Tm) showing a
very good correlation suggesting that type (II4+I11) organic matter generated
these oils.

Recap:

Different mono- and triaromatic steroid distribution patterns document the
different source and maturity signature of source rocks generating the crude
oils of the Euphrates Graben. Mono- and triaromatics in sample G002954
are hardly to recognize probably due to the high maturity. % R, calculated
from MPI-1 shows that oils in the southeastern part of the study area (which
have the highest API gravity) are highly mature and could be attributed to

the Silurian source rocks.
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4.1.6 Stable Isotopes

[sotopes are atoms whose nuclei contain the same number of protons but
different number of neutrons. The isotopes of an element have differences
in chemical and physical properties ”isotope effects” arising from variations
in atomic mass. In contrast to the radioactive isotopes, the stable isotope
quantities do not differ significantly and remain constant over geologic time.
On the other hand, and as a result of chemical and physical processes tak-
ing place in nature, variations in stable isotopic signature or the so called
"isotopic fractionation” will occur. Stable isotopic fractionation is a pro-
cess where equilibrium isotopic effects, which are temperature-dependent
equilibrium isotope-exchange reactions, and kinetic isotope effects are com-
bined. Petroleum geochemists mostly use carbon and hydrogen isotopic
compositions in geochemical studies because they are the most abundant
elements in petroleum and in organic matter (Fuex, 1977; Hoefs, 1997). De-
termination of the stable isotopes is mostly done using mass spectrometric
techniques in two different, namely bulk or compound-specific, analytical
methods (Hoefs, 1997). Stable isotopic compositions are determined as ra-
tios of heavy to light isotopes and reported in d-notations (%o) relative to
international standards. For carbon isotope ratio calculations, Vienna Pee
Dee Belemnite (V-PDB) is the common international standard, as it is the
Vienna Standard Mean Ocean Water (V-SMOW) for stable hydrogen iso-
tope determination. The following two equations (Eq.4.6 and Eq.4.7) are

used to calculate the carbon and hydrogen isotope ratios:

130 1208(1m .
S %] = [130/1 o~ 1] x 1000 (4.6)
D/ H i
dD[%0] = [=—2 1] % 1000 4.7
[ 00] [D/Hstandard ] ( )

Compound Specific Isotope Analysis (CSIA) has been carried out to
determine carbon and hydrogen isotopic composition of crude oils in this

study (see sec.3.1.3).
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4.1.6.1 Stable Carbon Isotopes

Carbon is the essential element of hydrocarbons and organic compounds.
It has two stable isotopes, *C and '2C. The lighter one (*2C) is favoured
by photosynthetic carbon fixation resulting in *C-depleted biosynthesized
organic compounds in comparison to their carbon source. Hayes (1993) has
addressed a number of factors controlling the distribution of stable carbon
isotopes. The most important are the §'*C of carbon source and the isotopic
fractionation effects of several photo- and biosynthetic processes. The ad-
vantages of determining the §'3C values are quite a lot in terms of identify
the geological age and depositional environment of source rocks (Andru-
sevich et al., 1998; Bjoroy et al., 1991b; Gilmour et al., 1984). Moreover,
it has been shown that increasing thermal exposure will result in enrich-
ment of 13C in kerogen, due to release of isotopically lighter products, and
in crude oils, possibly due to mixing of isotopically light bitumen and iso-
topically heavier generated products (Clayton, 1991). Biodegradation may
alter the short-chain light hydrocarbons (until approximately n-Cy) due to
kinetic isotope fractionation that degrades preferentially the §'3C values of
light molecules (George et al., 2002; Sun et al., 2005). Stable carbon iso-
tope analysis is a very useful technique applied in oil and gas exploration
especially when it is used in conjunction with other geochemical and geolog-
ical data (Peters et al., 2005). §'3C values of hydrocarbons depend on the
isotopic composition of the source material and the fractionation processes
during and after the petroleum formation (Schoell, 1984b). Therefore, ori-
gin type and depositional environment of the organic matter, in addition
to maturation, migration, mixing and secondary alteration processes have
a strong influence on the stable carbon isotopic ratios (Chung et al., 1992;
Clayton, 1991; Clayton & Bjoroy, 1994; Dawson et al., 2007; George et al.,
2002; Hayes, 1993; Murray et al., 1994; Schoell et al., 1994; Sofer, 1984;
Trindade et al., 1992; Vieth & Wilkes, 2006). The stable carbon isotopic
compositions of individual alkanes (n-C3 to n-Cs;), pristane, phytane, iso-

and cycloalkanes were measured by the CSIA ( see sec.3.1.3) technique for



92 CHAPTER 4. RESULTS

29 (except for G002968 because it is contaminated with water) crude oil
samples (see Appendix B.2). The §'3C values of n-alkanes (n-Cy to n-Cor)
are plotted in Fig.4.31. This collection of hydrocarbons was chosen because
all n-alkanes in this range could be identified reliably in the whole inves-
tigated sample set, whereas other components are hard to recognize and
quantify out of this series. The §'3C values of n-alkanes from the crude oils
cover a broad range between -32 and -27 %o. The profiles of §3C values of
n-alkanes from the studied crude oils display a similar trend for the whole
sample set; i.e. there is no significant variation in 6*3C values between lower

and higher molecular weight n-alkanes.

Carbon number
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Figure 4.31: Plot of carbon number versus 6'3C value for n-alkanes (n-Cy
- n-Cy7) in the Euphrates Graben crude oils. Due to contamination with
water, GC-C-IRMS measurements for sample G002968 were not possible.

To assess the possible impacts of source organofacies and thermal ma-
turity on the carbon isotopic signature of the investigated crude oils, two
specific compounds were selected. Pristane and phytane (isoprenoid hydro-
carbons) have been chosen because of their relative resistivity to isotopic

fractionation effects caused by secondary alteration processes (like biodegra-
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dation). They thus seem to be reliable indicators for effects on §'3C ratios
resulting from differences in source and maturity.

Therefore a plot of §13C of pristane in relation to §'3C of phytane could
represent the variations in source rock organofacies and maturity (Fig.4.32),
which was considered as a correlation tool by Collister et al. (1992). In this
plot it is clear that the enrichment of ¥C in one isoprenoid in a given
sample is generally accompanied by an enrichment of 3C in others in the
same sample. Fig.4.32 shows that the correlation is not one to one exactly,
indicating that each compound represents a different mixture from primary
sources and that the relative abundances of these sources changed, which
could be probably as a result of environmental factors. This could explain
why it was not so efficient to rely on the ratio of pristane over phytane
to reliably assess the source rock facies and depositional environment as
discussed in sec.4.1.2. On the other hand the differences (<£2 %o) are
not huge in comparison to the 6 %odepletion observed in other petroleum

systems (Freeman et al., 1990).
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Figure 4.32: Carbon isotopic composition of pristane and phytane in indi-
vidual oil samples. A linear correlation with certain deviations was recog-
nized.

Source origin and maturation levels of the sample set have been evalu-

ated from some biomarkers and non-biomarkers in previous sections (sec.4.1.1
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through sec.4.1.5). An attempt to see how these formerly discussed source-
and maturity-related parameters connect to the carbon isotopic signatures
will be presented in the following lines.

As discussed in sec.4.1.3.2 | the dia/reg Co7-Cyg sterane ratio indicates
clay-rich versus clay-poor source rocks for the investigated oils. Besides, it
differentiates high mature from lower mature crude oils.

Plotting this parameter against the §'3C of pristane and phytane (Fig.4.33)
shows that nearly the samples have generally a slight negative trend, i.e.
stable carbon isotope values are getting heavier with increasing biomarker
ratio. G002954 and G002959 crude oils considered as the highest mature
samples have the highest biomarker ratio and are among the isotopically
heaviest samples (27.58 %o and 28.67 %o for pristane, 28.01 %o and 28.60
%o for phytane, respectively).
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Figure 4.33: Plots of carbon isotopic signature of pristane (a) and phytane
(b) versus number versus dia/reg Cor-Cag steranes. A slight negative trend
could be recognized.

By increasing the maturation level of crude oil the concentrations of
diamondoids (i.e. adamantenes and diamantenes) will increase due to the
high stability of these compounds at high temperatures (see section. 4.1.4).
G002954 and G002959 have the largest amounts of adamantanes among
the investigated crude oils (5459 and 9175 ppm, respectively) (see Ap-
pendix.B.1). Plotting this parameter against the 6*>C of pristane and phy-
tane (Fig.4.34) shows that nearly all samples have generally a slight negative

trend, i.e. stable carbon isotope values are getting heavier with an increase
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of this diamondoid-based maturity parameter.
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Figure 4.34: Plots of carbon isotopic signature of pristane (a) and phytane
(b) versus number versus the sum of adamantene hydrocarbons concentra-
tion. A slight negative trend could be recognized especially for pristane.

4.1.6.2 Stable Hydrogen Isotopes

Hydrogen, as the most abundant element on the planet, consists of two main
stable isotopes, protium (*H, 99.985 % natural abundance) and deuterium
(D, ~0.015 % natural abundance). It is the fundamental element in the
hydrological cycle and a principle element in sedimentary organic matter
and fussil fuels. Therefore, the distribution of the stable hydrogen isotopes
is controlled by a number of processes occurring in the global hydrologi-
cal cycle and in the biosynthesis in different organisms (Estep & Hoering,
1980; Schimmelmann et al., 2006; Sessions et al., 1999). Hydrogen has the
largest natural variation in stable isotope ratios because it has the largest
mass difference (2:1) between its two stable isotopes. Thus, stable hydrogen
isotopes (6D) signatures are one of the most powerful and promising tech-
nique in petroleum geochemistry. Many geochemical studies have revealed
that the stable hydrogen isotopic compositions of crude oil components are
significantly influenced by physical and chemical processes accompanying
or occurring after petroleum formation and accumulation such as deposi-
tional environment, organic matter type, migration, maturation, mixing
and secondary alteration (Dawson et al., 2005; Hassan & Spalding, 2001;
Li et al., 2001; Pedentchouk et al., 2006; Pond et al., 2002; Radke et al.,

G002959

|

O Phytane
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2005; Rigby et al., 1981; Rooney et al., 1998; Schimmelmann et al., 2006;
Smith et al., 1981; Sun et al., 2005; Xiong et al., 2005; Yeh & Epstein,
1981; Morasch et al., 2004). The D/H compositions of individual alkanes
(n-C5 to n-C3;), pristane, phytane, iso- and cycloalkanes were measured
by the CSIA technique for 29 (except for G002968 because it is contami-
nated with water) crude oil samples (see Appendix B.3). Missing values for
compounds in individual samples are due to limited baseline separation and
increased standard deviations (>5 %) for the three replicate measurements,
and therefore are not shown.

The § D values of n-alkanes (n-Cg - n-Csy7), pristane and phytane are
plotted in Fig.4.35. The 6 D values of n-alkanes from the crude oils have
a broad range between -180 and -60 %o. Pristane and phytane are clearly
depleted (0 to ~40%0) in D relative to related n-alkanes (n-Ciy to n-Cay).
The profiles of D values of n-alkanes from the studied crude oils display
similar trends for the whole sample set; i.e. the lower molecular weight n-
alkanes (~ n-Cg to n-Ci7, Fig.4.35) are depleted in D relative to the higher
molecular weight n-alkanes (~~ n-C1g to n-Coy, Fig.4.35). The amount of D-
enrichment increases with increasing n-alkane carbon number, possibly as a
combined result of greater thermal cracking of longer-chain n-alkanes, and
the generation of isotopically lighter, short chain compounds (Tang et al.,
2005; Schimmelmann et al., 2004). Maturation processes appear to have
had a greater effect on the isotopic distribution of hydrogen than carbon.

It is believed that significant hydrogen exchange between organic hy-
drogen and the surrounding environment takes place during diagenetic and
catagenetic effects over million of years of geological time (Alexander et al.,
1984; Schimmelmann et al., 1999; Sessions et al., 2004). Thermal stress
particularly has been found to play a significant role in the alteration of in-
digenous 0D signatures (Rigby et al., 1981). Published work on maturation
in natural systems provides evidence of gradual D-enrichment of organic
matter with increasing thermal maturity (Rigby et al., 1981; Li et al., 2001;
Smith et al., 1981).

Similar to what has been described in sec.4.1.6.1, it is efficient to present
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Figure 4.35: Plot of § D value versus carbon number for n-alkanes (n-Cp -
n-Cyz), pristane and phytane in the Euphrates Graben crude oils. Due to
contamination with water, GC-C-IRMS measurements for G002968 crude
oil were not possible.

a plot of the hydrogen isotopic signature of pristane versus that of phytane
and see how the relationship between their hydrogen isotopic composition
looks like. A recognizable linear correlation close to one to one trend is seen
in Fig.4.36.

One should surly not ignore the huge skeptic nowadays about the us-
age of hydrogen isotopic signatures in terms of assessing and evaluating
the source rock characteristics and degree of maturation because this proxy
needs to be understood quit well as a several factors and players have their
own and different influence on. But, on the other hand, one could ben-
efit from these isotopic values in combination with other biomarkers and
non-biomarkers to better understand the different processes affecting the
composition of reservoired crude oils.

In the previous paragraph sec.4.1.6.1 it was shown that the possible

difference in source rock organofacies and maturity do not influenced sig-
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Figure 4.36: Hydrogen isotopic composition of pristane and phytane in
individual oil samples. A very good linear correlation could be recognized,
that is much better than that one of carbon isotope shown in Fig.4.32.

nificantly the carbon isotopic signature of individual hydrocarbons in the
crude oils. Conversely, it appears likely that the hydrogen isotopic com-
position of these crude oil samples is affected by the source rocks. In the
same way, the following section will describe the relationship between the
same parameters and compound-specific hydrogen isotope ratios of pristane
and phytane. Fig.4.37 illustrates the source- and maturity-related dia/reg
Cy7-Cyg steranes ratio in relation to the oD ratios of pristane and phytane.
There is quite a good correlation with the increasing biomarker ratio, indi-
cating a gradual enrichment of D in the investigated oil samples where this
trend is stronger in pristane case than it is in phytane one. The highest 6D
values of pristane and phytane are found for samples G002954 and G002959.

A cross plot of the average 0D values of pristane and phytane versus
the sum of adamantane concentrations is presented in Fig.4.38. Interest-
ingly, the 0D ratios of the isoprenoids show a systematic correlation to the
thermal maturity parameter. In the investigated crude oils, there is a clear
relationship linking the increase of the adamantane concentrations and the
enrichment of isoprenoid constituents in deuterium as an indication of ele-

vated maturation level. The enrichment of deuterium with increasing matu-
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Figure 4.37: Plots of hydrogen isotopic signature of pristane (a) and phy-
tane (b) versus dia/reg Co7-Cag steranes. Increasing biomarker ratio is in
agreement to gradual elevating of D-enrichment. It could be recognised that
the correlation of this biomarker is better in pristane than in phytane case.

rity possibly because: (1) water-derived hydrogen is added or (2) exchanged
with organic hydrogen, or (3) both (Schimmelmann et al., 1999 2001). This
process continues during time until the exchangeable organic hydrogen iso-
topically equilibrates with the larger pool of hydrogen in water (Lis et al.,
2006; Alexander et al., 1984). Interestingly, the compound-specific hydrogen
isotopic signature of the isoprenoids have such limit which is not exceed-
able whatever the maturity reaches, which is -91 % for pristane 0D values
(sample G002954) and of -103 %o for phytane §D values (sample G002959),
Tab.4.8. This has been called as an "isotopic equilibrium” between hydro-
carbons and water and lies in general in the range of -80 %o and -110 %o
(Schimmelmann et al., 2006; Santos Neto & Hayes, 1999).

Pedentchouk et al. (2006) and Dawson et al. (2007) have done studies
on sedimentary source rocks and showed that with increasing maturity the
isoprenoids (pristane and phytane) become significantly enriched in deu-
terium relative than n-alkanes. It was also shown that with increasing ther-
mal stress the differences of D ratios between n-alkanes and isoprenoids
gradually decrease. Hence, the hydrogen isotopic compositions of crude
oils, which are expelled during different stages of thermal maturity, may

reflect the thermally promoted hydrogen exchanges by varying differences
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Figure 4.38: Plots of hydrogen isotopic signature of pristane (a) and phy-
tane (b) versus the sum of adamantene concentration. Good correlation is
observed as an exponential trend especially for pristane.

in 0D ratios for isoprenoids and n-alkanes and, hence, denote to different

levels of thermal maturity. Fig.4.39 shows the adamantane concentrations

in response to the calculated difference of summed 0D ratios for pristane

and phytane and the summed 0D ratios for n-heptadecane (n-Ci7) and n-

octadecane (n-Cig) (see Tab.4.8).
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Figure 4.39: Cross plot showing the correlation of diamondoid-based matu-
rity parameter to the calculated difference of summed 0D values of pristane
and phytane and the sum for D values of n-Cy7 and n-Cs.
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After (Dawson et al., 2007; Pedentchouk et al., 2006), with increasing
maturity the calculated difference should decrease, which is indicated by
higher concentrations of adamantane hydrocarbons. Interestingly, a system-
atic decrease of the calculated difference between 0D ratios for isoprenoids
and n-alkanes in the investigated oil samples is recognizable. This would
strengthen the idea that the thermal processes have played a significant
role in determining the 0D composition of constituent of Syrian oils, and
therefore could be a useful tool to differentiate oils from high mature source
rocks (Silurian Tanf Formation) from less mature crude oils generated from
Upper Cretaceous source rocks.

Dawson (2006) has investigated extracts from immature to highly ma-
ture sediments from the Perth Basin, Australia in terms of hydrogen isotope
geochemistry. He has found that pristane and phytane in immature sedi-
ments were significantly depleted in deuterium by ca. 114 to 116%o relative
to n-alkanes in the sample set. This offset appears to represent the dif-
ference in isotopic signatures of their precursor (biosynthesized n-alkanes
and isoprenoid lipids) (Estep & Hoering, 1980; Sessions et al., 1999). In
early mature strata the depletion in D of the isoprenoids was about 30 to
55 %o relative to n-alkanes. However, the difference of the 0D ratio between
isoprenoids and n-alkanes in mature samples had values of 6 to 23%o. In
extracts from late mature sediments, where Ro is about 1.3%, the depletion
in the heavy hydrogen isotope (D) of pristane and phytane was in the range
of 0 to 19%y relative to n-alkanes in the same sample. This means that the
difference between 0D values of isoprenoids and n-alkanes decreases gradu-
ally with increasing thermal stress, i.e. the offset between the average 6D
values of n-alkanes and the average 0D values of isoprenoids is declining
with maturation progress.

In the investigated oil samples, the offset in hydrogen isotopic signa-
ture between isoprenoids and n-alkanes (AdD %o) ranges ca. 8 to 38%o
(see Tab.4.8). Following Dawson (2006), the analysed oil samples fall in
the maturity range from early mature to high mature crude oils; with the

most mature sample (G002959) has the lowest value of AdD (8%o). Fig.4.40
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Sample | Prr Ph Iso. Ave. iso-alkane Alkanes.Ave AJ/D
G002952 | -116 -121 -119 44 -99 -20
G002953 | -167 -159 -163 40 -144 -19
G002954 | -91 -120 -105 38 -91 -14
G002956 | -151 -158 -155 77 -116 -38
G002959 | -95 -103 -99 18 -91 -8
G002960 | -117 -106 -112 55 -89 -22
G002961 | -122 -120 -121 44 -93 -28
G002963 | -123 -123 -123 49 -100 -24
G002964 | -123 -123 -123 72 -91 -32
G002965 | -132 -127 -129 51 -107 -22
G002966 | -113 -114 -113 48 -94 -20
G002968 | nd nd n.d n.d n.d n.d
G002969 | -139 -133 -136 64 -107 -29
G002973 | -168 -162 -165 65 -135 -30
G002974 | -120 -119 -119 61 -91 -28
G002975 | -126 -114 -120 37 -104 -16
G002976 | -133 -129 -131 58 -103 -28
G002980 | -117 -128 -122 68 -88 -34
G002981 | -122 -116 -119 51 -98 -21
G002982 | -105 -112 -109 42 -93 -16
G002988 | -119 -114 -116 10 -103 -13
G002993 | -153 -161 -157 61 -131 -26
G002995 | -135 -130 -132 63 -104 -28
G002997 | -146 -143 -145 56 -118 -27
G003005 | -129 -129 -129 48 -109 -20
G003006 | -131 -128 -130 79 -94 -36
GO003009 | -108 -105 -106 48 -88 -19
G003011 | -137 -158 -147 64 -125 -22
G003015 | -138 -128 -133 52 -110 -23
G003017 | -130 -121 -125 70 -97 -29

Table 4.8: 0D wvalues of parameters used in Figs.4.36-4.41, where:
Iso.Ave=the average 0D values of pristane and phytane, iso-alkane=the
calculated difference of summed 0D values of pristane and phytane and the
sum for 0D values of n-C7 and n-C'g, Alkanes.Ave.=the average D values
of m-alkanes in the range from n-Cy to n-Cs;, AdD=the offset in hydrogen
isotopic signature between the average in §D values of isoprenoids (pristane
and phytane) and n-alkanes (in the range from n-Cy to n-Cos).
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Figure 4.40: 6D values of n-alkanes (n-Cy to n-Cys), pristane and phy-
tane from three crude oils. (a) G002959: offset 8%, (b) G002963: offset
24%0, and (c) G002973: offset 30%o. Different maturation levels could be
recognized looking at the different offset values (shown in parenthesis) as
discussed in text.

shows three isotopically different oil samples regarding the n-alkane and iso-
prenoids isotopic signatures.

The n-alkane hydrogen isotopic compositions of samples G002959 and
G002963 (average is -91%o0 and -100%o, respectively) are significantly en-
riched in D relative to n-alkanes in sample G002973 (average is -135%q),
which could imply a lower maturity level of the latter. This is consistent

with the findings of Dawson et al. (2005), that mature to late mature sam-
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ples have average 0D values of n-alkanes heavier than -126%qo, in contrast
to immature marine oils which have values about -150%¢ (Santos Neto &
Hayes, 1999). In this context it is noticed that almost all investigated oils
have a significant level of maturity as their n-alkanes are enriched in D and
have 0D average values above -125%¢ (see Tab.4.8). A general tendency
of the D-enrichment with maturity is clearly evident in both compound
classes, with the rate of enrichment being more rapid in isoprenoids relative
to n-alkanes (Fig.4.41). However, similar trends for pristane and phytane
are observed indicating similar rates of D-enrichment with maturity for both

isoprenoids.
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Figure 4.41: A maturity profile of the average JD values of n-alkanes, and
0D values of pristane and phytane for investigated oil samples. Some sam-
ples were not plotted (e.g. G002993 and G002997) as they have possible
biodegradation effect.

Average 0D value of n-alkanes changes from -99 to -85%o (ca. 14%o),
while 0D values of pristane and phytane change in comparable manner with
maturation from -135 to -95%0 (ca. 40%o). This difference in behavior of
both n-alkanes and isoprenoids, i.e isoprenoids getting isotopically enriched
in D faster than n-alkanes could be attributed to the assumption that the
isotopic enrichment (hydrogen isotopic exchange) occurs via a mechanism

that proceeds faster with compounds containing tertiary carbon centres
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(like pristane and phytane) than with compounds containing only primary

or secondary carbon atoms (like n-alkanes) (Dawson et al., 2007; Sessions

et al., 2004).

Recap:

The profiles of §'3C values of n-alkanes from the studied crude oils display a
similar trend for the whole sample set; i.e. there is no significant variation in
§13C values between lower and higher molecular weight n-alkanes. §'3C of
pristane in relation to §'3C of phytane shows a good linear correlation, the
differences could be attributed to the different sources of these isoprenoids
or different isotopic effects during their formation. Slight tendency was rec-
ognized for §'3C with increasing maturity.

The profiles of D values of n-alkanes from the studied crude oils also dis-
play similar trend for the whole sample set; i.e. the lower molecular weight
n-alkanes (~ n-Cg to n-Ci7) are depleted in D relative to the higher molec-
ular weight n-alkanes (~ n-Cig to n-Co;). A very good correlation has
been found between 6D values of isoprenoids (pristane and phytane) and
maturity-related biomarkers and non-biomarkers. Maturation processes ap-
pear to have had a greater effect on the isotope distribution of hydrogen
than carbon. With increasing maturity pristane and phytane are getting
enriched in D. The offset in hydrogen isotopic signature between isoprenoids
and n-alkanes (A0D) illustrates that G002959 has the lowest value of 8%o

and therefore can be considered as the most mature oil in the sample set.
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4.2 Rock Samples

4.2.1 Source Rock Quality

Rock samples from three potential source rocks, two Upper Cretaceous
(R'mah and Shiranish Formations) and one Silurian in age (Abba forma-
tion) in the study area were analysed. Rock-Eval pyrolysis (Espitalie et al.,
1977) has been used to identify the quality of the organic matter in the
rock samples. Both R’'mah samples (G005145 and G005117) have Total
Organic Carbon (TOC) content below 1 % (0.9 and 0.7 ,% respectively)
(see Fig.4.42).
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Figure 4.42: TOC content in analysed rock samples from three different
potantial source rocks (R’'mah, Abba, and Shiranish Formations).

The TOC content of Shiranish rock samples ranges from 1.5 - 3.6 %
pointing to a good to very good potential source rock. FExcept for the
sample number G003850, which has a TOC content of 7.0 %, all other
Silurian Abba samples have values between 0.6 and 1.4 % thus representing
a fair to good source rock according to criteria in Peters (1986a). The
Hydrogen Index (HI), and the Oxygen Index (OI) values of both R'mah
(blue and pink diamonds in Fig.4.43, left) rock samples are in the range
between 123 - 209 mg HC/g TOC and 68 - 87 mg COy/g TOC, respectively
(see Tab.4.9), indicating mixed type II and III kerogen. Shiranish rock

samples (red diamonds in Fig.4.43, left) plot in two separated locations
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Sample Formation Depth (m) S1 S2 S3 Tmax TOC OI HI PI
G005145 R’mah 3626 - 3633 0.04 1.11 0.61 434 0.9 68 123 0.03
G005117 R’mah 3745 -3755 039 146 0.61 437 0.7 87 209 0.21
G005120 Abba 3330-3345 0.16 0.38 1.11 427 0.8 139 48  0.30
G005123 Abba 3445-3455 0.04 1.04 0.09 435 1.3 7 80 0.04
G005125 Abba 3485-3505 0.06 247 0.2 435 14 14 176 0.02
G005126 Abba 338043385 0.02 0.5 1.84 435 0.7 263 71 0.04
G005131 Abba 2320-2330  0.02 0.54 0.23 430 0.6 38 90 0.04
G005134 Abba 284042845 0.05 183 0.3 432 0.9 33 203 0.03
G005137 Abba 3585-3595 0.02 0.17 1.13 429 0.6 188 28 0.11
G005140 Abba 2450-2455  0.03 0.85 0.34 435 0.9 38 94 0.03
G003850 Abba 3030 0.2 5 0.8 465 7.0 11 71 0.04
G003185  U.Shiranish 2970 278 16.14 041 437 3.6 11 451 0.15
G003188  U.Shiranish 3030 219 1296 0.5 436 3.2 16 404 0.14
G003200  L.Shiranish 3300 203 782 0.28 439 2.8 10 282 0.21
G003211  L.Shiranish 3520 1.36  3.31 041 438 1.5 27 215 0.29

Table 4.9: Rock-Eval data of the analysed samples of three potential source
rocks plotted in Fig.4.43.

showing a remarkable difference in petroleum potential. Upper Shiranish
samples (type II organic matter) are in the range between 404 - 451 mg
HC/g TOC for HI and between 11 - 16 mg CO,/g TOC for OI, whereas the
values of HI and OI for the Lower Shiranish samples (type II1/III organic
matter) range between 215 - 282 mg HC/g TOC, and between 10 - 27 mg
COy/g TOC, respectively (see Tab.4.9). Similarly, Silurian Abba samples
(green and yellow diamonds in Fig.4.43, left) form two groups as well; the
first one has type II/III organic matter signatures (HI >70 mg HC/g TOC
and OI <38 mg C'O2/g TOC), and the second one has kerogen type IIT (HI
<70 mg HC/g TOC and OI >139 mg CO,/g TOC).

The maturity level of the source rock sample was estimated by Tmax,
which is the temperature at which the maximum hydrocarbon generation
rate occurs during Rock-Eval pyrolysis (Tissot & Welte, 1984). The Tmax
is influenced by both kerogen type and level of organic matter maturation
(Espitalie, 1986). Tmax data for R'mah and Shiranish rock samples are
suggesting early mature to mature levels (Tmax between 434 - 439 °C) (see
Fig.4.43 right). Tmax values of Abba rock samples reflect an immature
to early mature signature of these strata. The single Abba rock sample

(G003850) is located far away to the right (having a Tmax value of 465 °C)
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Figure 4.43: Showing: (left) hydrogen index (HI) versus oxygen index (OI)
values for the analysed sample set, and (right) hydrogen index (HI) versus
(Tmax) values for the analysed sample set.

referring to a super mature source rock.

It is important to point out here that the analysed Abba/Tanf rock
samples are not thought to be necessarily representative for the potential
Silurian source rock, because of a unsuccessful selection of rock samples to
be investigated. As for other Hot Shales equivalent to it in North Africa
(e.g. Tanezzuft formation in Libya) and Arabia (e.g Qussaiba formation in
Saudi Arabia), the Tanf (Abba formation) in Syria is found in the Lower
Silurian in two Hot Shale zones separated by lean shale strata. Frijhoff et al.
(2006) showed that the Hot Shales investigated from a Syrian well in the
Euphrates Graben are extremely rich in organic content to be classified as oil
shales. TOC contents often exceed 20% (Fig.4.44). RockEval data showed
that these Hot Shales are postmature at present day (Fig.4.45). The same
was shown by graptolite reflectance measurements (Frijhoff et al., 2006).
G003850 rock sample is the only sample which could be considered as a real

Hot Shale.
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Figure 4.44: Total organic carbon content of 70 Silurian rock samples inves-
tigated in Al Furat Petroleum Company laboratory (Frijhoff et al., 2006).

4.2.2 Normal Alkanes

The relative abundance of n-alkanes within the rock extracts show a de-
crease in abundance with increasing molecular weight (see Fig.4.46). Long
chain hydrocarbons (>n-Cy) have low concentrations in G005136 (Silurian)
relative to other Upper Cretaceous rock samples which could indicate a
higher maturation level as the heavy hydrocarbons convert into light ones
with increasing maturity. The pristane/phytane ratio for R'mah extracts
ranges from 0.45 - 0.52 (Tab.4.10). The Shiranish extracts show slightly
higher Pr/Ph values reaching 0.97 in the upper part but both members still
have values below one which is typical for algal marine organic matter de-
posited under anoxic conditions. However, the Silurian Abba samples have
the highest values up to 2.11. Since it is known that the Silurian strata have
been deposited in an open marine environment and no potential supply of
terrestrial organic matter existed (pre-land plant evolution); then it is ex-
pected that thermal maturity could have an effect on this relatively high
Pr/Ph values. Pr/n-Cy7; vs. Ph/n-Cg (Fig.4.47) shows a subtle difference
between both Upper Cretaceous R'mah (blue-colored symbols) and Shiran-

ish (red-colored symbols) rock samples in terms of organic matter type.
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Figure 4.45: Vitrinite reflectance equivalent % R, from graptolite reflectance
measurements for Silurian Tanf Formation rock samples (Frijhoff et al.,
2006).

Additionally, R'mah samples seem to have a relatively higher maturation

level as they have lower isoprenoid over n-alkane values.

4.2.3 Biomarker Characteristics of Rock Extracts

The Ts/(Ts+Tm) ratio for R'mah rock samples does not exceed 0.42 (see
Tab.4.11), whereas it ranges between 0.76 - 0.79 for Shiranish rock samples
which might imply a higher clay content (Bakr & Wilkes, 2002; Rullkot-
ter et al., 1985). For selected Abba rock samples the Ts/(Ts+Tm) ratio
varies between 0.29 - 0.66. Fig.4.48 and Fig.4.49 show triangular diagrams
for Ca7, Cag, and Cyg regular and rearranged steranes. A slight difference

between R’'mah and Shiranish samples can be recognized. R’'mah extracts



111

4.2. ROCK SAMPLES

Sample  Formation Depth (m) Pr/Ph Pr/n-C;; Ph/n-C;3 CPI1
G005145 R’mah 3626 - 3633 0.49 0.51 0.61 0.96
G005112 R’mah 3560 0.45 0.41 0.53 0.95
G005113 R’mah 3565 0.48 0.43 0.54 0.93
G005114 R’mah 3570 0.49 0.42 0.54 0.94
G005115 R’mah 3575 0.47 0.41 0.55 0.94
G005116 R’mah 3580 0.50 0.40 0.52 0.93
G005117 R’mah 3745 - 3755 0.52 0.34 0.39 0.89
G005118 R’mah 360043605 0.49 0.27 0.37 0.96
G005119 R’mah 3610+3615 0.48 0.27 0.38 0.92
G005120 Abba 3330-3345 0.98 3.17 1.83 0.93
G005121 Abba 3375-3385 0.84 3.82 2.10 0.95
G005122 Abba 3415-3425 0.68 4.42 2.28 0.97
G005123 Abba 3445-3455 0.64 4.81 2.51 0.94
G005124 Abba 3470-3475 0.70 4.44 2.24 0.97
G005125 Abba 3485-3505 0.72 4.52 2.20 0.95
G005126 Abba 3380-+3385 1.37 0.43 0.49 0.94
G005127 Abba 348043485 1.23 0.39 0.47 0.83
G005128 Abba 3530 1.59 2.21 1.43 0.90
G005129 Abba 358043585 1.86 1.61 1.17 0.99
G005130 Abba 3625-+3630 1.80 1.90 1.15 1.02
G005131 Abba 2320-2330 1.65 1.56 1.05 0.94
G005132 Abba 2435-2445 1.40 2.10 1.31 0.92
G005133 Abba 2490-2500 1.83 1.54 1.05 0.72
G005134 Abba 28402845 1.35 1.29 1.06 0.91
G005135 Abba 2925+2930 1.22 2.20 1.30 0.85
G005136 Abba 29954-3000 2.11 1.46 0.99 0.87
G005137 Abba 3585-3595 1.45 2.04 1.15 0.91
G005138 Abba 3670-3680 2.09 1.14 0.81 0.96
G005139 Abba 3730-3740 1.68 1.55 1.08 0.98
G005140 Abba 2450-2455 1.87 1.34 0.96 0.88
G005141 Abba 2610-2615 1.21 2.45 1.43 0.81
G005142 Abba 2665-2675 1.65 1.55 1.09 0.79
G003850 Abba 3030 n.d n.d n.d n.d
G003185  U.Shiranish 2970 0.80 0.68 0.81 1.09
G003188  U.Shiranish 3050 0.97 0.70 0.82 1.18
G003200 L.Shiranish 3300 0.68 0.80 0.87 1.12
G003211  L.Shiranish 3520 0.70 0.75 0.79 1.06

Table 4.10: Hydrocarbon parameters obtained from analysis of rock extracts saturated fractions using GC-FID
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Figure 4.46: Saturate fraction gas chromatograms of the potential source
rock samples.

seem to have moderately abundance Cy; steranes and lower concentrations
of Cy9 sterane compounds relative to Shiranish Formation. An implication
for more algal marine organic matter and relatively higher maturation level
could be considered for R'mah strata. Three Silurian Abba samples (named
G005134, G005135, and G005136) coming from the same well have the high-
est Cyy to Oy diasteranes/steranes ratio pointing to a higher maturation

level for the strata in this well comparatively to the others.



113

4.2. ROCK SAMPLES

Sample  Formation Steranes% Diasteranes% Dia/Reg Ts/(Ts+Tm)
Cor Cas Cag Cor Cas Cag Ca7-Coag
G005145 R’mah 47.79 30.36 21.85 51.26 32.24 16.50 1.05 0.40
G005112 R’mah 45.90 28.53 25,56 46.95 33.12 19.93 1.32 0.40
G005113 R’mah 46.80 29.04 24.16 49.61 33.24 17.16 1.27 0.39
G005114 R’'mah 46.50 29.64 23.87 49.35 33.04 17.60 1.30 0.37
G005115 R’mah 48.12 2730 24.58 46.60 32.79 20.61 1.20 0.40
G005116 R’mah 45.50 30.44 24.06 50.34 32.62 17.04 1.33 0.42
G005117 R’mah 46.27 32.17 21.56 50.78 31.86 17.37 1.29 0.35
G005118 R’mah 48.95 2491 26.13 47.52 32.23 20.24 1.52 0.33
G005119 R’'mah 48.11 26.49 2540 4594 34.23 19.83 1.31 0.35
G005120 Abba 4748 31.26 21.27 50.64 33.26 16.10 1.06 0.41
G005121 Abba 47.00 32.71 20.29 50.39 33.68 15.93 1.09 0.43
G005122 Abba 43.46 31.74 2480 47.13 32.54 20.33 1.01 0.42
G005123 Abba 45.74 3249 21.77 4779 33.06 19.15 0.96 0.42
G005124 Abba 4492 32.20 22.87 48.78 34.38 16.85 1.08 0.45
G005125 Abba 44.87 32.30 22.82 47.25 35.53 17.22 1.09 0.42
G005126 Abba 44.54 28.57 26.89 45.76 31.55 22.69 0.85 0.63
G005127 Abba 40.24  29.77  29.99 43.71 34.42 21.87 0.77 0.66
G005128 Abba 40.66 32.61 26.74 53.19 29.59 17.22 0.65 0.63
G005129 Abba 58.54 41.43 0.03 62.01 3797 0.02 1.01 0.56
G005130 Abba 45.06 30.08 24.86 50.09 26.91 23.00 0.91 0.51
G005131 Abba 36.99 38.03 2498 44.16 37.60 18.23 1.09 0.43
G005132 Abba 27.69 3399 38.32 38.36 34.88 26.76 1.10 0.25
G005133 Abba 35.76 30.42 33.82 42.65 30.98 26.37 0.73 0.36
G005134 Abba 33.25 35.25 3149 3713 39.81 23.05 3.49 0.38
G005135 Abba 31.75 34.89 33.37 39.50 36.65 23.85 2.55 0.40
G005136 Abba 32.57 3542 32.01 38.53 34.87 26.60 2.16 0.43
G005137 Abba 41.64 30.80 27.57 50.15 31.31 18.54 0.82 0.54
G005138 Abba 42.67 29.10 28.22 46.40 31.75 21.85 0.78 0.56
G005139 Abba 41.10 30.62 28.28 50.41 29.54 20.05 0.89 0.54
G005140 Abba 32.93 35.54 31.52 36.41 37.58 26.01 0.78 0.29
G005141 Abba 3595 31.89 32.16 41.51 33.46 25.03 0.70 0.38
G005142 Abba 34.73 34.01 31.26 41.70 34.99 2331 0.79 0.47
G003850 Abba 32.17 30.05 37.78 38.67 31.50 29.83 1.04 0.44
G003185 U.Shiranish 37.68 32.28 30.04 4256 35.59 21.85 1.28 0.49
G003188  U.Shiranish 38.17 30.17 31.66 42.56 35.03 2241 0.86 0.53
G003200 L.Shiranish 39.26 33.79 26.95 45.37 3145 23.18 1.39 0.72
G003211 L.Shiranish  35.61 31.32 33.07 32.59 40.29 27.12 0.14 0.76

Table 4.11: Saturate biomarker parameters for analysed rock extracts.
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Figure 4.47: Pr/n-Cy7; vs.Ph/n-Cig cross plot of the investigated rock sam-
ples.
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Figure 4.48: Ternary diagram showing the relative abundance of Cyy, Cog
and Cyg regular steranes in saturated hydrocarbon fractions of source rock
samples (R'mah in red, Shiranish in blue, and Tanf/Abba in green). A

distinction between Upper Cretaceous R’'mah and Shiranish source rocks is
relatively obvious.
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Figure 4.49: Ternary diagram showing the relative abundance of Cy;, Cog
and Csyg diasteranes in saturated hydrocarbon fractions of source rock sam-
ples (R'mah in red, Shiranish in blue, and Tanf/Abba in green).






Chapter 5

Discussion and Interpretation

5.1 Qil-0il Correlation

The correlation of crude oils with one another provides valuable tools for
helping the exploration geologists answer production and exploration ques-
tions and extend existing exploratory trends. Some of the most important
exploration questions are: Are these oils genetically related? Are there one
or more families of oils in a particular sequence? How are these oil fam-
ilies distributed across the study area? What are the potential migration
pathways? Are any of these oils related to potential shallower or deeper
accumulations? To what degree could these oil families mix among each
other?. Each family of oils represents one element of a distinct petroleum
system. By identifying the source rocks of each family, the drilling can focus
on prospects within the drainage areas of those sources. By using different
analytical techniques, the similarity or dissimilarity among oils might be
identified. In crude oil correlation, genetically related oils are differentiated
from unrelated oils on the assumption that the same source material and
environment of deposition produce the same oil. A biological marker com-
pound dominant in the source rock would be expected to appear in the oils
it generated. Therefore, a number of biomarker and non-biomarker param-
eters could be attributed to the task of differentiating the main oil families.

But most difficult is the problem of interpreting how an oil may change in

117
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moving from source to reservoir or how two crude oils of the same origin
may undergo different physical and chemical changes after accumulation.
The accumulated oils can be altered by secondary processes, such as matu-
ration, gravity segregation, water washing, biodegradation, and secondary
migration. In this study, a series of parameters are chosen to group oils that
are little affected by secondary factors. Depending on the sophistication of
analyses and statistical analysis methods, the oils fall into relatively dis-
tinct groups. Then, correlating these groups with available geological data
has been performed to derive the genetic relationships within the petroleum

system in the study area.

e Statistical Method Description:

Chemometric exploratory data analysis (EDA) is a statistical method
that employs many variables from many samples for elucidation and
interpretation purposes. It is a valuable technique in identifying hy-
drocarbon systems because the multivariate statistical analysis is deal-
ing with large numbers of variables all at once resembling each sample
as a point in space that has a number of axes equals to the numbers of
variables (Christensen et al., 2005a 2004; Peters et al., 2005). Fig.5.1
shows, for instance, a point in a three dimensional system. There are
several statistical techniques applied in order to classify crude oils to
genetic groups. Hierarchical Cluster Analysis (HCA) has been applied
for this study using Sirius Pro.7 software that has been developed

by Pattern Recognition Systems (PRS®)).

HCA depends on the principle of grouping the samples into distinct
subsets (called clusters) by calculating the distances between samples
for each variable. HCA displays the results graphically in a dendro-
gram structure. The dendrogram reveals the dissimilarity among the
objects in the subsets and the information can be used in the clas-
sification/discrimination analysis. The dendrogram consists of many
U-shaped lines connecting objects in a hierarchical tree. The height

of each U represents the distance between the two objects being con-
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Figure 5.1: Three-dimensional Equlidean space. The point (x,y,z) is deter-
mined; like every point in such system, by three coordinates X, Y, Z.

nected; therefore, the smallest U legs are the closest these two samples
(genetically) will be. The distance between each two samples is cal-
culated in a Euclidean space, which has as many dimensions (n) as
variables. In one dimension, the distance between two points on the
real line is the absolute value of their numerical difference. Thus if x
and y are two points on the real line, then the distance between them

is calculated in Eq.5.1:

(z—y)* =z -y (5.1)

The Euclidean distance between points a and b is the length of the
line segment ab . In Cartesian coordinates, if a=(ay, as,...,a,) and
b=(by, b, ..., b,) are two points in Euclidean n-space (where n is the

number of variables), then the distance from a to b is given by Eq.5.2:
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At the first stage of the study, 69 crude oils were available for geochemi-
cal analysis. Seven samples were too viscous to inject them into the GC-FID
apparatus, therefore, light hydrocarbons parameters were obtained only for
62 oil samples (the top 62 samples in Tab.4.2). It was the aim to reduce
the number of oils to be analyzed further using more specific techniques
(GC-MS, GC-MS-MS, and CSIA), therefore a clustering approach was used
to group the oils into main populations. Eight parameters based on acyclic
isoprenoids and light hydrocarbons (Pr/Ph, Pr/n-Ci7, Ph/n-Cig, heptanes
value, isoheptane value, paraffinity, aromaticity, and cabon preference in-
dex) have been used for this basic classification. It is clear that not all of the
parameters within the dataset are specific for only one kind of the process
that affect the crude oil composition (depositional environment, maturity,
biodegradation). The constructed HCA dendrogram is presented in Fig.5.2.
Principally, seven clusters could be identified in this tree structure.

Two or three of these clusters which are more or less compatible with the
geographical distribution could easily be recognized. For instance, oils of
cluster 1, which includes what is thought to be biodegraded oils (G002997,
G002998, and G002993), are distributed mainly on the northwestern part
of the graben (yellow diamonds in Fig.5.3). On the other hand the group
5 contains the most mature oils (G002982, G002980, and G002952), which
are located generally in the southeastern part of the study area (black dia-
monds in Fig.5.3). The loss of the light hydrocarbons like n-C7, MCH, and
toluene because of the storing conditions or other unknown circumstances
in samples G002972 & G002981 forced them to fall in the biodegraded oils
group which is not strictly correct because their gas chromatographic fin-
gerprints indicate a light hydrocarbon evaporation and not biodegradation
effect.

The sample G002959 (as a unique sample) is a strange case among the
rest as it has the lowest values of Pr/n-C7, Ph/n-Cig and the highest value
of the isoheptane ratio of 8.17 which indicates a very high maturity level,
but on the other hand it has the highest value of Pr/Ph. Therefore this

sample should be taken into account for further analyses. Nevertheless, this
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Figure 5.2: Dendrogram of light hydrocarbon parameters listed in Tab.4.2
for 62 investigated oil samples from the Euphrates Graben. Hierarchical
clustering distinguishes seven different groups of crude oils. Colored dots
represent the oil samples selected for further geochemical analysis.

classification is useful as a starting point to select a restricted set of oils
for biomarker and other geochemical analyses. Depending on the previous
results and clusters, thirty samples were chosen for further analyses. These
samples represent the noticed oil clusters concerning their geographical dis-
tribution across the Euphrates Graben area (see Fig.5.4).

Two samples (G002954, G002988) were selected from the group 7 be-

cause they belong to two different wells with very long distance between
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Figure 5.3: Geographic distribution of 62 oil samples representing the seven
general crude oil groups identified in the study area. Symbol colors coincide
with cluster colors illustrated in previous Fig.5.2.

them. Two samples (G002980, G002952) were selected from the same well
because the big difference in signature between them. Oils of clusters 3 and
6 are scattered along the main axis of the graben extended from southeast
towards northwest; samples from the middle and from the two edges of each
distribution band have been chosen to make sure about the signatures of
these subsets. The single G002959 sample was chosen as well. The last
three samples chosen were the proposed biodegraded samples (G002997,
(G002993, G003011) from cluster 1 to be sure about them and to determine
if they are biodegraded or if they were generated from immature source

rocks. The distribution of the selected samples is shown in Fig.5.4.

5.1.1 Oil Families: Classification and ldentification

Several geochemical analyses have been performed for these representative
30 oil samples. These analyses include GC-MS, GC-MS-MS, SIM-GC-MS,
and CSIA (see Chapter.3) in order to determine biomarkers, aromatic hy-

drocarbons, diamondoids and compound specific stable carbon and hydro-
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Figure 5.4: Geographic distribution of 30 oil samples which have been se-
lected for biomarker and stable isotope analyses. It is obvious that this
sub set of samples is very well representing the whole sample set not only
from the geochemical signature point of view but also from geographical
distribution pattern in the study area.

gen isotopes. Recapping the explanations made in the previous chapter
(Chapter.4), the oils are sourced mainly from marine organic matter and
range in maturity from early to late oil window. The highest maturity
oils are found in Post Judea Sand (Cretaceous), Doubayat and Khabour
(Palaeozoic) reservoirs. The lower maturity oils are located in Cretaceous
and Triassic reservoirs (Rutbah and Mulussa). Oils with biodegradation
appearance are found in shallow Miocene reservoirs (Dhiban, Euphrates,
and Jeribe). The oils appear to be derived from two different source rocks;
one, a clastic and the other, a carbonate based on information from the bulk
properties, gasoline range, diamondoids, and biomarker data. The classifi-
cation of oils into families is based on relationships apparent in their bulk
and molecular composition. Cross plots of various parameters are usually
of great use in revealing homologous suits of oils.

Moreover, chemometric analysis of source-related light hydrocarbons,

biomarkers and non-biomarkers data was based on 23 source- and age-
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related parameters for the 30 oils selected out of the whole sample set (see
Appendix.C).

It is may be worthy to mention that the pristane to phytane ratio has
been avoided to be used as a pure source-related parameter because of the
possible multiple sources of these isoprenoids, in addition to the effect of
maturity on this ratio and the ratios of isoprenoids over n-alkanes discussed
in sec.4.1.2. Distinct geochemical characteristics and Hierarchical Clus-
ter Analysis HCA resulted in three genetic families and subfamilies (see
Fig.5.5). The families have been termed; Family 1, Family 2A, and Family
2B. Geochemical properties of these oil families are listed in Appendix.C.

Geochemical features of Family 1 (blue in Fig.5.5) imply that its oil
samples are generated from clay-rich, high mature Silurian Tanf Formation
which contains hot shale beds equivalent to others found elsewhere in Middle
East and North Africa. Family 1 consists of four oils G002959, G002954,
(G002982, and G002988. These very light oils (API gravity>43°) have a high
pristane/phytane ratio (Pr/Ph >1.37) and their plot locations in Fig.5.6
indicate that their source rock was deposited under reducing conditions in
marine environment. Relatively low values of Pr/n-C}; and Ph/n-Cig are
attributed probably to the high maturity level of the source rock.

Age-diagnostic biomarkers (Fig.4.17 and Fig.4.19) are distinctive, signi-
fying that oil samples of this family were derived obviously from a different
source rock than the other oil samples. The Cog/Cog 53 sterane ratio is be-
low 0.7 for Family 1 oils pointing to the Palaeozoic source rock (Grantham
& Wakefield, 1988; Moldowan et al., 1985). The same conclusion is ob-
tained from 24/(244-27)-nordiacholestane ratio which has values less than
0.25 (Holba et al., 1998b). Although steranes and diasteranes are low, the
relatively high diasterane/regular sterane ratio for Cy; to Cog sterane im-
plies that these oils originated from a clay-rich clastic rock (see sec.4.1.3.2).
Fig.5.7 shows that Family 1 oil samples (blue triangles) are apparently dis-
crete from in the sample set being more rich in Cy9 sterane and diasterane
relative to other samples and located in a range of Palaeozoic sourced-oils

defined after (Grantham & Wakefield, 1988). This distinguishing sterane
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Figure 5.5: Dendrogram shows genetic relationships among oils based on
chemometric analysis of 23 source-related geochemical parameters (Ap-
pendix.C). Cluster distance is measure of genetic similarity indicated by
the vertical distance from any two samples on the bottom to their branch
point on the top. Family 1 (in blue) is probably generated from the Silurian
Tanf Formation. Oils from Family 2A (in green)are most likely attributed
to Upper Cretaceous source rocks.

signature of Silurian oils is also clear looking at the m/z 217 fragmentogram
presented in Fig.4.16, sample G002954 (Appendix.A contains all other gas
chromatograms).

As diamondoid-based source facies parameters, a cross plot of DMDI-1
versus DMDI-2 (Fig.5.8) distinguishes Family 1 oil samples (blue triangles)
as they plotted in the area of clay-rich source rocks, in contrast to other

oil samples which are probably derived from Upper Cretaceous carbonate
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Figure 5.6: Cross-plot shows Pr/n-Cy; against Ph/n-Cg for the different
families. Family 1 crude oils (blue triangles) have relatively low values of
Pr/n-Ci7 and Ph/n-C1g which are attributed probably to the high maturity
level of the source rock.

strata (Schulz et al., 2001).

Fig.5.9 shows a C7 oil correlation star diagram (C7OCSD) which is a mul-
tivariate plot in polar coordinates used to correlate both transformed and
primary oils based on source-related chemical differences (Halpern, 1995).

This diagram is used normally to differentiate types of oils because
the compounds used to calculate these parameters (C1 through C5) are
proved to be invariant within a family of oils (oils derived from the same
source rock), but have enough variance between oils from different families
(Halpern, 1995). These multi-branched heptanes are very resistant to the
effects of transformation. C1 through C5 parameters are calculated from
the following equations based on the multi-branched heptanes (together are

known as P3) are very resistant to the effects of transformation (Mango,

1990b):

C1 = 2,2 — dimethylpentane/ P3 (5.3)

C2 = 2,3 — dimethylpentane/ P3 (5.4)



5.1. OIL-OIL CORRELATION 127

Family 1
Family 2A 010
Family 2B

0 20 40 60 80
% C,, diasterane % C,, sterane

Figure 5.7: Ternary diagrams of Cy7, Cas, and Cyg sterane and diasterane
composition for analysed oils based on MRM-GC-MS-MS. The identified
three oil families are clearly distinguished. Dashed lines are only for visual
reference.

C3 = 2,4 — dimethylpentane/P3 (5.5)
C4 = 3,3 — dimethylpentane/P3 (5.6)
Cb = 3 — ethylpentane/P3 (5.7)

where P3 = 2,2 - dimethylpentane + 2,3 - dimethylpentane + 2.4 -
dimethylpentane + 3,3 - dimethylpentane + 3 - ethylpentane. Silurian-
originated crude oils (blue lines) are found to be clearly different from Cre-
taceous crude oils (green lines). Halpern (1995) could differentiate Silurian
from Jurassic oils in one petroleum system of Saudi Arabia.

In contrast to Family 1, all other oil samples (family 2 generally) are
characterized to be generated from Upper Cretaceous source rocks (R’'mah
and Shiranish). Crude oil samples of this family have Cyg/Cag sterane age-
diagnostic biomarker values above 0.7 (Fig.4.17) referring to Cretaceous
and younger source rocks. Similarly, 24/(24+27)-nordiacholestane ratio for
family 2 oils (Fig.4.19) also in the range of Cretaceous origin. In terms of
source rock lithofacies and maturity, oils of family 2 could be subdivided into
two sub-families 2A and 2B (green and red samples in Fig.5.5; respectively).
Small variations could be observed between both families 2A and 2B as both

Upper Cretaceous source rocks (R'mah and Shiranish) are mainly carbonate
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Figure 5.8: Cross-plot of dimethyldiamantene index DMDI-1 versus DMDI-
2 (see equations Eq.4.1 and Eq.4.2 for identification) illustrates that Silurian
oils (blue triangles) are identified to originate from a clay-rich source. Some
oils from Family 2B (red circles) are located below the dashed line referring
to a clear input of clay-rich source to these basically calcareous oils.

and have very similar features. Fig.5.6 shows that Family 2B oils (red dots)
originate principally from marine type II organic matter while Family 2A
oils (green diamonds) have both IT and mixed II/III organic matter which
could be in agreement to Upper Shiranish Formation as it contains a small
terrestrial organic matter contribution. Two of the red dots on the most left
hand side (G002952 and G002980) have the lowest values of Pr/n-C17 (0.35
for both) and Ph/n-Cig (0.27 and 0.29, respectively) in family 2 oils coming
close to the Silurian oils maturity range. Sterane and diasterane ternary di-
agrams (Fig.5.7) illustrate a nice separation between two Upper Cretaceous
subfamilies as the oil samples of Family 2A have more Cyg steranes relative
to Family 2B oils which are more affluent in Cy; steranes (see Appendix.C).
Diasterane over sterane ratio ranges from 0.15 and 1.04 for Family 2A oils

and it is in the range of 0.33 - 1.40 for oils of Family 2B indicating to a
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Figure 5.9: C7 oil correlation star diagram (C;OCSD) clarifies the distin-
guishable signature of Family 1 crude oils (blue lines) from the Family 2A
(green lines) and Family 2B (red lines) oils. It can be recognized that red
lines are in an intermediate state between blue and green ones implying the
assumption for red-colored oils to be a mixture from Silurian and Upper
Cretaceous source rocks.

slight variation in maturation degree (see Appendix.C). Fig.5.8 shows that
all members of Family 2A (green diamonds) are in the area of carbonate-
rich source rock as defined from the facies-related diamondoids parameters.
At the same time some oils from Family 2B are located near to Silurian oils
in the clay-rich part raising the point about their real origin if it is pure
Cretaceous or has contribution of Palaeozoic shale to some extent. Red and
green polygons in Fig.5.9 are almost identical regarding the general frames
which imply principally similar origin of the Upper Cretaceous source beds
in contrast to Silurian one for blue shapes (Family 1). But, on the other
hand, a small shift could be observed pointing to different signatures with

respect to source-facies or maturity.
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5.1.2 Oil Families: Maturity Variations

In terms of thermal maturity, it is obvious that Silurian source rocks should
be highly mature relative to mature Upper Cretaceous source rocks as they
are buried deeper. In this framework, oils originating from the Silurian Tanf
Formation are signifying the signature of high maturity in several biomarker
and non-biomarker maturity parameters. One plot of the very good exam-
ples of these parameters is shown in Fig.5.10. Diamondoids, as discussed in
sec.4.1.4, are light hydrocarbons which are very sensitive to thermal mat-
uration and therefore could be used as a very good molecular proxy for
evaluation the maturity extent of crude oils. It is believed that the concen-
tration of these cage-like compounds increases with increasing the thermal
stress easily because of the cracking of heavy compounds into lighter ones.
Fig.5.10 illustrates that oils of the Silurian family (blue triangles) have the
highest amounts of diamondoids indicating high maturity. On the other
hand, green diamonds representing the Family 2A oil samples are located
in the lower left corner as they originate from source rocks lower in maturity.
Interestingly, some oils (G002980, G002952, G002960, and G002981) from
Family 2B plot close to the Silurian oils referring to a maturation degree
higher than other members of the family. This observation is in agreement
with other parameters (such as Pr/n-Ci; vs. Ph/n-Cig in Fig.5.6, dia/reg
steranes, C;OCSD in Fig.5.9, facies-related diamondoids in Fig.5.8) regard-
ing the idea of a co-sourcing possibility for these oils from Silurian and
Cretaceous source rocks. Additionally, as discussed later on, the geograph-
ical locations of these oils near to the distribution of crude oils of Family 1

could support the hypothesis of mixed oils presence in the study area.

5.1.3 Oil Families: Stable Isotopic Composition

The molecular composition of crude oils shows that three subsets of sam-
ples differ clearly regarding source rock organofacies, lithofacies and thermal
maturity. Determination of stable carbon and hydrogen isotopic composi-

tions of oils at the molecular level is rapidly becoming a powerful tool for
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Figure 5.10: Cross plot based on diamondoids concentration illustrating the
maturity variation of identified oil families.

the accurate definition of petroleum systems through better constrained
oil-oil and oil-source correlation. The discussion below is to see to which
extent the isotopic composition of crude oils is compatible with the obser-
vations obtained from the molecular composition. As illustrated earlier in
sec.4.1.6, carbon and hydrogen isotopic signatures are variable within the
studied samples. The carbon isotopic composition of light hydrocarbons
and acyclic isoprenoids seem to be not so distinguishing to be a valuable
tool for discrimination of the oils. In contrast, hydrogen isotopes could give
distinctive information for oil families classification purpose. Li et al. (2001)
have investigated isotopically crude oils from western Canada sedimentary
basin WCSB. They have observed that a special depositional settings and /or
minor contribution of terrestrial organic matter are responsible for a shift
towards a lighter hydrogen isotopic composition from Palaeozoic to Upper
Cretaceous oils. Besides, thermal maturity does have significant effects on
0D values of n-alkanes causing an enrichment of D in more mature crude

oils, because of isotopic exchange of D-depleted organic matter with forma-
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tion waters that are relatively D-enriched (Li et al., 2001). Fig.5.11 shows
the hydrogen isotopic composition of n-alkanes for identified oil families.
One can easily detect that oils of Family 1 are less negative in 6D values
relative to Family 2A which could imply a high maturity of the associated
source rock (Silurian Tanf Formation). At the same time it seems to show
that Family 2A originates from a source rock with a slight terrestrial input
(Upper Cretaceous Shiranish Formation). Some oils from Family 2B have
relatively same maturation degree as the Silurian oils.

Carbon number
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Figure 5.11: Hydrogen isotopic profiles of n-alkanes from n-Cg to n-Cyg for
different oil families, where Family 1 in blue, Family 2B in red, and Family
2A in gray.

Fig.5.12 illustrates the plotting of dD against §'3C values of different
compounds (n-C7, n-Cig, n-Cy5, n-Cy, Pristane, and Phytane). The dis-
crimination between Family 1 (blue triangles) and Family 2A (green dia-
monds) is more significant and recognizable for heptane (n-C7) than for
other aliphatic hydrocarbons which could be attributed to the considerable
effect of thermal maturity on short chain hydrocarbons in comparison to

longer chain hydrocarbons. It has been observed that secondary oil mi-
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gration does not appear to have any significant impact on hydrogen iso-
topic signature of light hydrocarbons in contrast to thermal maturity do
(Li et al., 2001). This could imply that oils derived from Silurian and Up-
per Cretaceous ages still keep valuable signatures of the hydrogen isotopic

compositions of source organic matter.
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Figure 5.12: Cross plots of 6D versus §'3C values for dofferent hydrocarbons
n-Cy, n-Cig, n-Cis, n-Cy, Pristane, and Phytane.

Interestingly, Family 2B oils (red circles) are always located between
Family 1 and Family 2A which strengthens the interpretation that these

oils are more mature than Family 2A members. This maturity variation
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is one of the key elements to subdivide the family 2 into two subfamilies.
Different maturity of the oil families is also observed from calculating the
offset in 6D values between acyclic isoprenoids (pristane and phytane) and
n-alkanes in Fig.4.40 where G002959 sample represents Family 1, G002963
oil represents Family 2B, and G002973 represents Family 2A.

Two isoprenoid hydrocarbons (pristane and phytane) have been chosen
to assess the impact of source and maturity on hydrogen isotopic signature of
identified oil families as these compounds are relatively resistive to isotopic
fractionation effect caused by secondary alteration processes. Fig.5.13 shows
the plot of pristane versus phytane 6D values for the identified oil families.
Family 1 oil samples are obviously separated from Family 2A by having
heavier hydrogen isotopic values pointing to different source rock features.
Crude oils of Family 1 originate probably from more D-enriched organic
matter relative to Family 2A. In other words, Family 1 oils were generated
from a source rock (Silurian strata) more mature than that of Family 2A
(Upper Cretaceous strata). The interpretation of this variation in pristane
and phytane 0D values as more influenced by maturity should be proved by

another way:.
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Figure 5.13: Cross plots of pristane versus phytane 6D values.
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Fig.5.14 shows a cross plot of pristane 0D values versus the sum of
adamantanes as a good indicator to maturation level. Family 2A crude oils
show a very good linear correlation close to a horizontal line indicating that
there is no difference in maturation level for the members of this family, as
no significant difference is present in diamondoids concentration. Therefore,
the variation in hydrogen isotopic compositions is attributed to different
organofacies within the source rock. On the other hand, crude oils of Family

1 and Family 2B are showing nice exponential trends due to heavier 6D

values with increasing maturity.
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Figure 5.14: Cross plots of pristane 0D values versus sum of adamantane

concentration.

Interestingly to signify that both Silurian and Upper Cretaceous fami-
lies have such limits for hydrogen isotopic signatures would not be exceeded
whatever the maturity reaches. These values could be called as ”equilib-
rium limits”. This recognized onset is about -80 %o for Silurian oil family
and about -115 %o for Upper Cretaceous oil families (see Fig.5.14). A pos-
sible explanation for this is the influence of equilibrium isotope-exchange

reactions between organic matter and the formation water associated with

source rocks.
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5.1.4 Oil Families: Geographic and Stratigraphic Distri-

bution

The geographic occurrence of oil families identified in the study area is
demonstrated in Fig.5.15. The Silurian crude oils of Family 1 (blue dots)
concentrated mainly in the southeastern part of the Euphrates Graben. Oils
represented by samples (G002959 and (G002954 are produced from the Cre-
taceous Post Judea Sand (PJS) reservoir and G002982 from the Palaeozoic
Upper Doubayat reservoir (see Appendix.C). One oil sample (G002988) in
the northwestern part is attributed to the shallow Miocene Jeribe reser-
voir. Family 2A, which is thought to originate from Upper Cretaceous
source rocks (possibly Shiranish Formation), is distributed in the central
part along the graben axes from southeast to northwest (green dots). Reser-
voirs with Family 2A oils are found in different stratigraphic horizons. Two
oils samples (G002968 and G002975) in the south are produced from Palaeo-
zoic reservoirs (Lower Doubayat and ICD, respectively). In contrast, three
other oil samples (G002993, G002997, and G003011) in the north are pro-
duced from shallow Miocene Lower Fares, Jeribe, and Dhiban reservoirs
(see Appendix.C). All other crude oils in the central element are produced
from Cretaceous reservoirs (Rutbah, Mulussa F, and Lower Shiranish). In-
terestingly, the younger age and shallower depth of the reservoirs towards
northwest gives a hint about the migration pathways of oils in this specific
family:.

Family 2B oil samples, which are probably generated from the Upper
Cretaceous R’'mah Formation, are located mainly in the northeastern mar-
gin of the graben and produced from Cretaceous sediments (Lower Rut-
bah and PJS). Three crude oils are situated, however, in the southern
part namely G003017 (Palaeozoic Doubayat reservoir), G003009 (Creta-
ceous Rutbah pool) and G002960 (Cretaceous Erek accumulation). It is
interesting to see that some oils (G002981, G002952, and G002980) are
produced from the same wells or wells close to those which produce oils

from Silurian source rocks. These oils have significantly higher maturation
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Figure 5.15: Geographic distribution of the main genetic oil families in

the Euphrates Graben. Numbers near dots represents the oil samples code
GO0xxxx (e.g. 3017 is G003017)

levels than other oils in Family 2B (see Fig.5.10 for instance). Moreover,
these oils have signatures of clay-rich source rocks (see Fig.5.8) which are
not so common in Upper Cretaceous source rocks. This might raise a ques-
tion mark about the possibility of oil mixing between Silurian and Upper
Cretaceous sources for these crude oils. In this context it is also remarkable
that two oils (G002959 and G002961) produced from the same well but hav-
ing totally different oil signatures and fall in two different oil families. Other
examples are samples G002974 and G002982 which are produced from two
wells in the same area but which have different oil compositions.

This highlights the key role of the very complicated tectonic and geo-
logic structures of the Euphrates Graben in controlling the locality of the
reservoirs and oil families distribution across, but also migration pathways

in the study area.
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5.2 Oil-Source Rock Correlation

In the previous sec.5.1 evidence has been provided indicating that there are
two distinct families of oils in the study area. Both have been sourced by
separate and relatively unique source rock intervals. The potential source
rock suggested for Family 1 oils is the Silurian Tanf Formation. Upper
Cretaceous source rocks are the main source of oils of the main family 2.
The subdivision of this family into two subfamilies 2A and 2B was due to
slight differences in source rock facies and some variations in the maturation
level of oils. Therefore, it is supposed that the Shiranish Formation could
be the main source rock of Family 2A, and that the R’'mah Formation is

the main contributor to Family 2B.

5.2.1 Source Rock Distribution

Before making the routine oil-source rock geochemical correlation, it is wor-
thy to have a look at the regional distribution of the potential source rocks
across the study area and see to which extent this distribution fits to the
occurrence of the oil families shown in Fig.5.15. A compilation of the oil
families distribution as have been expected from oil-oil correlation and the
possible distribution of possible source rocks in the study area is provided
in Fig.5.16.

The probable distribution of the Silurian Tanf Formation has been ob-
tained from the literature (Luning et al., 2000; Serryea, 1990). Here one
should keep in mind that the real distribution of Lower Silurian Hot Shales
is still controversial and that there is no ultimate definition about the ac-
curate spread of this formation. But, as the equivalent Hot Shales found
elsewhere in the Middle East and in North Africa, these organic-rich shales
are not found everywhere in the study area even if the Lower Silurian strata
are present. At the same time, it is generally accepted that there is no pres-
ence of the Silurian Tanf Formation in the central part of the graben. The
confirmed existence of this formation is the southeast and northwest of the

Euphrates Graben. In this context, it is interesting to see that the Family
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Figure 5.16: Figure shows a combination of the distribution of identified
oil families and the probable spread of potential source rocks across the
study area. Very good correlation is obvious between the oil families and
the probable associated source rocks.

1 oil samples are found exclusively in these two marginal parts fitting to
the possible distribution of the associated potential source rock. Family 2A
crude oils are supposed geochemically to be generated from the Upper Cre-
taceous Shiranish Formation. This potential source rock distributes over
the study area and reaches the highest thickness and depth in the central
part along the graben axes. The rifting process during the Upper Creta-
ceous ceased in the late Maastrichtian period during the deposition of the
Upper Shiranish Formation. This caused a maximum burial of the Shiran-
ish Formation in the central part of the graben and resulted in a thermal
maturity to generate oil. This coincides to the presence of Family 2A crude
oils in the central part of the graben. The Upper Cretaceous R’'mah For-
mation is not present in the whole region, but is preserved mainly in the
northeastern margin and in some areas in the southern sector (see Fig.5.16).

The distribution pattern matches the distribution of Family 2B crude oils.
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5.2.2 Geochemical Oil-Source Rock Correlation

Based on geochemical characteristics of the crude oils analysed (sec.5.1), it
has been inferred that Family 1 oils were generated from a high mature clas-
tic Palaeozoic source rock which is the Silurian Tanf Formation as a unique
strata fitting these source features. Oil samples of families 2A and 2B were
proven to be generated from mature carbonate rocks Upper Cretaceous in
age. The two potential source rocks R’'mah and Shiranish Formations, have
relatively similar source traits and thermal maturity level. Therefore, un-
certainties remain whether the oil was derived from the R’'mah or Shiranish
Formation. An attempt to use some geochemical parameters to correlate
between oils and the potential source rocks is offered in the following lines.
As discussed in sec.4.2 the Silurian rock samples are unfortunately not rep-
resentative for the whole organic matter-rich Silurian sequence. Therefore
the following oil-source correlation will exclusively compare Upper Creta-
ceous R'mah and Shiranish rock samples with crude oils of Family 2A and
2B. Geochemical correlation between source rock extracts and crude oils
relies upon establishing similarities in the composition or properties of the
crude oil and extracts which indicate common points in the genesis of the
samples. The major difficulty of the correlation task is that the major-
ity of parameters used for correlation purposes are influenced by maturity.
Some biomarker parameters have been selected to establish the oil-source
rock correlation in this study. Fig.5.17 shows a cross plot of Pr/n-Ci7 ver-
sus Ph/n-Cyg which is typically used to predict the nature of the original
organic material and the stage of diagenesis of the system.

There is a quite good correlation between, on the one hand, Shiranish
source extracts and Family 2A oil samples and, on the other hand, between
R’'mah extracts and Family 2B oil samples. There is an overlay between
oil families which could be expected as the potentially associated source
rocks having similar features. But a slight difference can be really observed
between Shiranish- and R’'mah-sourced oils. R’mah source extracts have

lower values of the isoprenoid over n-alkane ratio which could give the im-
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Figure 5.17: Plot of pristane/n-Ci; vs. phytane/n-Cig for oil samples of
Family 2A and Family 2B and associated potential source rocks (Upper
Cretaceous Shiranish and R’'mah).

pression being slightly more mature than Shiranish rock samples, but this
is not confirmed from Rock-Eval analysis data (see Tab.4.9).
Biomarker-based correlation plots are shown in Fig.5.18 and Fig.5.19
where triangles of Cy;, Cos and Cyy regular sterane and diasteranes are
shown. The crude oils of Family 2A show Cy7, Cos and Cag regular sterane
and diasterane distributions similar to those of the Shiranish rock extracts.
Similarly, R’'mah source rock extracts correlate very well to Family 2B crude
oils (red circles). This could imply that the Family 2A oils are derived from
Shiranish Formation and R'mah source rocks are probably responsible for
generating crude oils of Family 2B. These implications are in agreement

with what has been observed previously.

5.2.3 Possible Oil Migration Pathways

The determination of migration fairways in the study area is based on the
integration of the geochemical data with regional stratigraphic and struc-
tural features in this area. At this point one should signify that the Eu-

phrates Graben is a complex tectonic structure with numerous fault systems
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Figure 5.18: Ternary diagram showing the relative abundance of Cy;, Cog
and Cyg regular steranes in saturated hydrocarbon fractions of oils (families
2A and 2B) and extracted source rocks (R'mah and Shiranish).

in different directions. The main families of fault trends in the Euphrates
Graben contain the following directions (Anton Koopman, personal com-

munication):

e N -StoNNE-SSW

WSW - ENE (Palmyride trend)

e W-E

WNW - ESE to NW - SE (basic Euphrates trend)

NW - SE to NNW - SSE (Mesopotamian trend)

This numerous tectonic directions and related features complicate the
analysis of the primary migration and/or the secondary oil migration path-
ways from the source to the reservoirs and even the tertiary migration from
main to secondary reservoirs. In this framework, a simple and modest at-
tempt to investigate the potential migration fairways is presented in this

study. As there are three oil families identified in the Euphrates Graben,
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Figure 5.19: Ternary diagram showing the relative abundance of Cy7, Coag
and Cy diasteranes in saturated hydrocarbon fractions of oils (families 2A
and 2B) and extracted source rocks (R'mah and Shiranish).

models of potential migration pathways for each identified oil family are
presented.

Fig.5.20 shows one kind of trap configuration in the Euphrates Graben
when the syn-rift R'mah Formation is the main source rock and the reser-
voirs are attributed to the top of pre-rift Early Cretaceous deposits. In the
northeastern margin of the graben where the R’'mah Formation is most likely
the main source rock, the generated oils (Family 2B members) migrate lat-
erally into the Lower Cretaceous reservoirs (e.g. Rutbah, L.Shiranish, and
Erek).

The accumulations of Family 2A crude oils are attributed to different
horizons from the Mesozoic (G002969, G003973 and G002965) in the cen-
tral section into Miocene reservoirs (e.g. G002993, G002997 and G003011)
in the northwestern element. This could also imply lateral migration from
the southeast towards the northwest as the reservoirs are becoming shal-
lower in this direction. Moreover, tar sands and oil seeps occur in the Bishri
block just on the northwest of the western-most oil field in the study area

(where G002993 and G002997 oil samples are coming from). Additionally,
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Figure 5.20: Schematic sketch shows the possible migration routes of Family
2B from R’mah source rock to the accumulations.

some changes in the molecular composition of the crude oils found in the
Miocene reservoirs might be an indication to re-migration of crude oils from
deeper reservoirs (see Fig.5.21). These changes include the loss of light hy-
drocarbons and relatively big hump (or unresolved complex mixture UCM)
as seen in whole oil gas chromatograms e.g. Fig.4.7

G002997 and G002993 oil samples, for instance, are produced from the
Miocene Jeribe reservoir and have the same genetic properties as other oils
found in the Cretaceous reservoirs (e.g. G002995 and G02969). The possi-
ble explanation is due to the Tertiary inversion of this area which is in close
relation to the formation of Palmyride Foldbelt. As a consequence the seal
and the carbonates above the Cretaceous accumulations have been frac-
tured and led to re-migration of oil from the Cretaceous reservoirs into the
Miocene ones through the near-vertical, north-east trending faults (Litak
et al., 1997).

G002975 and G002968 oil samples are produced from Palaeozoic reser-
voirs (Infra Carboniferous Dolomite ICD and Lower Doubayat, respec-
tively), and have Cretaceous source signatures. Migration pathways are
probably due to tectonic forces which resulted in a juxtaposition between
the Upper Cretaceous source rock and the Palaeozoic reservoirs (Litak et al.,

1997).
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Figure 5.21: Schematic sketch illustrates the potential secondary migration
pathways of Family 2A crude oils from the source rocks into the main reser-
voirs and the re-migration from Cretaceous into the Miocene accumulations.

As shown earlier (see sec.5.1), there are some oil samples attributed to
Family 2B which have a clear signature of a Upper Cretaceous source, but
that are significantly higher mature than their counterparts. Additionally,
these oils (namely G002981, G002952, and G002980) are located in the
southeastern part where the Silurian oils are found. This could imply a
mixing potential between Silurian and Upper Cretaceous oils to form some

Family 2B crude oils.
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5.3 Oil Mixing Potential

Based on numerous molecular geochemical parameters and stable isotopes,
oil-oil correlation (sec.5.1) in the Euphrates Graben Petroleum System has
shown that there are primarily three oil families in the study area. The Fam-
ily 1 oil samples originate from the Silurian Tanf Formation source rock and
its oil samples are found principally in the southeastern part of the study
area (Fig.5.15). The remaining oil samples are belonging to Family 2 which
are derived from Upper Cretaceous source rocks. Oil-source rock correla-
tion (sec.5.2) between the oils of Family 2 and the known Upper Cretaceous
source rocks (R'mah and Shiranish Formation) has supported the assump-
tion that this family can be subdivided into two subfamilies. Family 2A,
which is concentrated in the graben centre, has signatures attributed to the
Shiranish Formation and Family 2B is most likely generated from the R’'mah
Formation and its oils occur mainly on the northeastern margin (Fig.5.16).
Some source- and maturity-related parameters showed that a number of
oil samples from Family 2B do not fit totally to the source rock signatures
of Upper Cretaceous. (G002952, for instance, has a value below 0.25 for
the 24/(244-27)-nordiacholestane ratio (Fig.4.19) which points to contri-
bution from a source rock older than Jurassic in age. Diamondoid-based
facies related parameters (Fig.5.8) show that certain oil samples (G002952,
G002980, G002960, G002961 and G002974) have a clay-rich source rock
signature which does not fit totally to Upper Cretaceous carbonate source
rocks. From the maturity point of view, some oil samples (e.g. G002952,
G002960 and G002980) identified as Upper Cretaceous oils have clearly a
higher maturity level than the others (Fig.5.10) raising the question about
the reasons behind that. One could explain it as these oils have been gen-
erated from different source rock horizons (which could be rich in clay) and
during different stages of maturation of Upper Cretaceous source rocks.
But this explanation leaves open questions as the Upper Cretaceous source
rocks did not reach that high level of maturation during oil expulsion and,

additionally, the localities of these oils are in certain parts (southeastern
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section) , but not all over the study area. The assumption, which might
be more reliable and truthful, is that these oils are mixtures between Sil-
urian and Upper Cretaceous oils. To proof the validity of this hypothesis,
one should first be aware about the petroleum mixing in general and what
has been done previously in this field. All petroleums are essentially mix-
tures of compositionally different pooled oils derived from the source rock(s)
at different temperatures (Wilhelms & Larter, 2004). Consequently, when
there are multiple source rocks in a sedimentary basin charging traps, then
two regimes of mixed oils could be found: (1) in-reservoir mixed oils de-
rived from the same source rock but at different maturity stages and (2)
in-reservoir mixed oils originated from different source rocks (Wilhelms &
Larter, 2004). Several studies have attempted to analyze and identify the
mixing problems in different approaches. First studies applied the ”oil fin-
gerprinting” to predict the mixing and commingled features between oils
(Hwang et al., 1994 2000; Kaufman & Ahmed, 1990). Peters et al. (1989)
have used the carbon isotopic composition of the oil and source rock ex-
tracts to evaluate the mixing between Jurassic and Devonian hydrocarbons
in Beatric Basin, UK. Source-, age- and biodegradation-related biomarkers
have been applied to distinguish and recognize oil mixing in some Scot-
tish (Peters et al., 1999b), Colombian (Dzou et al., 1999), Lioahe Basin
(Koopmans et al., 2002) and Williston Basin (Jiang & Li, 2002) oil fields.
Others used the aromatic hydrocarbons in order to determine the oil mix-
ing potential (Arouri & McKirdy, 2005; van Aarssen et al., 1999). The
artificial mixing of typical end-member oils is used by several researchers
to solve the potential oil mixing issue employing the mixing curves to as-
sess the contribution of each source rock to the mixed oil (Chen et al.,
2003b; Zhang et al., 2003). Mathematical calculations based on whole-oil
carbon isotopic compositions and absolute concentrations of selected alka-
nes and biomarkers were also applied to solve oil mixing and commingled
problems (McCaffrey et al., 1996; Peters, 1986a; Zhang et al., 2003). In
this study, as already presented, there are three oil families indicating three

source rocks in the study area. The proposed petroleum mixing matter is
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involved with oils found especially in the southeastern part where signa-
tures of different source horizons have been observed. These oil samples
are: (002952, 002960, G002961, G002974, G002980 and G002981 (see
Fig.5.15 for locations). The most critical and important step in dealing
with the oil mixing subject is the reasonable and logical identification of
the end-members which will be the key elements of the mixing evaluation
processes. The end-members are representing oils generated from the main
source rocks in the study area. As no well-representing source samples (es-
pecially for Silurian source) are available for the main source rocks, another
approach will be considered in defining the end-members. Since three main
oil families were identified, it is acceptable and sufficient to pick-up three
oils which reflect their sources very well. Some oils have been avoided to be
selected as end-members as those supposed to be influenced by biodegrada-
tion or evaporation. The selected end-members are G002954 for the Silurian
(Family 1) oils, G002973 for the Shiranish oils (Family 2A) and G002964
for the R’'mah oils (Family 2B). Mathematical calculations based on abso-
lute concentrations, specific hydrogen and carbon isotopic composition of
selected alkanes and isoprenoids are applied. It has been concluded from
several studies that the interpretation of source and maturity of mixed oils
with biomarker ratios does not accurately reflect the mixtures due to the
varying component concentrations in the end-members (Jiang & Li, 2002;
Wang & Stout, 2007; Wilhelms & Larter, 2004). Therefore, the use of
the concentrations of light hydrocarbons and isoprenoids, which will have
similar order of magnitude concentrations in most oils, is the most reliable
mean of detecting the compositional differences in reservoir geochemical set-
tings in many petroleum systems (Wang & Stout, 2007; Wilhelms & Larter,
2004). To build the mathematical matrix used to calculate the proportion of
each end-member to the mixed oil, absolute concentrations and compound
specific isotope data for end-members (Tab.5.1) and proposed mixed oils

(Tab.5.2) have been used.
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End-members
Source Tanf Shiranish R’mah
Sample G002954 G002973 G002964
Compound ppm %0 ppm Y%0 ppm Y%0
n-C1s 5267.95 -92.81 6716.10 -139.28 7032.22  -89.69
-28.18 -30.01 -28.52
n-C1g 4594.02  -87.35 6287.83 -137.84 6795.63  -91.31
-28.47 -29.68 -28.32
n-C7 4042.74  -85.82 5908.16 -135.73 6054.74  -87.76
-27.83 -30.49 -28.01
Pr. 1203.06  -90.56 4785.31 -168.16 2772.21 -123.37
-27.58 -31.19 -27.84
n-C1g 3361.70  -86.74 5325.88 -130.19 5585.36  -86.95
-27.82 -30.06 -28.05
Ph. 652.07  -120.01 3844.83 -162.29 3689.92 -123.44
-28.01 -30.56 -28.41
n-Cig 3188.86  -86.75 5707.77 -131.42 545498  -91.91
-27.76 -29.57 -28.28
n-Cog 2399.53  -85.80 4689.86 -129.42 4584.79  -87.52
-29.16 -29.66 -27.95
n-Coq 2040.77  -90.33 4395.46 -135.65 3961.52  -92.25
n-Cogy 1628.20  -90.88 4536.44 -127.64 3480.62  -92.33
n-Cos 1382.90  -93.55 4024.89 -131.27 2656.72  -84.23

Table 5.1: The concentration (ppm), carbon and hydrogen isotopic values
(%o) for each compound in the three end-members.

The concentrations of n-alkanes in the range from n-C45 through n-Cos
and pristane and phytane were used after the normalization to the minimum
concentration values. The normalized concentration values are obtained by
dividing the concentration of each compound by the lowest concentration
of that compound in the sample set. Using a multivariate linear method,
the fitting matrix can be expressed as follows (Fig.5.22):

In which X, refers to the normalized concentration value multiplying
by the isotopic composition of each compound in the different end members,
Y, refers to the normalized concentration value multiplied by the isotopic
composition of each compound in the mixed oils, and f,, refers to the con-
tribution factor of each class of crude oil. If the mixed oil came only from
some combination from the three sources, then the relative contributions
from the three end-members could be readily determined (matrix M in

Fig.5.22) because

M = [GGT)7*G"d (5.8)
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(X1 X2 Xz X | Y Yy
X X Xz -0 Xy f Ys
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{ ] J o\ )
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Figure 5.22: The theoretical structure of matrices used for mixing calcula-
tions, where G resembles the main matrix includes data of the end-members,
d refers to the data of proposed mixed oil, and f is the proportion of each
end-member in the mixed oil.

where the G is the transpose of matrix G. However, it should be con-
trolled by the following conditions: the number of potentially certain sources
cannot exceed the number of compounds used to construct the fingerprint
of each oil, in other words, the number of variables (end-members) must be
less than or equal to the number of equations (compounds). If the number
of rows (compounds) is less than the number of columns (end-members),
then no solution can be identified. However, the form in which the equation
(Eq.5.8) is written does not allow the number of end-members to exceed
the number of compounds. Tab.5.3 shows the matrices used for theoretical
calculations. Eq.5.8 can be readily solved using the built-in functions in
Microsoft EXCEL, as described in Appendix.D.

To test the validity of this approach, a test has been made for an oil
sample attributed to Silurian oil family (G002982). Fig.5.23 shows that the
Silurian portion in this oil is almost 99% (blue track) which is fully in
agreement with the geochemical observations.

Results of the theoretical calculations of six proposed mixed oils are
illustrated in Fig.5.24, most of the mixed-proposed oils have proportion
from Silurian source of about 50% and more (except G002981 which has
a value of 38%). This supports the hypothesis of the mixing potential of

these oils between Silurian and Upper Cretaceous origins.
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G002982

mTanf  Shiranish ®R'mah

Figure 5.23: Calculation result when applied for a (pure) Silurian oil.

(G002952 and G002980 have the highest calculated Silurian contribution
91 % and 81% , respectively. Both oil samples are attributed to the same
producing well but from two different reservoirs. The calculated Silurian
contributions to G002960, G002974, G002961 are also significant (68 %,
64 %, and 49%, respectively). G002961 is coming from the same well as
G002959, which is considered as a Silurian-sourced sample, but from another
accumulation. Interestingly, the calculation results show that the propor-
tion of Shiranish Formation into mixed oils (yellow sectors in Fig.5.24) is
very low ranging from 0-4% which is fully logical and in agreement with
previous conclusions that Family 2B oil samples are most likely generated
from Upper Cretaceous R'mah Formation. From what has been presented
in this section one could conclude that the petroleum mixing can play a
significant role in defining the hydrocarbon composition of oils produced
in the Euphrates Graben especially in parts where both source rocks occur
(e.g. in the southeastern sector). Therefore, it is strongly recommended
to perform an artificial mixing experiment to get a better assessment of
the petroleum mixing. These observations could imply an important hint
to the exploration efforts in the study area. Today target of new drilled
production wells are the well-known Cretaceous and Triassic accumulations
as most of the oils produced in the area are trapped in these reservoirs.

But considering the possible migration from the Silurian Tanf Formation
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G002952 G002960
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Figure 5.24: Mixing calculation results for proposed mixed oil samples (for
oil sample locations see Fig.5.15).

upwards especially where mixing oils are found, one could expect new oil
reserves in horizons older than Triassic or eventually younger with mixing

background.

The apparently successful application of this new approach in defining
oil mixing potential in study area can have promised implications in oil

industry and research. In more general sense this approach can be applied
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in different petroleum systems to identify the petroleum mixing between
two or more source rocks. The advantage of this approach that there is
no need to have samples from the associated source rocks to get reliable
results about the mixing potential among several oil families. But at the
same time the logical and reliable determination of oil families plays a key
role in building up the petroleum mixing model. Additionally, the careful
selection of end-members is very important and basic step in oil mixing

model calculations.
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5.4 Petroleum Biodegradation

The alteration of crude oils by living organisms is called ” Petroleum Biodegra-
dation”, (Milner et al., 1977; Connan, 1984; Palmer, 1993; Blanc & Connan,
1994). Biological degradation of crude oils in reservoirs is a kind of hydro-
carbon oxidation by anaerobic (Davis & Yarbrough, 1966; Wilkes et al.,
2000 2002) or aerobic microorganisms (Bailey et al., 1973; Goodwin et al.,
1981). Such organisms use specific hydrocarbons as energy and/or carbon
sources for their metabolic processes and to build up biomass. Petroleum
biodegradation, as a hydrocarbon oxidation process, leads to the formation
of carbon dioxide C'O, and potentially oxidized residues, such as organic
acids (Peters et al., 2005). The alteration of the crude oil compositions
caused by biological activity predominantly occurs within the reservoir and
is accompanied by a decrease in the net volume of petroleum and a sig-
nificant deterioration of the crude oil quality (Peters et al., 2005; Wenger
et al., 2001). The petroleum biodegradation takes place in the subsurface
when specific geological and geochemical conditions are found that enable
and enhance microbial life.

In the so-called water leg is that located beneath the oil column mi-
crobes are thought to live and utilize the hydrocarbons of the petroleum
within the water phase or near the oil-water contact in the reservoir (Larter
et al., 2006). It is assumed that the diffusion of hydrocarbons from the
oil column to the oil-water contact zone my control and limit the degra-
dation processes (Huang et al., 2004). Another requirement for microbial
activity in the deep biosphere is a sufficient porosity and permeability in
the rock fabric which enables the diffusion of nutrients and sufficient bac-
terial mobility (Peters et al., 2005). Petroleum biodegradation can occur
up to a reservoir temperature of ~80 °C (corresponding ~2-3 km in normal
geothermal gradient). It is believed that biodegradation can not be found
in petroleum reservoirs with formation water salinity more than 100-150
parts per thousand (Peters et al., 2005; Head et al., 2003). The schematic

mechanisms within a biodegrading petroleum accumulation are summarized
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in Fig.5.25.

Biodegradation of Hydrocarbons
in Petroleum Reservoirs
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Figure 5.25: Schematic mechanisms of biodegradation within a petroleum
reservoir.

It is assumed that biodegradation leads to a selective removal of spe-
cific types of crude oil constituents as it proceeds (Peters & Moldowan,
1993; Wenger et al., 2001), with saturated hydrocarbons being degraded
first. Peters & Moldowan (1993) have suggested a classification scheme for
the degradation stages called PM scale. This model proposes a system-
atic and sequential removal of individual compound classes with proceeding
biodegradation. The authors suggest that biodegradation should be ranked
on a scale from 1-10, with rank 1 indicating a slight extent of biodegrada-
tion while rank 10 denotes to severe effects on composition of crude oils. A
modified biodegradation scheme that is based on the PM scale, was pub-
lished by Wenger et al. (2001) and modified by Head et al. (2003), and is
shown in Fig.5.26

This scheme describes a quasi-sequential removal of compound groups as
follows: n-alkanes >i-alkanes >alkylbenzenes >alkylnaphthalenes >alkyl-
cyclohexanes, alkylphenanthrenes and alkyldibenzothiophenes >isoprenoids
>regular steranes >hopanes >aromatic steranes (Wenger et al., 2001; Pe-

ters & Moldowan, 1993). Due to the microbial degradation of specific oil
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Figure 5.26: Generalized sequence of the removal of selected molecular
groups at increasing levels of biodegradation, modified from (Wenger et al.,
2001).

constituents major changes in the bulk chemical and physical properties
of petroleum occur. Biodegradation leads to relative enrichment in NSO
compounds increase in oil viscosity, and relative enrichment of metal con-
tents (e.g. Ni, V, and S) (Peters & Moldowan, 1993; Tissot & Welte, 1984).
However, a very important indicator for the oil recovery is the API gravity,
which is significantly reduced by proceeding biodegradation making the oils
pastier Fig.5.27 (Tissot & Welte, 1984; Elias et al., 2007).

It is shown in this study that some oils produced in the northeastern
part of the Euphrates Graben from relatively shallow reservoirs (500-800
m depth) are might be affected by microbial biodegradation. These oils
(G002993, G002997, G002998, G003001, and G003011, see Fig.5.15 for lo-

cations) presumably originate from the Upper Cretaceous Shiranish For-
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Figure 5.27: Biodegradation leads to the deterioration of crude oil quality
as indicated by API gravity.

mation based on oil-oil (sec.5.1) and oil-source rock (sec.5.2) correlation.
To verify these observations, geochemical correlation between the proposed
biodegraded and non-biodegraded oils has been carried out. The oil samples
involved in this correlation have been selected to be genetically-related (i.e.
belong to the same oil family) to get a reliable assessment of the biodegra-
dation effect on studied crude oils. Fig.5.28 shows that the proposed biode-
graded oils have API gravity lower than other oil samples (about 12° at
lowest) and have high concentrations of the metals nickel (Ni) and vana-
dium (V) and also of sulfur (S) Tab.4.1.

Fig.5.29 shows the whole-oil gas chromatograms of Shiranish-sourced
conventional oils (pink) and potentially biodegraded heavy oils (blue). Light
hydrocarbons (yellow circles) are preferentially and partially removed in
samples G002993, G002997, G002998 and G003011 in comparison to branched
alkanes (red triangles) and isoprenoids (pristane and phytane).

Toluene has an enhanced water solubility relative to saturated hydrocar-
bons and hence the low toluene content (see Appendix.E) could be a result
of solubilisation by water washing process (Thompson, 1987). As n-alkanes
are removed, the elevated chromatographic baseline consisting of the unre-
solved complex mixture (UCM) becomes more prominent. But these GC

profiles give an indication to very slight to slight biodegradation effects as
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Figure 5.28: Sulfur, nickel, and vanadium contents increase with decreasing
API gravity as an indication of the biodegradation effect.

the low molecular n-alkanes are not removed totally and, additionally, pris-
tane and phytane are not affected as there is no remarkable difference in
isoprenoids concentration between biodegraded and non-degraded oils (see
Appendix.E). This is not in agreement with the findings made by Elias et al.
(2007), where pritane and phytane are affected even in slight biodegradation
level.

The concentration ratios of iso-alkanes and branched alkanes over n-
alkanes are also decreasing with increasing biodegradation since the n-
alkanes are more sensitive to alteration effects (Welte et al., 1982). Fig.5.30
shows a plot of the conventional biodegradation parameters i-Cs /(i-C5+n-C’)
versus 3MP/(3MP+n-Cs) illustrating that blue-colored samples have been
affected by in-reservoir alteration processes.

The cross plot of Pr/n-Cy; vs. Ph/n-Cig is the most commonly used
biodegradation indicator based on this assumption for initial to moderate
alteration levels (Peters et al., 1999a). Fig.5.31 illustrates that what are
proposed to be biodegraded oils have relatively high isoprenoid over n-

alkane ratios which can be an indication of microbial effects.



161

5.4. PETROLEUM BIODEGRADATION

Abundance

Tol. e Pr

v IS mo o
o Phg G002993
oV |y
ov
© e} (@)
o v
0 @]
|
IS
G002998
ettt sl ekt s bandak _;L.\f.\..\\,\\!f
IS
Tol. G002956

il

L " 0

Y

"

I'L W0 AT PP PPN

IS
e Pr G002997
e’
_U
B
00, o0
i Fimm W
IS
s G003011
o000
%0
o
_Uq. OOO
hi | 79
Yo vy o N
ooo
7 7: ; ,— LN PP Y1 A P o B Q
L L L Wi
o
Tol.
G002995
v
o
o
00
(0]6)
h oo
V FLORT | ATINT A ) A

Time

Figure 5.29: Whole oil GC-FID chromatograms for selected non-biodegraded (pink) and biodegraded (blue) oil samples. Different
distribution of saturated hydrocarbons can easily be recognized.
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Figure 5.30: Plot of conventional biodegradation parameters

i-C5/(1-C54+n-C5) wvs. 3MP/(3MP+n-Cs) showing different signatures
of the proposed biodegraded oils (in blue).

G002998 (API = 20°) seems to be severely biodegraded since almost no
n-alkanes can be reliably identified Fig.5.32. But unfortunately no more
data are available for this sample to better assess the extent of biodegrada-
tion.

Halpern (1995) suggested that 1,1-dimethylcyclopentane (1,1-DMCP) is
the most resistant of all C7 hydrocarbons and used this hydrocarbon in the
denominator of 7 transformation ratios (Trl to Tr7; see Tab.5.4).

Transformation parameters are calculated from the following series of

equations:

Trl = Toluene/1,1 — DMCP (5.9)
Tr2 = n-Cy/1,1 — DMCP (5.10)
Tr3 =3MH/1,1 — DMCP (5.11)
Trd = 2MH/1,1 — DMCP (5.12)

Tr5 = P2/1,1 — DMCP (5.13)
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Figure 5.31: Cross plot of the ratios Pr/n-Cy7 vs. Ph/n-Cig. The increased
values of the blue samples can be interpreted as a result of biodegradation

effects.

G002998

Pr Ph

Abundance

vy

Time

Figure 5.32: Whole-oil chromatogram of G002998 sample shows higher
biodegradation degree in comparison with other biodegraded oil samples.

Tr6 =1 — cis — 2 — DMCP/1,1 — DMCP (5.14)
Tr7=1-—trans —3— DMCP/1,1— DMCP (5.15)
Tr8 = P2/P3 (5.16)

where: P2 = 2MH + 3MH and P3 = 2,2-DMP + 2,3-DMP + 2,4-DMP
+ 3,3-DMP + 3-EP, (Mango, 1990b) (see Tab.3.2 for abbreviations).
These ratios were used by Halpern (1995) in the C7 oil transformation

star diagram (C7;OTSD) to differentiate water washing, biodegradation and
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evaporation for oils from Saudi Arabia. Fig.5.33 shows the C;OTSD of
the studied oils illustrating different compositions of altered oils (G002993,
G002997, and G003011) compared to non-affected oils (G002956, G002973,
and G002995).

TR1

TR8 TR2

TR7 " TR3
—G002993
—@G002997
—G003011
——G002956
—G002973
TR6 TR4 G002995

TRS5

Figure 5.33: C7 oil transformation star diagram (C7OTSD) shows that
G002997, G002993, and G003011 oil samples have suffered from alteration
processes as having relatively low values of Tr’s as interpreted according to
(Halpern, 1995).

Elias et al. (2007) have suggested a new molecular biodegradation pa-
rameter, the degradative loss, which can be used to quantify depletion in
individual crude oil constituents. Low to moderate biodegradation extent
in crude oil samples has been analysed by means of the mean degradative

loss (MDL) calculated from the following equation:

MDL(%) = 100—[(Econc.(i-Cs —n-C30) sample % 100) =+ (Econc. (i-Cs —n-C30) end—member )]
(5.17)
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In this equation (Eq.5.17) the summed concentrations (ug/g oil) for 66
quantitavely important crude oil constituents (Appendix.E) were used to
calculate the MDL for a single crude oil relative to the end-member of
the respective sample set. Crude oils with a MDL of 100% have already
reached alteration levels above moderate biodegradation (Elias et al., 2007).
MDL values (Tab.5.4) have been calculated for the proposed biodegraded
oil samples using G002973 oil sample as an end-member (which is used as
well in oil mixing calculations in sec.5.3). G002997 has the highest value
of MDL (50.37 %) and is considered as the (relatively) most biodegraded
oil in the sample set. G002993 and G003011 have lower values of MDL
(45.90 and 39.52 %; respectively) indicating a lower extent of secondary
alteration. G003001 has a very low degradative loss (MDL=2.34 %) and
may be considered as a non-biodegraded oil sample. These observations are
in agreement with other conventional biodegradation parameters presented
previously (see Fig.5.34).
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Figure 5.34: Plot of the conventional biodegradation parameter Ph/n-Cig
vs. the mean degradative loss (MDL) for biodegraded oil samples.

In Fig.4.3, two oil samples (G0022978 and G003005) are characterized
to have higher metal content and lower API gravity relatively to other oil
samples. G002978 (API = 19°) was too viscous for injection into the GC-
FID apparatus and therefore no data are available for this sample. G003005
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(API = 21°) is generated from Upper Shiranish Formation (~2150 m deep)
from the southern part of the study area. The whole-oil GC profile of this
sample (Fig.5.35) does not show a significant appearance of biodegraded
oils as no big hump is present and almost no absence of light hydrocarbons
except some very light hydrocarbons (e.g. i-C5 and n-Cj) probably due
to evaporation effect. Additionally, the mean degradative value (MDL =
0.51 %) is too low to consider this crude oil as biodegraded. Therefore,
two possible explanations can interpret these observations, one is that this
oil is immature, or this oil is a mixed oil between biodegraded and non-

biodegraded oils.
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Figure 5.35: Whole-oil chromatogram of G003005 sample shows no signifi-
cant appearance of biodegradation effect.

Recent studies have reported a remarkable effect of microbial degrada-
tion on carbon and hydrogen isotopic signatures for n-alkanes (Santos Neto
& Hayes, 1999; Vieth & Wilkes, 2006; Wilkes et al., 2008). It is concluded
that biodegradation causes an enrichment in *C and D of certain petroleum
hydrocarbons in reservoired oils as bacteria consume favorably the light iso-
topes (George et al., 2002; Masterson et al., 2001; Rooney et al., 1998). On
the other hand, other researchers proved that light to moderate biodegra-
dation will not have a noticeable effect on hydrogen and carbon isotopic
composition of light hydrocarbons, but severe biodegradation seems to have
a significant impact on the carbon isotopic fractionation of low molecular
weight n-alkanes (n-Cis-n-Cig) (Sun et al., 2005). In the studied oils, no

changes can be observed in §3C and dD values for n-alkanes of biodegraded
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oils (G002997, G002993, and G003011) in comparison to non-biodegraded
oils (Fig.5.36 and Fig.5.37). This supports the conclusion of very slight to
slight biodegradation effects for the studied crude oils. But on the other
hand other light hydrocarbon groups like branched alkanes and aromatic
hydrocarbons have been affected by biodegradation. Carbon isotopic value
of methyl-cyclopentane (MCP) is getting heavier in biodegraded oils (-25.72
%0 for G002997) relative to non-biodegraded ones (-26.21 %o for G002973).
The same can be observed for aromatic hydrocarbons (e.g toluene and ben-
zene) where their carbon isotopic values in biodegraded oils (-27.80 and
-24.21 %o ; respectively for G002997) are relatively heavier than in non-
biodegraded oils (-29.20 and 27.66 %o ; respectively for G002973).
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Figure 5.36: Stable carbon isotopic profiles of n-alkanes (n-Cy-n-Csyg) for
biodegraded (blue) and non-biodegraded (orange) oil samples.
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Figure 5.37: Stable hydrogen isotopic profiles of n-alkanes (n-Cg-n-Cog) for
biodegraded (blue) and non-biodegraded (orange) oil samples.






Chapter 6

Summary and Conclusions

The Euphrates Graben is the most petroliferous province in Syria with a
production capacity of about 400.000 bbd in the mid 90’s (Alsharhan &
Nairn, 1997; de Ruiter et al., 1995). A total of 82 oil samples and 37 rock
samples from the study area, provided by our industry partners Shell E&P
and AFPC, were analysed geochemically. The oil samples are attributed
to different reservoir horizons from Ordovician to Miocene. The studied
oils showed different geochemical signatures referring to different origins
and maturities. Normal alkane distribution of most of the investigated
oils had a dominance of light hydrocarbons over long-chain ones referring
to non-waxy crude oils generated from marine type II, type II/III organic
matter deposited under anoxic conditions (sec.4.1.2). Most of oil samples
have carbonate-source signature as shown by a number of biomarkers and
non-biomarkers (e.g. CPI (sec.4.1.2) and diamondoids (sec.4.1.4)). The in-
vestigated samples varied from very heavy (API = 12°) to very light (API
= 59°) crude oils due to different maturation and/or secondary alteration
effects. The maturation level of the studied oil samples ranged from early
to high mature as revealed by various maturity-related geochemical pa-
rameters (Thompson parameters (sec.4.1.2), diamondoids (sec.4.1.4), and
stable carbon and hydrogen isotopic composition (sec.4.1.6). Hopane- and
sterane-based maturity parameters (sec.4.1.3)) could not be used reliably

to assess the maturity of crude oils as some are affected by source lithology

171
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(e.g. Ts/(Ts+Tm)) and others have already reached their respective equi-
librium values (e.g. 225/(225+22R) C5; homohopane isomerization ratio,
BB/ (BB+an) and 205 /(20S+20R) Csy sterane ratios). Different mono- and
triaromatic steroid distribution patterns documented different source and
maturity level of the related source rocks. % Rc values calculated from the
MPI-1 showed a high maturation level of the oils in the southeastern part of
the Euphrates Graben. Stratigraphically, the oils of highest maturity were
found in the PJS (Cretaceous), Doubayat and Khabour (Palaeozoic) reser-
voirs (sec.4.1.5). Oils of lower maturity were located in Cretaceous and Tri-
assic reservoirs (Rutbah and Molossa Formations), respectively. Based on
bulk properties, gasoline range hydrocarbons, diamondoids, and biomarker
data, the studied crude oils appeared to be derived from two different source
rocks; one, a clastic and the other, a carbonate.

The 6'3C profiles of n-alkanes displayed no significant variation in car-
bon isotopic values between lower and higher molecular weight n-alkanes.
513C of pristane in relation to 6'3C of phytane showed a good linear cor-
relation, where the differences in values could be attributed to different
sources of these isoprenoids or different isotopic effects during their forma-
tion (sec.4.1.6). The profiles of D values of n-alkanes showed a similar
trend for all studied oil samples where the lower molecular weight n-alkanes
(n-Cg-n-Cy7) were depleted in D relative to the high molecular weight n-
alkanes (n-Cio-n-Caz7). A very good correlation has been found between the
maturity-related parameters (e.g. diamondoids) and the dD values of pris-
tane and phytane which reflects the effect of thermal maturity on hydrogen

isotopic composition.

Oil-oil geochemical correlation and statistical data analysis identified
three oil families within the Euphrates Graben Petroleum System. These
have been termed Families 1, 2A and 2B (Fig.5.5). Chemometric analysis of
source-related hydrocarbons, biomarker and non-biomarker data was based

on 23 source- and age-related parameters for 30 oil samples selected out

of the whole sample set. Family 1 oils (G002954, G002959, G002982 and
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(G002988) exhibited properties characteristics of a marine, clastic, and high
mature source rock and, in this frame, were correlated to the Silurian Tanf
Formation. These very light oils (API gravity >43°) have a high Pr/Ph
ratio (>1.37). Age-diagnostic biomarkers (Cog/Cog sterane and 24 /(24+27)
nordiacholestane) indicated that Family 1 crude oils derived from a source
rock older than Jurassic in age. Although steranes and diasteranes were
low, due to high maturity, the relatively high diasterane over sterane ratio
for Cy7 to Cyy a implied clay-rich source rock. The relative abundance of
Cyr, Cog and Cyg steranes and diasteranes showed that these four oil sam-
ples are different from the rest and located in a range of Palaeozoic-sourced
oils defined after (Grantham & Wakefield, 1988). The diamondoid-based
facies parameters distinguished Family 1 oil samples which plotted them in
the area of clay-rich source rocks, in contrast to other oil samples which
probably derive from Upper Cretaceous strata (Schulz et al., 2001). Family
2A and 2B oils exhibited characteristics associated with marine, carbonate,
and low mature source rocks and have been linked to the Upper Cretaceous
R’mah and Shiranish Formations. Age-diagnostic biomarkers (Cag/Cag ster-
ane and 24/(24+27) nordiacholestane) revealed that oils of both oil families
have Cretaceous source rocks. Family 2B oils originated principally from
marine type II organic matter (probably R’'mah Formation) while Family
2A oils were generated from both type II and type II/III kerogen which is
in agreement with the Upper Shiranish Formation as it contains a small
terrestrial organic matter contribution. The distinction between oil sam-
ples originating from the R’'mah and Shiranish Formations was not possible
with the available data as both source rocks have very similar features and
characteristics. However, oil-source rock geochemical correlation confirmed
that oils of Family 2A were generated from the Upper Cretaceous Shiran-
ish Formation, while R’'mah Formation was the origin of the Family 2B
crude oils (sec.5.2). Considering maturity, Family 1 oil samples have a
high level of maturation in comparison to oil samples of families 2A and
2B (sec.5.1.2). The carbon isotopic composition of light hydrocarbons and

acyclic isoprenoids was not a valuable tool for discrimination of the oils.
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In contrast, hydrogen isotopes gave distinctive information supporting the
classification of oil families in the study area. Crude oils of Family 1 are less
negative in oD values for n-alkanes relative to other oil families due to the
high maturation level of the associated source rock (Silurian Tanf Forma-
tion). The impact of increasing maturation on éD values of n-alkanes was
obvious looking at the relationship between the hydrogen isotopic values of
pristane and the concentration of adamantanes as a reliable indicator to oil
maturity (Fig.5.14). However, it appears that the hydrogen isotopic values
have certain upper limits for each oil family (about -80 %o for oils of Fam-
ily 1 and -115% for oils of Family 2A) which could the result of different

isotopic-exchange reactions between organic matter and formation water.

Based on geological information, the known distribution of source rocks
across the study area demonstrated the reliable classification of oil families
(sec.5.1.4). It was interesting to see that the Family 1 oil samples were found
exclusively in the southeastern and northwestern parts of the graben, fitting
very well to the distribution of the Silurian Tanf Formation as described in
the literature (Fig.5.16). The R'mah Formation is preserved mainly on the
northeastern margin and in some areas in the southern sector, which was
in agreement with the distribution of Family 2B oils. The Shiranish For-
mation is distributed over the whole study area but is in the oil generation
window just in the central part as a result of the rifting event in the Late
Cretaceous. Family 2A oil samples were located also in the central part
of the graben. The agreement between the distribution of oil families and
their related potential source rocks led the conclusion that vertical migra-
tion is more important and significant than lateral migration in the study
area. Moreover, tertiary migration from Cretaceous reservoirs upwards was
probably responsible for the findings in the Miocene plays in northeastern
part of the graben (sec.5.2.3).

This study has shown that petroleum mixing played an important role in the
Euphrates Graben petroleum system. A theoretical mixing model has been

applied for some oil samples which have different geochemical signatures
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related to their origin from different source rocks. These oils were located
in the area where three potential source rocks are present. Calculation re-
sults showed that some oils from Family 2B (R’'mah-sourced oil family) in
the southeastern part of the graben contain a significant contribution from
the Silurian Tanf Formation (sec.5.3). It was also interesting to see that
the contribution of the Shiranish Formation to these oils was very low (0-
4%) which totally supported the finding that Family 2B oils were generated
from the R’'mah Formation. This new approach could be applied in other
petroleum systems to analyse petroleum mixtures from various source rocks.
The advantage of this approach is that there is no need for the availability
of source rock samples to obtain reliable results about the mixing potential

among several oil families.

Furthermore, this study showed that the oils produced in the north-
western part of the graben from relatively shallow reservoirs (e.g. G002998,
G002997, G002993, and G003011) have been affected by secondary alter-
ation processes like biodegradation. These heavy oils (API ~12-26°) have
relatively high metal contents (Ni, V, and S). The GC fingerprints of these
oils showed a low abundance of light hydrocarbons relative to isoprenoids
in addition to a remarkable hump. The calculated mean degradative loss
(Elias et al., 2007) ranged between 40-50 %. According to the PM scale
of biodegradation degree the studied oils underwent very slight to slight
biodegradation as they have 1 to 2 level of biodegradation Fig.5.26.

For future work in this area, it is recommended to consider the following:

e Analyse representative source rock samples especially from the Tanf

Formation to make oil-source rock correlation with Family 1 oils.

e Perform experimental mixing of end member oils in different ratios to
ensure about the results of mathematical calculations. This would be

also helpful to investigate the petroleum composition.

e The complex geological frame of the graben needs to be understood
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well by getting more geological information to better define the mi-

gration pathways of petroleum.

e Perform hydrogen isotopic analysis for formations water to investigate

its effect on the isotopic values of reservoired hydrocarbons.
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Sample # G003116

Sample # G003114

Sample # G003117

Figure A.1: illustrates the GC fingerprints for analyzed crude oils from the
study area.
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Sample Adamantane

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
G002952 | 117 652 342 162 293 474 371 368 402 214 135 216 242 233 308 21 123 47 128 88 20
G002953 | 16 56 61 33 70 36 44 48 60 27 10 20 28 25 37 3 10 4 18 14 2
G002954 | 111 581 355 188 347 460 384 381 465 227 138 250 285 298 388 24 158 75 184 131 30
G002956 1 6 5 4 7 7 6 6 8 6 3 5 6 7 10 1 5 2 6 5 1
G002959 | 173 1196 527 272 469 961 679 624 706 427 290 427 494 483 597 50 274 96 232 148 50
G002960 | 54 303 205 131 251 284 253 235 292 170 108 170 175 174 268 23 108 47 125 85 21
G002961 | 24 138 82 54 8 109 89 8 103 66 37 59 65 61 87 6 36 14 36 27 6
G002963 | 20 80 61 48 57 67 62 64 8 55 21 46 55 53 68 4 26 13 32 26 5
G002964 9 50 57 41 82 45 61 64 82 53 19 46 54 56 90 6 32 15 44 34 7
G002965 | 35 115 105 52 101 8 77 82 102 54 23 49 58 52 71 5 24 11 33 30 4
G002966 9 31 35 18 48 24 25 26 38 21 6 15 20 18 23 1 7 5 13 11 1
G002968 7 28 25 18 39 23 22 24 30 21 8 13 18 16 24 2 8 4 12 8 2
G002969 | 28 115 84 52 90 8 77 81 102 60 26 48 55 51 T2 5 271 12 34 26 5
G002973 | 21 7T 60 37 76 54 53 56 71 41 17 30 35 32 46 3 16 7T 22 18 3
G002974 | 45 203 129 79 133 146 130 128 145 90 44 75 87 85 116 7 45 21 33 39 8
G002975 | 27 92 75 41 97 67 66 65 89 48 20 37 47 45 67 5 22 11 30 23 4
G002976 | 15 46 35 19 40 34 26 26 32 16 9 13 15 13 20 2 7 3 8 5 2
G002980 | 100 533 265 149 249 368 290 284 309 178 109 168 194 186 249 18 104 43 107 70 19
G002981 | 29 129 109 95 175 113 109 112 145 95 40 67 & 79 118 10 43 20 52 41 10
G002982 | 67 275 203 116 212 195 186 193 222 120 62 109 135 129 186 11 68 32 8 65 12
G002988 | 51 227 169 100 190 167 155 159 197 103 51 8 110 104 146 10 57 25 71 53 11
G002993 | 20 74 73 45 92 57 53 h9 82 37 16 30 40 36 52 3 14 7T 25 18 3
G002995 | 16 59 39 28 51 46 37 36 43 27 14 18 23 20 30 4 10 4 12 9 2
G002997 | 20 68 76 66 128 48 50 61 73 38 15 28 37 33 48 4 14 7T 271 19 3
G003005 | 27 9% 68 41 79 75 56 61 8 44 21 33 39 38 48 6 16 8 25 21 4
G003006 | 18 7™ 63 44 96 59 55 BT 67 41 21 31 37 35 52 5 18 7T 23 16 4
G003009 | 31 132 90 49 95 97 T7 76 96 56 28 45 51 50 66 7T 26 11 28 22 6
G003011 | 14 55 61 47 81 40 41 50 61 32 11 19 29 27 40 3 10 6 20 14 2
G003015 | 22 87 71 47 8 59 55 57 76 37 18 32 35 35 44 4 16 5 22 20 3
G003017 | 20 94 44 34 48 75 47 54 55 38 29 37 37 38 49 6 22 8§ 19 14 4
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Sample n-Cy3 +-Cy n-Cy i1-C; n-C; 2MP 3MP n-Cyg MCP BZ Chex 3Mhex
G002952 -24.80 -25.03 -27.41 -26.66 -27.49 -27.99 -27.34 -25.03 -27.73 -25.89 -28.21
G002953 -25.13 -30.72 -27.35 -28.69 -28.61 -29.02 -27.83 -30.15 -26.63 -28.35 -27.50 -28.05
G002954 -24.53 -27.97 -26.29 -27.69 -26.16 -27.28 -27.52 -27.19 -25.07 -28.50 -24.68 -27.88
G002956 -28.61 -27.52 -27.84 -27.84 -27.37 -27.28 -28.51 -26.16 -25.72 -25.49 -26.77
G002959 -23.42 -20.78 -24.82 -25.83 -24.16 -25.80 -23.77 -26.43
G002960 -25.47 -26.40 -26.12 -26.38 -26.45 -26.89 -25.84 -24.17 -24.28 -26.77
G002961 -28.16 -28.16 -27.87 -27.75 -27.51 -27.86 -28.10 -26.70 -27.19 -26.69 -27.39
G002963 -25.66 -28.91 -26.64 -27.81 -26.97 -27.52 -26.71 -27.60 -27.06 -29.91 -26.51 -26.58
G002964 -27.14 -26.23 -27.85 -27.97 -27.51 -27.33 -28.95 -26.09 -28.51
G002965 -28.55 -30.69 -28.49 -28.87 -28.66 -28.31 -27.25 -28.82 -26.68 -28.25 -26.38 -27.26
G002966 -31.26 -28.89 -29.38 -28.97 -28.72 -27.80 -29.28 -28.24 -27.32 -29.16 -27.12
G002968

G002969 -27.70 -29.87 -28.34 -28.57 -28.30 -28.18 -26.92 -29.04 -28.36 -27.38 -27.99 -27.71
G002973 -30.60 -27.81 -28.24 -28.29 -28.49 -26.82 -29.18 -26.21 -27.66 -26.63 -27.19
G002974 -27.83 -27.20 -27.40 -27.33 -27.17 -27.01 -27.14 -26.51 -25.94 -27.87 -26.87
G002975 -28.03 -30.18 -28.10 -28.21 -27.77 -27.54 -26.02 -27.98 -26.43 -26.67 -26.71
G002976 -31.42 -30.23 -30.25 -29.77 -28.58 -30.19 -28.81 -30.98 -28.98 -28.17
G002980 -26.05 -27.65 -26.69 -27.86 -26.49 -27.55 -27.69 -27.27 -2590 -26.91 -25.69 -28.41
G002981

G002982 -29.52  -28.55 -29.13 -28.01 -28.51 -28.45 -28.77 -28.31 -27.41 -28.94
G002988 -32.16 -26.73 -29.33 -26.93 -28.22 -27.39 -29.61 -28.50 -27.50 -27.22
G002993 -28.41 -31.32 -28.48 -29.96 -28.64 -29.10 -27.07 -29.89 -29.64 -28.08 -29.63 -27.59
G002995 -30.74 -24.02 -28.53 -24.16 -27.17 -27.03 -25.97 -25.97 -26.10 -26.02
G002997 -26.25  -24.69 -27.39 -25.72 -24.21 -28.90 -26.98
G003005 -32.22 -30.54 -31.72 -30.51 -29.67 -31.65 -28.50 -30.94 -28.48
G003006 -25.02 -27.22 -26.84 -26.88 -25.75 -27.43 -26.52 -25.92 -27.24 -25.74
G003009 -29.52 -29.62 -29.58 -29.92 -28.36 -30.26 -28.34 -29.27 -28.35
G003011 -27.67 -28.40 -28.11 -28.18 -27.07 -28.41 -27.29 -28.21 -27.06
G003015

G003017 -24.74 -30.00 -24.98 -28.97 -24.80 -26.65 -28.67 -27.01 -27.23 -27.45 -28.26
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MNEU~® \;nQHw SnQE B\nQHm SnQHm 3\Q: Pr S\nQHm Ph S\nQH@ §|Qmo S\anH 3\wa
G002952 | -28.78 -29.40 -29.26 -29.50 -29.34 -29.40 -29.54 -29.39 -29.75 -30.23 -30.76
G002953 | -30.29 -30.59 -30.75 -31.93 -31.97 -31.07 -31.93 -30.96 -30.93 -30.90 -30.21 -30.28
G002954 | -27.46 -28.30 -28.18 -28.47 -27.83 -27.58 -27.82 -28.01 -27.76 -29.16

G002956 | -27.48 -27.58 -28.40 -29.16 -29.67 -29.71 -30.46 -30.64 -30.74 -31.36 -33.67 -33.09
G002959 | -28.73 -29.08 -29.20 -29.15 -29.13 -28.67 -29.45 -28.60 -28.03 -29.19 -29.18 -27.35
G002960 | -27.57 -27.61 -27.53 -32.42 -31.52 -29.99 -31.66 -30.50 -31.08 -31.42 -32.45 -31.80
G002961 | -27.81 -28.14 -27.8 -29.22 -27.51 -27.81 -27.27 -27.48 -27.88 -27.30 -27.76 -28.74
G002963 | -28.78 -30.26 -29.20 -29.97 -30.34 -29.67 -28.59 -29.63 -29.59 -29.07 -29.87 -29.70
G002964 | -27.77 -28.41 -28.52 -28.32 -28.01 -27.84 -28.05 -28.41 -28.28 -27.95 -28.32 -28.25
G002965 | -29.06 -29.96 -29.20 -30.01 -29.32 -28.27 -29.22 -29.98 -30.22 -29.85 -30.65 -29.50
G002966 | -29.32 -28.57 -28.70 -29.05 -28.01 -29.67 -29.77 -30.38 -29.38 -29.94 -2898 -30.62
G002968

G002969 | -28.58 -29.01 -29.33 -29.40 -29.Y3 -29.17 -29.48 -29.13 -29.03 -29.16 -29.55 -29.16
G002973 | -29.20 -29.57 -30.01 -29.68 -30.49 -31.19 -30.06 -30.56 -29.57 -29.66 -29.97 -29.87
G002974 | -26.99 -27.37 -28.06 -28.67 -29.87 -28.29 -27.56 -28.52 -28.13 -28.96 -28.91 -28.66
G002975 | -27.66 -27.85 -28.16 -28.16 -30.57 -27.95 -29.01 -27.53 -28.47 -29.30 -29.33 -29.17
G002976 | -29.04 -31.16 -28.64 -28.98 -30.76 -26.34 -29.50 -29.51 -28.81 -28.85 -28.85 -29.23
G002980 | -29.31 -30.09 -30.31 -30.26 -29.97 -29.01 -30.10 -30.88 -29.59 -30.27 -29.02 -30.71
G002981 | -27.58 -28.02 -28.02 -28.46 -28.77 -29.85 -28.56 -29.51 -28.84 -28.66 -29.29 -28.93
G002982 | -28.67 -29.27 -28.88 -29.18 -28.43 -27.83 -29.27 -29.23 -29.63 -28.56 -27.90 -29.22
G002988 | -28.68 -28.85 -28.67 -28.76 -28.76 -30.08 -29.60 -29.81 -30.02 -30.29 -30.59 -29.62
G002993 | -28.23 -29.64 -28.23 -28.49 -27.90 -28.57 -29.69 -28.49 -28.63 -28.33 -28.62 -28.29
G002995 | -26.97 -29.37 -29.08 -29.68 -30.21 -31.29 -29.53 -31.13 -2949 -29.76 -29.81 -29.93
G002997 | -28.82 -28.80 -29.11 -29.39 -30.45 -30.54 -31.23 -30.74 -29.81 -28.86

G003005 | -28.34 -29.02 -27.81 -2831 -28.67 -30.06 -28.77 -29.82 -28.39 -28.87 -29.55 -30.18
G003006 | -27.19 -27.48 -27.01 -27.58 -28.61 -26.61 -28.65 -29.47 -28.62 -28.72 -29.06 -29.21
G003009 | -28.83 -28.81 -2853 -28.95 -30.05 -30.72 -29.37 -30.40 -29.74 -29.87 -29.81 -29.57
G003011 | -28.52 -28.00 -28.07 -28.60 -27.60 -28.90 -29.07 -30.48 -29.31 -29.04 -29.48
G003015 | -27.22 -27.36 -27.39 -27.23 -26.31 -30.95 -28.15 -29.02 -27.89 -27.50 -27.51 -27.68
G003017 | -29.43 -29.26 -28.90 -30.37 -29.38 -2837 -28.80 -29.68 -30.44 -29.56 -30.51 -30.45
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Sample n-Cs 1-Cy n-Cy 1-C' n-Ch 2MP 3MP n-Cg MCP BZ Chex 3Mhex
002952 -112.54 -107.90 -111.60 -116.95 -106.04 -117.22 -134.51 -89.94 -105.09 -115.68
G002953 -162.91 -118.41 -165.97 -145.04 -123.61 -178.09 -99.71 -95.92 -141.10 -140.14
G002954 -102.84 -115.20 -102.61 -112.25 -115.78 -105.75 -118.29 -120.63 -82.85 -105.31 -99.07
G002956 -105.09 -156.37 -119.35 -148.49 -131.29 -120.52 -147.82 -101.30 -102.79 -135.64 -122.23
G002959 -79.04 -94.59  -91.27 -97.16  -72.97 -97.40 -92.80
G002960 -69.96 -84.09 -101.73 -116.23 -86.46 -117.41 -94.01 -101.77  -100.48
G002961 -122.18 -110.61 -116.17 -116.79 -102.42 -119.69 -95.95 -73.87  -90.92 -104.80
G002963 -97.41 -113.94 -116.14 -111.65 -118.38 -122.43 -110.38 -122.99 -94.35 -9540 -91.74 -112.11
G002964 -104.23 -108.01 -113.02 -102.99 -112.72 -92.47 -89.95 -102.52
G002965 -111.01 -130.60 -114.80 -129.15 -120.84 -113.37 -134.00 -88.02 -94.64 -98.55 -118.23
G002966 -65.74 -105.98 -96.45 -115.20 -110.90 -103.37 -114.73 -74.65 -71.36  -90.06  -107.56
G002968
G002969 -132.77 -112.94 -130.91 -127.81 -108.23 -136.57 -93.10 -84.48 -101.90 -115.19
G002973 -166.05 -116.07 -164.24 -140.17 -121.17 -170.05 -90.94 -75.07 -131.87 -122.29
G002974 -102.13 -100.14 -102.11 -107.73 -93.67 -106.24 -79.41 -68.62 -97.88
G002975 -132.03 -109.89 -126.54 -119.49 -106.25 -131.00 -91.10 -99.03  -108.84
G002976 -127.27 -132.29 -132.59 -146.09 -131.99 -141.93 -106.07 -100.76  -127.28
G002980 -107.08 -110.58 -112.85 -106.18 -109.59 -110.06 -100.04 -109.60 -122.74 -83.34 -96.47
G002981
G002982 -96.11 -107.74 -103.29 -107.26 -109.64 -107.77 -118.99 -104.27 -87.29 -105.26
G002988 -117.06 -83.25 -111.62 -85.69 -103.26 -117.50 -97.28 -110.25 -106.16  -106.97
G002993 -183.80 -172.59 -154.77 -150.60 -156.47 -142.60 -152.53 -104.88 -138.93  -142.49
G002995 -134.76 -120.24 -136.32 -132.83 -126.99 -142.10 -97.30 -91.07 -117.79 -122.25
G002997 -116.88 -134.09 -108.93 -132.96 -127.99 -124.73 -93.04 -118.39  -123.13
G003005 -118.36  -97.74 -104.01  -100.53
G003006
G003009 -115.46 -107.07 -114.35 -113.53 -106.69 -118.93 -84.64 -95.32  -106.21
G003011 -161.02 -137.91 -164.89 -152.38 -133.40 -165.19 -110.44 -132.59  -144.30
G003015 -108.92 -126.13 -124.45 -111.75 -130.53 -99.54 -112.39  -119.17

G003017
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mwgﬁ_m 3-Q~w §|QE S\nQHm BWQH@ §|Q: Pr S\nQHm Ph \Z\nQH@ Sano §|QMH 3\wa
G002952 | -99.48 -99.09 -112.55 -99.68 -97.75 -116.47 -95.16 -120.75 -97.36 -96.63 -99.06 -96.90
G002953 | -153.57 -145.67 -144.17 -146.22 -143.34 -166.96 -142.94 -159.13 -139.81 -135.90 -140.42 -138.83
G002954 | -89.66 -84.60 -92.81 -87.35 -85.82 -90.56 -86.74 -120.01 -86.75 -85.80 -90.33  -90.88
G002956 | -113.78 -114.84 -118.75 -114.39 -119.58 -151.17 -113.06 -158.00 -115.22 -112.68 -119.11 -111.92
G002959 | -87.66 -84.03 -92.98 -96.67 -89.54 -94.61 -90.14 -102.64 -100.76 -92.28 -101.53 -88.33
G002960 | -92.33 -91.10 -92.08 -92.94 -80.78 -117.11 -87.45 -106.18 -90.02 -85.90 -83.38 -79.94
G002961 | -91.75  -92.17 -96.17 -96.72  -98.28 -121.75 -99.41 -120.40 -91.36 -89.40 -89.62 -81.04
G002963 | -101.31 -99.74 -106.52 -102.21 -99.45 -123.14 -97.73 -123.25 -100.01 -98.53 -97.76  -96.07
G002964 | -91.55 -84.54 -89.69 -91.31 -87.76 -123.37 -86.95 -123.44 -91.91 -87.52 -92.25  -92.33
G002965 | -112.31 -100.36 -111.45 -110.73 -106.67 -132.05 -101.62 -126.84 -106.21 -101.50 -106.46 -99.27
G002966 | -99.66 -87.15 -96.72 -98.29  -90.38 -112.89 -88.02 -113.83 -87.94 -86.54 -89.96 -85.37
G002968
G002969 | -114.32 -103.02 -116.71 -105.78 -104.82 -139.09 -103.24 -132.89 -103.71 -102.20 -108.76 -102.90
G002973 | -148.64 -136.84 -139.28 -137.84 -135.73 -168.16 -130.19 -162.29 -131.42 -129.42 -135.65 -127.64
G002974 | -94.75 -86.64 -93.02 -96.20 -88.44 -119.52 -88.90 -118.63 -90.44 -82.57 -92.32  -86.90
G002975 | -112.39 -100.33 -108.32 -107.93 -102.36 -125.85 -101.41 -114.49 -102.15 -97.01 -102.53 -94.41
G002976 | -94.20 -95.24 -99.28 -102.66 -101.82 -133.11 -101.50 -128.50 -105.16 -103.66 -104.07 -100.74
G002980 | -93.07 -90.46 -101.95 -91.23 -88.46 -116.74 -87.62 -127.70 -90.87 -79.66 -87.92  -75.52
G002981 | -103.28 -99.72  -99.88 -98.13 -94.81 -121.62 -91.73 -115.57 -93.93 -93.98 -97.46  -95.58
G002982 | -90.65 -88.16 -98.20 -90.26  -89.68 -105.23 -85.39 -112.31 -91.39 -93.53 -95.43  -88.42
G002988 | -92.37 -96.57 -101.64 -114.25 -111.55 -118.55 -111.29 -113.92 -110.17 -116.38 -116.41 -112.24
G002993 | -136.93 -131.80 -132.35 -136.40 -130.69 -153.35 -122.68 -161.00 -138.27 -132.31 -131.89 -127.89
G002995 | -108.33 -102.57 -107.27 -105.53 -103.79 -135.10 -97.67 -129.62 -102.03 -100.14 -99.50 -94.18
G002997 | -128.76 -127.72 -126.02 -122.65 -118.24 -146.15 -115.09 -143.06 -119.77 -114.16 -115.34 -111.32
G003005 | -114.62 -104.40 -112.12 -110.05 -106.00 -128.86 -103.16 -128.74 -107.41 -104.60 -105.94 -104.05
G003006 | -102.51 -96.45 -97.95 -99.18 -92.51 -131.23 -87.71 -127.99 -88.90 -82.67 -91.32 -81.65
G003009 | -90.66 -83.75 -88.68 -86.54 -83.52 -107.67 -80.52 -104.83 -84.30 -82.51 -83.36 -80.22
G003011 | -139.08 -126.10 -119.76 ~-117.18 -113.30 -137.00 -117.68 -157.74 -123.95 -120.04 -123.99 -121.20
G003015 | -118.72 -108.99 -110.61 -113.65 -109.05 -137.89 -104.52 -127.56 -106.04 -103.02 -107.41 -105.26
G003017 | -103.68 -99.86 -98.26  -94.57 -90.79 -129.Y3 -89.24 -120.70 -89.83 -91.07 -91.14 -87.73
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APPENDIX C. OIL FAMILIES GEOCHEMISTRY

Sample Family Reservoir CPI % Car St % Cog St % Oy St % Cyr dia % Cog dia % Co dia  Dia/Reg
G002975 ICD 0.93 33.75 29.77 36.48 39.08 32.18 28.74 0.77
G002968 L.Doubayat 1.01 35.47 33.59 30.93 40.38 36.74 22.88 0.60
G002995 R’mah 0.91 35.19 33.57 31.24 41.43 35.20 23.36 0.38
G002973 Mulussa F 1.01 38.37 31.61 30.03 43.44 34.54 22.02 0.30
G003006 Kometan 0.89 38.25 32.27 29.48 42.99 35.14 21.87 0.15
G003015 Rutbah 1.00 34.84 33.38 31.78 38.09 38.78 23.12 0.57
G002956 2A Rutbah 0.94 34.14 34.63 31.23 38.82 37.81 23.37 0.62
G002965 L.Rutbah 0.98 34.73 34.51 30.76 38.86 38.44 22.70 1.04
G003005 U.Shiranish  0.96 33.76 34.66 31.58 38.47 39.01 22.52 0.54
G002997 Jeribe 1.03 32.60 34.35 33.05 37.58 39.54 22.88 0.38
G002953 Rutbah 0.98 32.62 35.94 31.44 34.86 41.41 23.74 0.77
G002993 L.Fars 1.03 32.73 35.25 32.02 35.64 40.94 23.42 0.41
G002969 Mulussa F 0.95 33.21 35.33 31.46 37.49 40.27 22.23 0.69
G003011 Dhiban 1.00 32.95 35.01 32.04 38.26 39.16 22.58 0.46
G002963 L.Rutbah 0.93 36.52 33.20 30.28 44.65 33.96 21.40 0.41
G002960 Erek 0.93 37.92 31.03 31.05 46.55 30.50 22.96 0.90
G002966 L.Rutbah 1.00 38.47 31.28 30.25 45.54 32.33 22.12 1.14
G002964 PJS 0.91 38.57 31.62 29.81 44.74 33.50 21.76 0.37
G002974 PJS 0.96 37.64 32.38 29.97 45.47 33.15 21.38 1.40
G002961 2B Derro 0.91 40.61 29.83 29.56 47.48 32.45 20.07 0.33
G002980 Rutbah 0.92 40.90 32.12 26.98 45.05 34.93 20.02 0.70
G002952 Lower Fars 0.91 45.97 27.72 26.31 48.07 27.53 24.39 0.77
G002976 U.Shiranish  0.94 44.74 28.50 26.77 49.82 26.57 23.61 0.78
G002981 Khabour 0.82 42.36 30.88 26.77 47.68 32.48 19.84 0.71
G003009 Rutbah 0.95 40.18 28.17 31.65 48.93 27.81 23.26 0.62
G003017 Doubayat 0.91 38.51 30.15 31.33 44.69 30.86 24.45 0.37
G002959 PJS 1.01 44.00 0.00 56.00 35.96 27.38 36.66 2.18
G002954 1 PJS 0.92 33.47 19.66 46.88 30.58 21.08 48.34 2.51
G002982 U.Doubayat 0.96 35.52 26.37 38.11 34.86 27.02 38.12 1.17
G002988 Jeribe 1.01 31.03 29.13 39.83 36.78 27.47 35.75 0.60
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Table C.1: Source-related parameters used to classify the oil samples into main genetic oil families shown Fig.5.15. CPI= ([n-Ca5 Hss] +
Tan&ﬂmm& —+ TTQM@NHN@& + ~3|wam.@&v\ﬁo.mﬁﬁugwgmmo_ -+ TTQNQNINNKL -+ Tsqummm& —+ TTQ@ONHN@& O.WTTQMWMEQ&V“ ﬁu Qw.w Mﬁ“ ﬁNv me mﬂu and
% Cag St are the relative abundance of regular steranes, % Cy; dia, % Cog dia, and % Chyg dia are the relative abundance of rearranged
steranes, Dia/Reg= fa diasterane /(aa+5)regular sterane for Co7-Cog.
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APPENDIX C. OIL FAMILIES GEOCHEMISTRY

Sample Family Reservoir 24d/(24d+27d) DMDI-1 DMDI-2 EAI 4.9DMD% 4.8DMD% 3.4DMD%
G002975 ICD 0.38 64 62 70 0.23 0.30 0.47
G002968 L.Doubayat 0.32 58 63 69 0.24 0.40 0.36
G002995 R’mah 0.37 59 59 64 0.19 0.30 0.51
G002973 Mulussa F 0.44 60 61 67 0.22 0.35 0.43
G003006 Kometan 0.39 95 63 69 0.24 0.34 0.42
G003015 Rutbah 0.31 65 66 64 0.23 0.35 0.43
G002956 2A Rutbah 0.32 66 61 62 0.23 0.33 0.44
G002965 L.Rutbah 0.36 68 67 66 0.20 0.35 0.45
G003005 U.Shiranish ~ 0.32 57 62 66 0.21 0.35 0.45
G002997 Jeribe 0.31 61 65 66 0.20 0.39 0.42
G002953 Rutbah 0.35 60 63 68 0.20 0.41 0.40
G002993 L.Fars 0.31 61 63 67 0.25 0.41 0.34
G002969 Mulussa F 0.32 63 64 64 0.22 0.40 0.38
G003011 Dhiban 0.30 60 60 63 0.25 0.39 0.36
G002963 L.Rutbah 0.35 69 63 54 0.22 0.32 0.46
G002960 Erek 0.37 65 61 66 0.23 0.38 0.40
G002966 L.Rutbah 0.38 67 67 73 0.24 0.38 0.38
G002964 PJS 0.41 68 62 67 0.24 0.31 0.45
G002974 PJS 0.37 68 60 63 0.26 0.43 0.31
G002961 2B Derro 0.35 65 58 62 0.19 0.29 0.52
G002980 Rutbah 0.36 65 56 62 0.21 0.33 0.46
G002952 Lower Fars  0.20 67 o7 64 0.24 0.40 0.36
G002976 U.Shiranish  0.34 61 61 68 0.26 0.37 0.37
G002981 Khabour 0.43 55 62 65 0.22 0.43 0.35
G003009 Rutbah 0.35 56 60 66 0.25 0.41 0.33
G003017 Doubayat 0.35 55 63 58 0.25 0.43 0.31
G002959 PJS 0.23 64 59 63 0.27 0.39 0.34
G002954 1 PJS 0.21 73 61 65 0.25 0.38 0.37
G002982 U.Doubayat 0.26 74 61 65 0.21 0.41 0.38
G002988 Jeribe 0.25 68 61 66 0.26 0.43 0.31
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Table C.3: Source-related parameters used to classify the oil samples into main genetic oil families shown Fig.5.15. 24d/(24d+27d)=
C-24/(C-244-C-27) nordiacholestane, DMDI-1= dimethyl diamantane index 1= 3,4ADMD/(3,4ADMD+4,9DMD), DMDI-2= dimethyl dia-
mantane index 2= 4,8DMD/(4,8DMD+4,9DMD), EAI= ethyldiamantane index= 2EA/(2EA+1EA), % 4,9 DMD= 4,9DMD/(4,9-+4,8-
+3,4DMD), % 4,8 DMD= 4,8DMD/(4,9-+4,8-+3,4DMD), % 3,4 DMD= 3,4DMD/(4,9-+4,8-+3,4ADMD)



Appendix D

Mixing Model Calculations

Equation (Eq.5.8) can be solved readily using the matrix algebra functions
(MMULT, MINVERSE, and TRANSPOSE) in Microsoft EXCEL. To solve
the mixing potential problem presented in section.5.3 using an EXCEL
spreadsheet, put matrix G (which is the end-members columns in Tab.5.3)
in cells B4:D22, and put the matrix d (which is the data of each proposed
mixed oil sample) in the cells E4:E22. Then select cells E20:E22 for matrix
M (which represents the proportional contribution of each end-member in
the mixed oil sample), and type the following line with no breaks or spaces:
=MMULT(MMULT(MINVERSE(MMULT(TRANSPOSE(B4:D22);B4:D22));
TRANSPOSE(B4:D22));E4:E22)

into the cell E22. Then press CONTROL+ALT+ENTER to make

E20:E22 an array containing M matrix.
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236 APPENDIX E. CONCENTRATION OF CRUDE OIL CONSTITUENTS

sample biodegraded (ppm) non-biodegraded (ppm)
G002993 G002997 G003001 G003011 G002953 G002956 G002973 G002995
iC5 2955 2692 3703 1507 4683 4706 4650 4485
nC5 1168 478 4206 1631 7191 6512 6857 5957
2,2-DMB 112 123 107 52 72 252 132 90
CP 343 177 844 369 1438 1193 1414 1160
2,3-DMB 551 541 482 320 508 662 510 568
2MP 1437 795 3533 1468 3988 4329 4072 4743
3MP 2441 2139 2731 1372 3110 3200 3091 3379
nCé6 1510 602 5577 2280 6919 8743 6632 7019
2,2-DMP 91 76 118 63 113 213 115 90
MCP 1860 836 4829 2545 6624 5042 6407 4613
2,4-DMP 292 289 269 167 295 318 300 256
2,2,3-TMB 45 39 40 54 45 82 62 22
Benzene 10 12 17 91 1659 2315 1763 1486
3,3-DMP 99 97 93 68 99 118 86 66
CH 993 559 2389 1268 3889 3006 3542 2726
2MH 1135 732 2141 1016 2124 2771 2231 2225
2,3-DMP 1443 1356 1283 935 1423 1243 1409 1575
1,1-DMCP 731 592 741 689 941 499 733 409
3MH 1790 1199 3052 1609 3032 3511 3187 3627
1,cis,3-DMCP 1596 898 2302 2080 2626 1659 2411 1304
1,trans,3-DMCP 1705 1174 2154 1967 2471 1590 2278 1241
1,cis,2-DMCP 1694 706 4603 4498 5294 3521 4993 2705
nC7 872 299 4328 2778 7042 7654 6782 7649
MCH 3544 1962 7449 4951 10445 7149 9144 5810
1,trans,1,3-TMCP | 1494 1563 1145 1320 1737 947 1336 641
ECP 565 365 1087 725 1030 953 1204 1039
2,5-DMHex 299 287 357 222 316 513 389 413
2,4-DMHex 492 524 447 324 426 601 442 451
1,trans,2,4-TMCP | 2472 2667 1592 1723 1739 1030 1484 819
3,3-DMHex 118 133 120 87 133 148 108 135
1,2,3-TMCP 2233 1982 2356 2832 2411 1482 2307 1191
2,3,4-TMCP 445 470 322 346 428 225 346 287
Toluene 134 107 1630 600 2202 3245 2439 4275

Table E.1
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