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Abstract

The Sirt Basin is located in the north of Libyaydered on the north by the Gulf
of Sirt in the Mediterranean Sea. Sirt Shale ikdmown to black laminated organic-
rich shale containing abundant foraminifera, degedsiduring Maastrichtian to
lowermost Campanian. The samples analyzed in thidyswere collected from Sirt

Basin, concession 6 and 47.

This organic geochemical study was performed ohtgigix samples taken from
the Sirt Shale. The total organic carbon contermt or to excellent source rock for
oil generation and the kerogen types are type di ldl. The samples from greater
depths (more than 12000 ft) have kerogen type ith Yow HI and relatively high Ol.
Tmax from Rock-Eval pyrolysis was found to be unreliabtethe higher depths, and

was in the mature range in Well BBB1-6 between laepf 10460 to 11425 ft.

Excellent source rock quality was observed in tletl BBB1-6. In this well the
samples have the highest TOC value, some greatm than 5%. This interval
(10460-11425 ft) of well BBB1-6 is divided into twaarts based on the Gamma Ray
profile and Rock Eval data parameters. The loweatatwere deposited during sea
level rise within transgressive systems tracts and theemugtrata were deposited
within highstand systems tracts. The total orgaaibon content increases with depth

and supports sea level changes.

Organic geochemical analysis shows a relativelf laigundance of low molecular
weight n-alkanes compared to high molecular weighlkanes suggesting an absence,

or low contribution of terrigenous organic matteristane/phytane and isoprenoid/n-

Xvii



alkane ratios, the presence of gammacerane, regtdazne distributions and the
occurrence of g steranes suggest marine organic matter depositddrwoxic to
suboxic saline conditions. These rocks are matudettee main phase of oil generation

has been reached.

Organic geochemical analysis of the eighteen crwie samples shows
pristane/phytane ratios between 1 and 3, which magest a marine depositional
environment for the organic matter. The crude ai$® show a high abundance of low
molecular weight n-alkanes which suggests a hightrilbmtion of marine organic
matter. A ternary diagram of regular steranes &edoccurrence of 45 steranes also
strongly suggest marine organic matter contribgti@gdeochemical parameters suggest
that the lithology of the source rocks of these aite shale deposited under oxic to
suboxic marine conditions. According to the ageapeeters, the source rock of these
crude oils is most likely Upper Cretaceous in afjee oils were divided into four
groups (A, B, D and C) according to thermal mayuparameters and carbstable
isotope and hydrogen stable isotope analysis. Tiibeoshallowest samples from the
Gialo reservoir show very slight biodegradatione3é two samples show depletion of
normal alkane while the isoprenoids, hopane, aachises were unaffected which has

been observed to be associated with light biodedi@a

The group A and B oils have a positive correlatrath the source rock in well
BBB1-6 according to the biomarker parameters. Theolute concentrations of
biomarkers support this correlation where both @®up A and B) and source rock
extracts have relatively close biomarker conceininat therefore, the crude oils in

these groups could be sourced from similar sowcksr
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CHAPTER |

1. Introduction

The Sirt Bain contains most of Libya's produciniji@ds. It is located in northern
Libya and stretches southward from the Gulf of.Sirtcontains marine clastic and
carbonate sediments, formed during transgressindsegressions during the Upper
Cretaceous period. The Sirt Basin is the sixthdardnydrocarbon producing province
in the world, with oil and gas reserves estimate®@3to 45 billion barrels of oll
equivalent (BBOE; Macgregor and Moody, 1998). htaons most of the hydrocarbon
reserves in Libya, and approximately 29% of Africédtal reserves (Chatelier and
Slevein, 1988). In the Sirt Basin, oil is more attamt than gas. The oils have
approximately 32 to 44 API gravity and sulfur conitef 0.15 to 0.66% (Parsons et al.,
1980). These oils are found in sandstone and lonesteservoirs ranging in age from

Cambrian to Tertiary.

1.1 Regional Setting

The Sirt Basin covers an approximate area of 600060 (231660 nfi) across
central Libya and contains a succession of sedangmteposits reaching a maximum
thickness of approximately of 7500 m (24600 ft; Aba2008; Figure 1-1). It is a
continental rift area and part of the Tethyan system (Futyan and Jawzi, 1996;
Guiraud and Bosworth, 1997Mpuring much of the Paleozoic and Mesozoic, the Sirt
Basin was an extensive uplift arch with NW-SE atégion (Selley, 1997). The uplift
arch was rifted to form the Sirt Basin that begathie Late Cretaceous (Selley, 1997).

Sedimentation started with Nubian sediment in taeyECretaceous Period as non-



marine sediment began to accumulate in grabenk(S&PB97; Hallett, 2002). Due to
a full-scale rifting and block faulting in the Lat€retaceous Period, marine
transgressions and associated facies changes acmesnporaneous faults occurred
in the basin (Bu-Argoub, 1996). In the Late Testjall the platforms were covered by
sediments. By the Mid-Paleocene Period, the regiath developed into a distinct
basin. During the Oligocene Period and the earlgckhe Period, intense tectonic
activity resumed. Finally, at the end of the midekkne Period the present onshore

part of the Sirt Basin had emerged (Bu-Argoub, 3996

1.1.1 Structure

The Sirt Basin consists mainly of northwest-sousheaast-west and northeast-
southwest arms with extended faults. These fauttsenthe present basin and divide it
into a large numbers of platforms and troughs @taknd EI-Ghoul, 1996; Anketell,
1996; Figure 1-2 and 1-3). The sea covered botésty structures; the shale, mainly
deposited in troughs and carbonate, formed onquhaf. This resulted in complex
stratigraphy and different names of the formationthe Sirt Basin due to different oil

companies.

1.1.1.1Hun Graben

The Hun Graben is one of the youngest tectonic etesnof the Sirt Basin. This
graben is located on the western side of the SadirB(Tawadros, 2001). The Hun
Graben is a NW-SE extended structure which appesiad huge depression (Cepek,
1979). The graben extends for 300 km (115) fiiom Wadi Zamam to Suknah with

an average width of 40 km (15 Hallett, 2002).
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The Hun graben fill includes rocks of basementschith a depth varying from
2300 m (7546 ft) to 3000 m (9843 ft; Hallett, 20Q#h approximately 1500 m of
sediments ranging in age from Triassic to Oligocexeketell, 1996; Hallett and El-

Ghoul, 1996). The Hun Graben is the only outcrogmgraben in the Sirt Basin.

1.1.1.2Waddan Uplift

The Waddan Uplift is located between the Hun Gradneeh the Zallah Trough as
shown in Figure 1-2. It is a major platform ardteti towards the northeast, covering
about 16,000 k(6177 mf). The basement rocks are at a depth of only 1500921
ft) west of the Zallah Trough, and the depth toliaeement in the Dur al Abd Trough
is about 3000 m (9843 ft). The dominant trend efféwult direction is NNW-SSE with

a set of ENE-WSW faults on the northern margirhefplatform (Hallett, 2002).

1.1.1.3Zallah Trough

The Zallah Trough is located between the WaddarnftUpl the west and the
Az Zahrah-Al Hufrah platform on the east (Figur@ Bnd 1-3). The Zallah Trough
narrows northwards and becomes shallower to fomnQibr al Abd Trough. These
toughs separate the Az Zahrah-Al Hufrah Platforomfthe Waddan Uplift in the area
of the Mabrouk Field. The Zallah Trough also extesduthwards to connect with the
Abu Tumayam Trough and narrows to the east to adnmgh the Al Kotlah Graben
in the region of the Dur Mansour and Al Kuf oil lie (Hallett, 2002). The Zallah
Trough is divided into several sub-basins, inclgdine Facha Graben, the Ar Ramlah
Syncline, the Ayn An Nagah Subbasin and the Ma&naben (Johnson and Nicaud,
1996; Schroter, 1996; Tawadros, 2001). The Zalledu@h does not appear to have

developed before 60 million years. It appears teehaad its maximum development
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50 million years ago (Gumati and Nairn, 1991). TAadlah generally contains over

3600 m (11811 ft) of sediments (Hallett and EI-Gh&996).

1.1.1.4 Az Zahrah-Al Hufrah Platform

The Az Zahrah-Al Hufrah Platform is bordered on thest by the Dur al Abd
Trough and to the east by the Maradah Trough. Ve an area of 40000 Km
(15444 mf). The Al Kotlah Graben forms the southern boundzrthe Az Zahrah-Al
Hufrah Platform. It trends NNE- SSW and separédté®m the Al Bayda Platform.
The depth to the top of the Cretaceous ranges 80thm (2953 ft) on the western
boundary near the Az Zahrah field and 1600 m (524& the north (Hallett, 2002).

The thickness of the Upper Cretaceous is aboun3Q8allett, 2002).

1.1.1.5Al Bayda Platform

The Al Bayda Platform trends from NNE to SSW. THe&KAtlah Graben separates
the Al Bayda Platform from the Az Zahrah-Al Hufr&Hatform to the north. The
Al Bayda Platform is the western boundary of theuAbumayam Trough. The
thickness of the Upper Cretaceous is 300 m (984affijl the depth to the top

Cretaceous sediment ranges from 1300 m (4265 #3®® m (5906 ft; Hallett, 2002).

1.1.1.6Maradah Trough

The Maradah Trough, also known as the Hagfah Troisghordered on the west
by the Az Zahrah-Al Hufrah Platform to the nortidahl Bayda Platform to the south
and on the east by the Al Jahamah Platform to ¢inéhrand the Zaltan Platform to the
south. The shallowest parts of the trough are atntbrthern and southern margins

while the deepest part is adjacent to the Al JamaRlatform (Hallett, 2002). The



Maradah Trough did not exist before 60 million yealt became active about 40
million years (Gumati and Nairn, 1991). The Uppesin@retaceous is found at a
depth between 3000 m (9843 ft) in the basin’s ceatel 2000 m (6562 ft) in the

southern and northern parts (Hallett, 2002). TheddCretaceous sediments are very

thick in the center of the basin, reaching up t0QLB (Hallett, 2002).

1.1.1.7Zaltan and Al Jahamah Platforms

The Zaltan and Jahamah Platforms extend from thdaDeField into the offshore
north of AnNuwfaliyah. To the west these elements are bordesethe Maradah
Trough and to the east by the Ajdabiya Trough. Beatd the Zaltan Platform merges
with the Southern Shelf. The depth to the top ef @retaceous ranges from 1650 m
(5413ft) to 2650 m (8694 ft) at the Dayfah Fieldldfutaybah. The thickness of the
Upper Cretaceous ranges from less than 200 m (§56nf the western margin

thickening to 600 m (1967 ft) on the eastern ma(bjiallett, 2002).

1.1.1.8 Ajdabiya Trough

The Ajdabiya Trough is also known as the Maraghu@io It covers an area of
22500 knf (8687 mf). It is the largest and deepest trough of the Bidin, containing
about 8000 m (26247 ft) of sediment. The highets cd sedimentation in the trough
occurred during the Oligocene and Miocene Periddallétt, 2002). Oligocene
sedimentations are about 1500 m (4921 ft) and reacut 2100 m (6890 ft) during
the Miocene. Upper Cretaceous sediments reach 24074 ft) in thickness in the
southern part of the trough (Hallett, 2002). Theugh was inactive during the
Paleocene time and became active again during teerie epoch (Hallett and

El Ghoul, 1996) and continues to be active (Hal2202).



1.1.1.9 Hameimat Trough

The Hameimat Trough is located in the easterngddtie Sirt Basin. It is bordered
by the Amal and Messlah Highs. Toward the easobiitnects with the Al Gaghbub-
Siwa Trough through the Abu Attifel sub-basin (BlrAuti and Shelmani, 1985) and

westward into the Ajdabiya trough (Tawadr801).

1.1.2 Stratigraphy

Sediment thicknesses in the Sirt basin are highlyable from the troughs and
platforms, ranging from 1500 to 7000 m (Goudar28Q) and represent deposits from
the Cambrian to Tertiary (Tawadros, 2001). The imes# rocks are represented by
weathered and fractured granitic basement and nogdmc rocks from the Late Pre-
Cambrian to Early Cambrian age (Koscec and Gherty@96). The Paleozoic
sequence is represented only by Cambro-Ordovigdmegent with a wide distribution
in the basin, except over some platformibe Triassic and Jurassic sediments are
characterized by a thin succession of sedimen#iegiin the northeastern part of the
Basin.The Lower Cretaceous is thicker and located morenénsoutheastern part of
the basin. The thickness of the Upper Cretaceousnendequence is the largest
sequence in the basin, ranging in age from Cenanato Maastrichtian. These
thicknesses are largely dependent on their positianthe basin with the thickest
sediments found in the troughs (Hallett, 2002). Hoeeninant stratigraphic section,
which is present overlaying the basement in theswdace of the Sirt Basin, is

summarized in the Figure (1-4).



1.1.2.1Pre-Upper Cretaceous

Nubian Formation: Nubian rocks are also known as the Sarir Sandg@eriani et
al., 2002), mainly non-marine sandstones, siltstehale and conglomerates (Barr and
Weegar, 1972). In the northwest-southeast—trenttimgghs, it is rich in coccoliths
(Bonnefous, 1972). In some place, the depositienaironment of this formation is
interpreted as tidal sand bodies in a marine ggttith fluvial sedimentation that has

formed under regressive conditions (El-Hawat et1#96).

1.1.2.2Upper Cretaceous

Bahi Formation: The type section of the Bahi formation was firatned in well A3-
32 in the Bahi field (Barr and Weegar, 1972). It psorly-sorted interbedded
sandstones, siltstones, conglomerates, and shdale, glauconite occurring in the
upper part of the formation (Barr and Weegar, 19%2$ a significant reservoir in the
Sirt Basin. The environment of this formation isismlered to be fluvial in the lower
part of the formation (Barr and Weegar, 1972). Toe part contains glauconite,
deposited in a very shallow-marine environment g#g12002). The Bahi Formation
is overlain by the Lidam Formation, but in somealdtees by younger Cretaceous

units (Hallett, 2002).
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Maragh Formation: The Maragh Foundation is clastic sediment locateithe north
of the basin (Barr Weegar, 1972; Sghair and El Aldfi96). The rocks are poorly
sorted sandstones, conglomerates with quartz alwnio pebbles. Glauconite and
hematite are common in the Maragh Formation (Baeeyér, 1972). The age of the
Maragh Formation is Cenomanian to early Turoniath \@as deposited in a marginal
marine environment (Thusu, 1996). It is an impdrteeservoir in the eastern Sirt
Basin (Hallett, 2002). Barr and Weegar (1972) namégpe section in well N1-12 | of
the Amal field.

Lidam Formation: The Lidam Formation was also named by Barr ancedse
(1972) and its type section was chosen in the GIvBIl in the southern Zallah
Trough. The formation is dolomite and sandy dolemi the lower part which
indicates a local mixing with the underlying sar@sarr and Weegar, 1972). The
abundance of quartz decreases upward in the farmahd glauconite and oolites are
sometimes present (Barr and Weegar, 1972). Thesdep@l environment of the
Lidam Formation is interpreted as shallow marineibisome locations lagoonal, and
intertidal deposits may be present (Hallett, 200)e Lidam Formation’s age is
considered to be Cenomanian (Barr and Weegar, 1912 Lidam Formation is a
significant hydrocarbon reservoir (Hallett, 2002) .

Argub Formation: The Argub Formation’s name was given by Barr &ddegar
(1972) in the D1-32 well, north of the Bahi fielthe Argub Formation contains thin-
bedded carbonates, shale, anhydrite, siltstonesamdistone (Barr and Weegar, 1972).
The facies vary from evaporites that characteriee bhasin’s center to carbonates

dominating the north of the Sirt Basin. The typiclccession of the trough
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depocenters includes interbedded black shale amgbate, covered by carbonate (EI-
Alami et al., 1989). Due to the absence of diagondsssils, the age was determined
by its stratigraphic position and it is believed® Turonian (Hallett, 2002).

Etel Formation: The Etel Formation is thin-bedded carbonates)eshanhydrite,
siltstone, and sandstone (Barr and Weegar, 19T .type section was chosen in the
well O2-59by Barr and Weegar (1972), on the southeast margith@fAl Bayda
Platform. The Etel Formation has a sharp contadh wihe underlying Lidam
Formation. However, in other areas it occurs un@onébly on the Bahi Formation or
on pre-Cretaceous rocks. The contact with the gweyl Rachmat Formation is
gradational (Hallett, 2002). Based on its strafipia position, the age of the Etel
Formation is considered Turonian (Barr and We€el@r?).

Rachmat Formation: The Rachmat Formation is fissile shale, with milnmestone,
sandstone, and dolomite interbeds in some parts. liffestone interbeds are more
common in the lower part (Barr and Weegar, 1972 Rachmat Formation was
established by Barr and Weegar (1972) in the O2+B on the Al Bayda Platform.
The type section of the Rachmat Formation overlibg Etel Formation.
Biostratigraphy indicates Coniacian-Santonian &ger(and Weegar, 1972).

Tagrift Formation : The Tagrift Formation is a distinctive limestamerizon between
the Rachmat Formation and the Sirt Shale. The nafntee Tagrift Limestone was
given by Barr and Weegar (1972) who defined a sgion in the N1-59 well in the
Awijilah Field. Its depositional environment is inpeeted as very shallow water as
indicated by the occurrence of rudistiddsoceramus,and other pelecypods,

gastropods, bryozoa, algae, ostracods and foramafBarr and Weegar, 1972). The
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formation is considered to be late Santonian tdyHaampanian age (Hallett, 2002).
The Tagrift Limestone is limited to an area alohg southeastern margin of the basin,
including the Rakb high area, and has been mapewabn the Awijilah area and the
Harash Field (Hallett, 2002).

Sirt Shale: The Sirt Shale is a shale succession with mimeegtone interbeds. To the
east, the Sirt Shale becomes calcareous in the lpave and the shales grade laterally
into and rest on the Maragh Sandstone (Barr andg#feed972). The Sirt Shale
unconformably overlies the Rachmat Formation anctaxi between the Sirt Shale
and the Kalash Limestone is gradual (Barr and Wed§d2).

Kalash Formation: The Kalash Formation is mainly limestone, predantty
argillaceous calcilutite, with dark gray calcareshsle beds. Barr and Weegar (1972)
selected the E1-57 well as type section in thehsoat Zallah Trough near the Al
Kotlah Graben. Barr and Weegar (1972) interpreted the depositional environment
of this formation is an open marine environmente Télbundance of planktonic

foraminifera indicates a Maastrichtian age of therfation (Barr and Weegar, 1972).

1.1.2.3Paleocene

Hagfah Formation: The Hagfah Formation includes the Upper SatalfaDand
Lower Sabil members. It consists of shales and lthiastone interbeds in some parts
(Barr and Weegar, 1972). Shales laterally grade piatform carbonates along the
shelf (Upper Satal, Defa, and Lower Sabil).

Al Bayda Formation: The type section of the Al Bayda Formation isalecl in the
Oasis BBB1-59 well (Barr and Weegar, 1972). It isimy various interbedded

limestones. In terms of environments, these roeksesent carbonate shelf deposits,
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with dolomite and calcareous shales, deposited imaaety of shallow-marine
environments (Barr and Weegar, 1972).

Khalifa Formation : The Khalifa Formation is defined by Barr and Wae(l972) in
the Oasis AA1-59 well. It consists of lower shaftel aipper argillaceous limestone.
The environment of the upper limestone unit is rpteted as a marginal marine
environment whereas the shale is interpreted agpan marine environment (Hallett,
2002). The Khalifa Formation conformably overliég Dahra, Al Bayda and Hagfah

Formations (Barr and Weegar, 1972).

1.1.2.4Early Eocene

Jabal Zaltan Group: The Jabal Zaltan Group is comprised of two foioret: the
Lower is the Zaltan Limestone and the Upper is ldagash Formation (Barr and
Weegar, 1972). The Zaltan Limestone Formation tegpread across the central and
western Sirt Basin and consists of shale, chalkgsifiderous -calcilutite and
calcarenite, and dolomite (Abadi, 2008). The Har&simation is predominantly
chalky, argillaceous, and muddy calcarenite, wiih tnterbeds of fissile shale that are
dominant in the lower part of the formation (Aba208).

Kheir Formation: The Kheir Formation is extremely variable in dtbgy. It is
mainly shale, though marl and limestone are presém formation is conformably
overlain by the Lower Eocene Gir Formation (Bard aieegar, 1972).

Gir Formation : The Gir Formation is typically a sequence of ihesided dolomites
and anhydrites with varying amount of limestone ahale. Its environments and
facies vary from shallow marine carbonates and eviss to deeper marine facies in

the northern Ajdabiya Trough. In some areas, thré=Gimation is subdivided into the
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Facha Dolomite Member that contains dolomite witinan amount of anhydrite, the
Hun Evaporite Member which is interbedded anhydri@d dolomites with minor
shale, and the Mesdar Limestone Member (Barr anegéfe 1972).

Gialo Formation: The Gialo Limestone is a thick succession of graybrown,
shallow marine mudstones that contain nummuliterr(Bad Weegar, 1972). This
formation is highly fossiliferous. In the easterirt 8asin, it includes limestone,
dolomite, and minor anhydrite (Belazi, 1989), andthe Sarir Trough, nummulitic
limestone, marl, and beds of calcareous sandst®aedford, 1970). The interpreted
depositional environment of the Gialo Formationstsallow marine environments

(Barr and Weegar, 1972).

1.1.2.5Middle Eocene

Augila Formation: The Augila Formation consists of shales, limestonand
sandstones (Weegar, 1972). The formation is sutbelivinto three units or members.
The lower unit is light gray to green shale withinthargillaceous limestone or
interbedded dolomite. The middle unit contains ,sé@fiable, porous, glauconitic,
guartz sandstone. The upper unit is light to dasayghard, sandy, slightly glauconitic
limestone that is very argillaceoimssome places. In the eastern margin the lowdr par
of the Augila Formation is mainly limestone faciésown as the Rashda Member
(Barr and Weegar, 1972). The Augila Formation wesogited in shallow-water open-

marine envirnments (Hallett, 2002).

1.1.2.6Miocene
Najah Group: The Najah Group is subdivided into the Arida d»ta Formations

(Barr and Weegar, 1972). The Arida Formation maiciyisists of sandstones and
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shale. The Arida Formation varies dramatically athblithology and environment of
deposition, ranging from continental in the sousitéa marine in the in the north of
the basin (Bezan, 1996). The Diba Formation indusBndstones and thin shales with
sandy limestone at the top. The interpreted depasit environment of the shale is
open marine and continental for the sandstonesafBe2996).

Maradah Formation: The Maradah Formation is a clastic unit containing
interbedded shales, sandstone, sandy limestoreareaite, and gypsum beds (Selley,
1966, 1971; Barr and Weegar, 1972; Benfield andgWyi1980; Gammudi et al.,
1996). The interpreted depositional environmentegafrom continental to shallow

marine environments (Barr and Weegar, 1972).

1.1.3 Petroleum System

The termpetroleum systemefers to all controlling factors which determitiee
presence of oil and gas in reservoirs and tragdidmg the identification of source
rocks, the condition of hydrocarbon generation frili@ source rocks, the timing of
hydrocarbon migration, and other events that mégcaficcumulation (Magoon and
Dow, 1994). These factors can be summarized agehaigration and entrapment
(Demaison and Huizinga, 1991). These include trmumwence of source, reservoir,
seal rock and overburden as well as hydrocarboergéaon-migration-accumulation
along with trap formation. The important componeoit& petroleum system include
the following: source rock, reservoir rock, seatkioand overburden rock. Petroleum
systems generally have two processes, trap formadimd generation—migration—

accumulation of hydrocarbons (Magoon and Beauni®49).
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The petroleum system of the Sirt Basin is distiectamong other petroleum
systems in Libya due to three reasons: 1) the M®Bsdzenozoic age of the basin, 2)
the presence of a rich and productive source no¢ke Upper Cretaceous, mainly the
Sirt Shale, and 3) the late age of oil generatiod migration in the Cenozoic period
(Hallett, 2002). Figure 1-5 shows a chart sumnmagizhe petroleum system of the
Sirt Basin (Ahlbrandt, 2001). According to Parsaisal. (1980) the most prolific
reservoirs are Nubian sandstones followed by Palemccarbonates and Upper
Cretaceous clastics. More than 50% of fields odoum 2400 (7874 ft) to 3200 m
(10499 ft) depth with temperatures ranging from@&§150.8 °F) to 93C (199.4 °F).
Most of the oils are found in structural traps (mthan 80%). Recently, the known
reserves were categorized by reservoir and wersistent with earlier classifications

as seen in Table 1.1 (Baird et al., 1996; Halk02).

1.1.3.1Source Rocks

The Al Kotlah Graben contains rich Sirt Shale aneré¢fore, is considered to be the
source kitchen. The Sirt Shale has reached pealrityain the south west of the

graben and may have charged some fields like Alakan the Al Kotlah Graben, and

Haram on the south of the Az Zahrah-Al Hufrah Rlatf. However, this kitchen may

have different kerogen types as reflected by dfierchemical compositions and

carbon isotope values in the oils of the Abu AlviFagld (Hallett, 2002).
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Table 1-1. Classification of reserves by reservoirs in the Sirt Basin (Baird et al., 1996; Hallett,

2002).
Age Reservoirs Reﬂ:ﬂr;es %
Oligocene, Rupelian Arida 1,468 4
Eocene, Lutetian Jalu 1,834 5
Eocene, Ypresian Al Jir, Facha 734 2
Palaeocene, Thanetian Zaltan, U. Sabil, Harash 6,239 17
Palaeocene, L. Thanetian Az Zahrah 1,101 3
Palaeocene, Montian Al Bayda 734 2
Palaeocene, Danian Dayfah, U. Satal 5,140 14
U. Cret., Maastrichtian Wahah, Kalash 4,038 1
s Crgi.éccaerlnng;:i.é%on. = Tagrifat + Basement 2,203 6
U. Cret. Cenomanian Bahi, Maragh 1,834 5
Lower Cretaceous Upper Nubian 2,203 6
Lower Cretaceous Lower and Middle Nubian 6,973 19
Mesozoic/Palaeozoic Quartzites 1,834 5
Minor reservoirs 365 1
Total 36,700 100
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The main source rock in the Maradah Trough is Sdle (Figure 1-6). It has total
organic carbon value greater than 1% with an effedhickness of about 330 m and
has reached peak maturity in most of the trouglpeTl kerogen is present in the
southern part of the trough while the northern madominated by Type Ill kerogen
where there is gas generation. The Sirt Shaledrivteradah Trough is thought to be
the main source for the oil found in the Az ZahfdiHufrah and Al Bayda Platforms
(Roohi, 1996 a and b; Hallett, 2002). The Sirt 8hHatchen in the Ajdabiya Trough
may be responsible for 60% of all oil found in tBet Basin. Further, it is also
assumed that the oil found on the Zaltan Platfdfigure 1-7) was sourced from this
trough. Total organic carbon is more than 1% amagdhes up to 760 m (2493 ft) in the
Intisar area. The oil generation peak is at ab8003n and the top of gas window is at

4200 m (13780 ft; Hallett, 2002).

1.1.3.2Reservoirs

The distribution and quality of reservoirs in thiet Basin are generally connected
to tectonic events in the region, related to pite-gyn-rift, and post-rift sequences
(Ahlbrandt, 2001). The reservoirs are characterizgdormations from Precambrian
to Oligocene age (Gumati et al., 1996). The SisiBaleeps from west to east and
also from south to the north which is influenced thservoir formation. The basin is
produced from the fractured basement of Precambri@ambrian-Ordovician

Sandstones, Triassic rocks through Lower Cretacdtaleocene, and Eocene rocks.
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The main reservoirs are carbonate rocks of Terage, which contain 42% of the
oil and clastics, mostly of pre-Tertiary age thantain 58% of the oil (Harding, 1984;
Ahlbrandt, 2001). Carbonates of the Paleocene Za@oup have 33% of the
discovered oil making this is the single largesergoir interval. However, the clastics
of Early Cretaceous age (Nubian or Sarir Sandstenajain 28%, and clastics of
Cambrian-Ordovician age (Gargaf, Hufrah or Amal @xp have 29% of known
petroleum volume (Ahlbrandt, 2001). In the studgas the main reservoirs are
sandstones of the Gargaf Formation from the Cartidmvician, and carbonate rocks
from Upper Cretaceous to Oligocene as in the ZatahAl Bayda formations (Philip,
1992). The Wahah Carbonate of the Upper Cretacsopsoductive on the Wahah,

Jabal, SE Nasser, Lahib, and Hutaybah fields.

1.1.3.3Seal Rock

The Upper Cretaceous Etel Shale and evaporite deisthe Sirt unconformity
provide the main seal rock for pre-rifting formaiso In some places these rocks may
show a lack of an effective seal because the Bahdstone or Lidam dolomite
directly overlies it (Rusk, 2001). The Etel Shatel &vaporites act as seal rock for the
Bahi and Lidam Formation in some areas. The Pafende the seal rock in the
platforms. The Khalifa Shale is the most imports@al rock since it is present over
the entire area (Hallett, 2002). The Wahah Formais covered by tight micritic

limestone of the Kalash Formation and the Al Hagfahmation.
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1.1.3.40verburden Rock
The overburden is rock from post-rift sedimentatitiat deposited during the
Oligocene and younger. These deposits are mostesland carbonates with greater

thickness in the deepest troughs (Ahlbrandt, 2001).

1.1.3.5Style of Traps

Since the basin resulted from a rifting system, dbeninant traps are structural
traps. Stratigraphic traps are widely found as wedl combinations between
stratigraphic and structural traps (Clifford et 4980). Bioherm traps were found in
the basin particularly in the Zaltan Formation e Zaltan Platform (Bebout and

Poindexter, 1975).

1.1.3.6Sirt Shale Characterization

The Sirt Shale, which contains minor amounts oboaates (Tagrift Limestone)
of Upper Cretaceous, Campanian/Turonian is the maurce rock (Parsons et al.,
1980; Gumati and Schamel, 1988; Montgomery, 1994Al&mi, 1996; Ghori and
Mohammed, 1996; Mansour and Magairhy, 1996; Macgreand Moody, 1998;
Ambrose, 2000). Several other potential source ook ages other than Late
Cretaceous have been observed; Burwood (1997)eXample, recognized source
potential in four mudstones within deeper partgh& Sirt Basin including the Sirt
Trough. These potential source rocks occur in tine Shale (Upper Cretaceous), a
lower part of the Nubian Formation (Triassic—LowE€retaceous), the Harash
Formation (Paleocene), and the Antelat Formatiactéie, Gir Formation equivalent;
Ahlbrandt, 2001). The Cenomanian-Turonian Etel Fagrom contains evaporites,

shale, and minor carbonates deposited in shallogoolaal to supratidal zone
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environments and show good source-rock featureguf€il-8), with TOC values
ranging from 0.6% to 6.5% in the Hameimat TroughAERmi, 1996).

The Sirt Shale is a dark-brown to black laminatedanic shale, rich in
foraminifera. This suggests that the upper watger® were not anoxic, but the
subsiding troughs in which the shales deposited naag been isolated from the open
sea by sills which led to water stratification anbxic conditions on the floor of the
troughs. The lack of bioturbation in the Sirt Shalgports the hypothesis that the
Campanian sea floor was an improper environmenbfwrowing organisms. In the
eastern Sirt Basin, the lower part of the Sirt 8hadsses into a Tagrift Limestone,
which also provides evidence of a lack of oxyged kanv-energy conditions, but with
limited areal extent (Hallett, 2002).

The thickness of the Sirt Shale ranges from ab00tr8 to as much as 900 m in
the troughs. These rocks are within the oil-gemagatindow between depths of 2700
m and 3400 m in the central and eastern Sirt B@&sityan and Jawzi, 1996).

In the Sirt Shale the distribution of kerogen facis closely related to the
Campanian paleogeography. Type IV kerogen is fmmthe platforms, mostly on the
Az Zahrah-Al Hufrah, A1 Jahamah, Zaltan and WadBkiforms. Kerogen type
grades from type Ill around the trough marginstyfee Il in the center of the troughs
(Figure 1-9). Type | kerogen has not been fountthénSirt Shale (Hallett, 2002).

The active thermally mature Upper Cretaceous sourcle is at depths of at least
2865 m (9380 ft; Goudarzi, 1980; Gumati and Kard&s85; Ibrahim, 1996), where
conditions are considered favorable for oil genenaftime temperature index (TTI) =

15, vitrinite reflectance (Ro) = 0.7; Gumati anch&wmel, 1988; Montgomery, 1994).
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The Ajdabiya and Maradah Troughs were the principidces of major
hydrocarbon generation for the accumulations diem in the western Sirt Basin
(Roohi, 1996a and b). The source rock of the Sigl&in the Maradah Trough is very
similar to the Sirt Shale in the Ajdabiya Troughh&s not been possible to chemically
distinguish the oils generated from the two kitchdRlallett, 2002). Only minor
generation occurred in the Zallah Trough. Low gatien in the Zallah Trough is due
either to the shallow burial depths of the richrseuocks, or to the poor development
of the source rocks or both. However, the soura&son the Hun Graben are also
unable to generate hydrocarbons (Hallett, 2002¢. Sdurce rock deep in the Ajdabiya
Trough could be the major source of the hydrocasdonnd in the Zaltan Platform,
and the source rock in the Maradah Trough is betleto be the main area for
hydrocarbon generation of the Al Bayda and Az ZakkhHufrah platforms. A lack
of hydrocarbon accumulation in the Waddan Uplift dse to an absence of
hydrocarbon generation from the rocks in the Zallatugh (Roohi, 1996a and b).

The levels of thermal maturity of Sirt Shale showariation from troughs to
platforms (Figure 1-10). The highest levels of thar maturity were found in the
troughs. Since the Sirt Shale has the highest T@Geg in the troughs where it is
deeply buried, Lopatin’s method can be used tanedé its maturity and the timing of
oil generation of these rocks. The application opétin’s method on the deepest well
drilled (Well 5P1-59) with 5855 m (19210 ft) in tls®uthern part of the Ajdabiya
Trough (Figure 1-11), show that hydrocarbon gei@maat the base of the Upper
Cretaceous shale started (TTI = 15) about 48 milliears ago (Middle Eocene) and

passed the oil generation window (TTI = 160) ab®6tmillion years ago (Late
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Oligocene). The top part of the unit entered tHegeneration stage 28 million years
ago and is presently at the peak oil generatiordeowwn (TTI = 75). Therefore, the
major oil generation was mainly during the Oligoedfliocene time when the burial
depth of the potential source rock was between taB800 m and 4260 m (Roohi,
1996a).

Modeling of geothermal gradients in the Sirt BagBumati and Schamel, 1988)
has shown that a geothermal gradient between 253amd/km existed in the Late
Cretaceous and that a lower geothermal gradien223C/km existed from the
beginning of the Tertiary onwards. The modelingaatks that the basin had probably
reached its present thermal gradient by the Eaeltidry. This study also indicated
that Lower Paleocene shales are at an early matage with Ro values of 0.67-
0.71% in the deepest part of the Ajdabiya Trougit,dre submature with Ro values of
0.5% in the Tagrift Trough. Generally, the Tertiargcks are immature. The
differences in geothermal gradients in the bastnralated to thermal conductivity (a
function of porosity and lithology) more than toethlepth of burial (Gumati and
Schamel, 1988). Recently, geothermal gradienthefetastern part of the Sirt Basin
have been calculated, ranging from less than 24AQ#x over 30°C/km, averaging

27°C/km (Ghori and Mohammed, 1996).
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1.2 Location of Study Areas

The samples were collected from two concessionac€xsion 6 is located 50 km
in south of Marsa Al Braygah. The first commeramll in Sirt Basin is in this
concession, the Zaltan No. 1 Well. It is locatedtlom Zaltan Platform and Maradah
Trough (Figure 1-12 and 1-13; the Zaltan Platfoarbounded by the Maradah and
Ajdabiya Troughs. Concession 47 is on the Az Zal&bHufrah Platform and the Al

Bayda Platform, including the Al Kotlah Graben (g 1-14 and 1-15).

1.3Scope and Objective of Research

This research project is based on field trip dat laboratory analysis of samples
collected during the trip. As the geology of thet3asin has been thoroughly
investigated by previous researchers, this study mvainly concentrate on the
characterization of crude oils within the studyasr@nd organic facies of Sirt Shale,

based on organic geochemical parameters. The rbgentives of the study are to:

[ —
1

Investigate the quality of organic matter withirtSehale in different wells
(e.g. Rock-Eval pyrolysis analysis, GC, GC-MS)

2- Interpret the depositional environments based aclyemical data

3- Evaluate the petroleum generating potential ofSineShale within the area
4- Determine the thermal maturity of the organic ciasnts

5- Undertake oil/oil and oil/source rock correlations
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CHAPTER II

2. Organic Geochemistry

2.1Biomarkers

Biomarkers are compounds found in oils and souaks. Their biological
molecular precursors can usually be identified. Témmmon precursors for
biomarkers are chlorophyll, sterols, and hopandisters and Moldowan, 1993).
Even though biomarkers are present in very low enftrations in oil and source rock
extracts, their parameters are good tools for wtdeding the transformation

processes of organic matter after deposition (PhBg5).

The biomarker compounds of oils and rock extractsuged to explore the original
type of organic matter, the depositional environtheand the level of thermal
maturity. Biomarkers can also be used to identibdbgradation and other alteration
processes in oils and source rocks, and for odit@r oil-to-source rock correlations
(Mackenzie, 1984; Philp, 1985; Peters and Moldowl®93). Biomarkers are useful
tools in oil exploration of because their structuage stable enough to survive during
the maturation processes in oil formation. Biomeskerovide more detailed
information than the use of only screening (RoclalEanalysis) and microscopic
analysis. However, biomarkers and Rock Eval daggoawerful tools if used together
study the depositional environment of crude oil aswource rocks. Generally,
biomarkers are used in petroleum geochemistry 19:irfdicate the depositional
environment of source rocks (Didyk et al., 1978a%ell and Eglinton, 1986; Jiamo,

et al., 1990; Peters et al., 2005), (2) to identify type of organic matter from which
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oil is derived (Tissot and Welte, 1984), and (3)estimate the maturity of source

rocks and crude oils (Seifert and Moldowan, 197ackénzie, 1984).

2.2 Alkanes

n-Alkanes are the most abundant hydrocarbons ianisgns and organic matter.
They have been found in bacteria, marine and telakesrganisms. The major alkanes
identified from organisms, source rocks extractd arude oils are n-alkanes and
isoprenoids. The alkanes show relatively higherceatrations in source rocks and
crude oils, as compared to those found in livingaoisms. This difference in
concentration is due to their low chemical and loalia activity which results in a
preferential preservation and therefore relativghhabundance of n-alkane in the

organic matter of sediments (Tissot and Welte, 1984

2.3Terpanes

A wide group of hydrocarbons is commonly detecteingt m/z 191 mass
chromatograms (Peters et al., 2005). Terpanes lbeae observed to have originated
from bacterial membrane lipids (Ourisson et al32)9 The bacterial terpanes include
homologous groups such as tricyclic, and tetracyatid pentacyclic terpanes. These
compounds are used to characterize depositiondloemvents, source of organic
matter and thermal maturity of oils and source sodlerpanes are usually divided into
hopanoids and non-hopanoids. Hopanoids includelifoag¢H), 213(H) hopane and
178(H), 2la(H)hopane (moretanes). Two important; Gopane compounds, d(H)-
22,29,30-trisnorhopane (Tm) and olB),213(H)-22,29,30-trisnorhopane (Ts), are
widely used for investigating source rock and crode. Tm is believed to represent

as the biologically produced structure while Tscanverted form during thermal
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maturity processes (Peters and Moldowan, 1993).c6hanon non-hopanoids terpane
is oleanane which occurs in Cretaceous or youngek and oils. The precursor of

oleanane is thought to be terrigenous angiospdeksdozor and Udo, 1987).

Tricyclic terpanes are identified in most oils asaurce rock extracts (Aquino
Neto et al., 1983). These compounds could origifi@m precursor organisms such
as prokaryotes (Ourisson et al., 1982), algae (Malk et al., 1989; Simoneit et al.,
1993). Generally, tricyclic terpanes may be gemerdtom the same bacteria that
produced the pentacyclic terpanes, or by other aorganisms that generate only
tricyclic terpanes (Waples and Mashihara, 1990 Garbon number distributions of
tricyclic terpanes commonly range fromo@® C,g but compounds up tosghave been
identified (De Grande et al., 1993). The tricydmmpounds with high carbon number
(more than &) usually co-elute with hopanes which make thegniification by GC-
MS sometimes difficult (Farrimond et al., 1999).eTimost abundant tricyclic terpane

compound is the £ 133(H),14a (H) (Farrimond et al., 1999).

The ratio of tricyclic terpanes/&{H)-hopanes is dependent mainly on source of
organic matter or depositional environment, but thgo generally increases with
maturity due to their higher thermal stability compared e thopanes. Tricyclic
terpanes are generated from kerogen at higher itfgardompared to i{H)-hopanes
at high thermal maturity (Peters et al., 1990)hdlve been also reported that the
increasing maturity decreases the abundance oCiheelative to the & and G4
tricyclics (Ekweozor and Strausz, 1983; Cassanalet 1988; Shi et al., 1988).
However, Farrimond et al., (1999) observed increase’/C,, and Gg/Cos tricyclic

terpane ratios through the oil window. This inceeasopposite to the trends of source
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rocks that observed by Cassani et al. (1988). Tifferehce between the carbon
number distributions of tricyclic terpanes may ltellauted to the faster heating of the

organic matter (Farrimond et al., 1999).

Tetracyclic terpanes are another class, contaicamigon numbers from&to G,
and could have up tozg&compounds (Aquino Neto et al., 1983), and can beitoied
on the m/z 191 chromatograms. Thg 8 the common compound among tetracyclic
terpanes (Peters and Moldowan, 1993). The highddnoe of G, tetracyclic terpanes
has been reported in evaporitic and carbonate amwients (Connan et al., 1986,
Clark and Philp, 1989; Jones and Philp, 1990). élex, Philp and Gilbert, (1986)
have found high concentrations ofsQetracyclic to be related to a high input of

organic matter offerrestrial origin.

2.4 Steranes

Steranes represent one of the main eukaryotes go@McCaffrey et al., 1994,
Othman, 2003), and are believed to be derived ftioensterols that are commonly
found in higher plants and algae and with low cor@ions or absent in prokaryotes
(Volkman, 1986). Four main sterol precursors comitg 27, 28, 29, and 30 carbon
atoms have been identified in many organisms aadt@l These sterols make four
different regular steranes during diagenesis (Wa@ed Machihara, 1990). The
C.r-Csp steranes are named as cholestane, 24-methylcrudes?4-ethylcholestane,
and 24-n-propylcholestane, respectively. The nsatibundance of & Cygand Go
steranes has been used to indicate the type ohiorgaatter (Samuel et al., 2009).
Therefore, these compounds are useful parameterddiotifying organic matter type

and correlating the oil with oil and oil with soeroocks (Seifert and Moldowan, 1978;
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Peters et al., 1989).,¢5teranes are believed to be derived from marinarsecgnatter,
while abundant & steranes indicate a contribution from higher planganic matter
and an abundance of,dompounds may indicate the influence of lacustalgae
(Waples and Machihara, 1990; Peters and Moldow883;1Peters, 2005; Othman,

2003;Duan, 2012).

However, the abundance ofdf3teranes are also identified in many algal sources
not related to an influence of terrestrial orgamiatter (Grantham, 1986; Rullkétter et
al. 1986). In addition, Volkman (1986, 1988) fouthét some rocks in deep marine
environments and less terrigenous influence, showedtdgh concentration of J&
steranes. Ternary diagram 0f,8C,9 sterol concentration are used to characterize the
distributions of these compounds to differentiagééAeen marine, lacustrine and land
plant sources (Huang and Meinschein, 1979). Maomganic matter is strongly
indicated by the presence ofsGteranes in crude oils and source rocks (Moldogtan

al., 1985).

Diasteranes are rearranged steranes (Murray andéh&or, 1992) where the
rearrangement involves the migration of methyl gérom ring positions C-10 and
C-13 (in regular sterane) to C-5 and C-14, formidigsteranes (Waples and

Machihara, 1990; Peters and Moldowan, 1993).

The smaller carbon number compounds; (pregnane), & (homopregnane)
respectivelycan also be important in oil and rock samples fo@riain environments
(Peakman et al., 1989). Pregnanes are believed to be derived from the hormones

pregnanol and pregnanone and also result fromctidar cleavage of regular steranes
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during thermal processes (Huang, 1984; Huang e1294). However, thprecursors
of pregnane and homopregnane are related to hgpee £nvironments (ten Haven et
al., 1985; Mueller et al., 1995) and therefore denused as indicators of these

environments.

2.5Biomarker Parameters

Biomarker indicators differ from the other organparameters because they
represent single molecules found in organic maifecrude oils and source rocks.
Their structure provides valuable information abdbeir origin, depositional
environment, and thermal maturity and geologic& afgthe source rocks. Biomarkers
can also be used to determine relative contribatioh marine, lacustrine, and
terrestrial organic matter and estimate redox dandi of deposition. Biomarkers and
other maturation parameters such as vitrinite cedlece can be used to adjust models
of generation of oil and gas versus the time oftfand trap formation. These kinds of
models are useful to predict the volume of crudeawailable for migration to a

reservoir (Waples, 1994).

2.5.1 Pristane/Phytane Ratio

Pristane (Pr) and phytane (Ph) are regular isojaiertbat are present in relatively
high concentrations in oils and organic matter.yTaee easily detected by using only
GC (Philp, 1985). The pristane/phytane ratio is @fethe most widely used
geochemical parameters and has been commonly faugubd indicator to estimate
depositional environments of organic matter (Poaet McKirdy, 1973; Didyk et al.,
1978). Under oxic conditions the phytol side-chairchlorophyll is believed to form

pristane, while under anoxic conditions, phytaneraluced from diagenesis of phytol
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(Figure 2-1). The high Pr/Ph ratios generally iatiicthat the organic matter has
undergone some degree of oxidation. Therefore, ailginating generally from
organic matter environment in anoxic conditions lddwave low Pr/Ph ratios because
of low or absence of oxygen, while oils originatifgm organic matter in oxic
conditions would have high Pr/Ph ratio (Brookslet69; and Powell and McKirdy,
1973). Generally, Pr/Ph ratios greater than 3.@&Hseen documented to be related to
terrestrial organic matter deposited under oxic andoxic conditions. Low Pr/Ph
ratios (less than 1) indicate anoxic conditionslevRir/Ph ratios between 1 and 3 have
been found in marine oxic and suboxic conditionsir(ti 1996; Peters et al 2005).
However, it should be noted that different origiof these isoprenoids has been
recognized. Risatti et al., (1984) suggested aludzeria could also be another source

of phytane while tocopherols could be a sourcefmtane (ten Haven et al., 1987).
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(Chiorophyti) Pristane

Low Eh

(Anoxic) \

A A

Phytane

Figure 2-1. Diagenetic origin of pristane and phytane from chlorophyll (Peters and Moldowan,
1993).
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2.5.2 CPI Value

The relative abundance of odd versus even carborbared n-alkanes is called
the carbon preference index (CPI; Bray and Eva@61)l It can be used to estimate

the thermal maturity of rocks and crude oils. itadculated as:

CPI=  {[(CastCort+CogtCs1+Cs3)/(CoatCostCogtCaptCa2)]+[(CastCort Cogt Car+Cas)/

(Ca6tCogtCaptCsptCs)]}/2

Even though CPI values are useful as indicatommaturity, it should be used in
association with other independent indices. Highl @Rlues (greater than 1.5)
generally indicate relatively immature samplesile CPI values close to 1 indicate
high maturity (Simoneit, 1978). However, Low CPIllues do not always indicate
higher maturity; they can also indicate a lack ajhlkr n-alkanedrom terrestrial
organic matter. CPI values of 0.8 or less whicly i@ found in carbonate-evaporate

sediments could indicate immature organic mattess@t and Welte, 1984).

2.5.3 Cz7/Cl7 Ratio

The dominant n-alkanes in marine organic matterGgeto G while terrestrial
organic matter shows high abundance of n-alkane$Gs;. This difference between
land plants and marine organic matter is used tyadherize the type and origin of
organic matter. Oils generated from waxes derivednfland organic matter will
contain an abundance of high molecular weight awatis (G7 through Ga). It should
be noted that lacustrine organic matter and laicgsiils can be very waxy. These

waxes come from freshwater algae. The low moleautght n-alkanes (£ through-
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Cy9) are found in crude oils that generated from sedirem marine organisms (Hunt,

1996). Therefore, £/C;7 ratio can be used to show the type of organicenatput.

2.5.4 Isoprenoid/n-Alkane Ratios

Pristane/n-¢; and phytane/n-{g are sometimes used in oil-oil and oil-source
correlations studies. Didyk et al. (1978) suggesitad high Pr/ng; ratios (less than 1)
for crude oils indicate that non-marine plants haveontribution in the origin of the
crude oil and organic matter. The high ratios ofnhs are used as indicator to oxic
conditions. Lijmbach (1975) indicated that oils gimating from organic matter
deposited in marine conditions are characterizedPlinG- ratios lower than 0.5,
while oils from continental environments have ratiigher than 1. Ratios between 0.5
and 1.0 indicate transitional depositional enviremts. Thermal maturity affects this
ratio by decreasing the relative values of PiinChese ratios are also affected by
biodegradation in which the n-alkanes are generattgcked by aerobic bacteria

before the isoprenoids (Peters and Moldowan, 1993).

2.5.5 Terpane Parameters

2.5.5.1Homohopanes

The homohopanes (€ to Cgs) are extended hopanes, derived from
bacteriopolyhopanol present in prokaryotic cells &bundance of & homohopane
may be associated with the bacteria activity indgpositional environment (Ourisson
et al.,, 1979, 1984)ow Cgzs presence ohomohopanes is generally associated with
oxic condition during deposition. High ;£ homohopane indicates anoxic marine

conditions during deposition (Peters and Moldowa891; Ahmed et al., 2012).
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Therefore, the distribution of homohopanes 22R+23%(Cs;1-Css) ratio, known as
homohopanes index in crude oils and source rosksiséd to determine the redox

conditions of deposition environments (Peters amddielwan, 1991).

2.5.5.2Moretane/Hopane Ratios

Moretane is absent in living organisms but fornmgrfrhopanes at higher levels of
maturity (Hunt, 1996). The biological f{),213(H)-hopane in organisms is
thermally unstable and converted B{H),210(H)-hopane (moretane) and
170(H),21B(H)-hopane duringdiagenesis. Therefore, A(H),213(H)-hopane is not
found in crude oils. The occurrence of biologicap(),213(H)-hopane in the crude
oils indicates contamination by immature organicttera During catagenesis, both
moretane and hopane decrease in concentration dmgtane concentration decreases
more rapidly than hopane (Peters and Moldowan, X99Bherefore, the
moretanes/hopane ratio is used as a maturity paéearf@rantham, 1986). A ratio of
0.8 indicates immature organic matter while valoegess than 0.150 minimum of
0.05 suggest mature organic matter (Mackenzie.efl@80; Seirfert and Moldowan,

1980).

2.5.5.3Ts/Ts+Tm

With increasing maturity, T{H),218(H)-22,29,30-trisnorhopane(Tm) shows a
lower relative stability to thermal processes thak8(H),213(H)-22,29,30
trisnorneohopane (Ts) andis/Tm ratio increases due to the relatively greater
destruction of TnjFarrimond et al. 1996). Therefore, the/Tm ratio is usually used
to determine the level of thermal maturity. Thisaas affected by organic matter type

and clay minerals of the source rock in the depmst environments (Seifert and
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Moldowan, 1978; McKirdy et al., 1983; RullkéttercaiMarzi, 1988). Therefore, the
Ts/Tm or Ts/(Ts+Tm) ratio would be more reliableused with other maturity
parameters. Farrimond et al. (1996) considered itlogease in Ts/Tm ratio is

attributed to the relatively greater destructior of.

2.5.5.4C,¢/C30 Hopane

Hopanes are pentacyclic terpanes that are derieoed hacteria (Ourisson et al.,
1984; Prince, 1987). The,ECand Go 170(H),218(H)-hopanes are the most common
terpanes in most crude oil and source rock (WaghelsMachihara, 1990) and used as
environmental indicators. High concentrations @ C7a(H),218(H)-hopane in oils
indicates they are originated from organic-richbcarates (Zumberge,1984; Connan et
al., 1986) and evaporates (Connan et. al., 1988} concentrations of 45 hopane
over 30-norhopane (@FCsy hopane <1) indicate that the organic matter oiks a
derived from clay-rich, shale source rocks (GurdE399; Othman, 2003). The high
concentrations of £ 170(H),213(H)-hopane are used as indicators in oils and acgan
matter originated from organic-rich carbonate amdperite source rocks (Clark and

Philp, 1989).

2.5.5.5Isomerization at C-22: 225/(22S5+22R)

22S/(22S+22R) parameter is the most widely usedthef hopane maturity
parameters. It is a calculation the concentratibthe more thermally stable 22S
isomer relative to the 22R isomer (biological forikglaczkowska et al., 1990). The
22S/(22S+22R) ratio for homohopanes is a good ntatparameter for oils in the
early oil window. During maturation, the ratio 22%S+22R) increases from 0 to

0.60. Samples having ratios in the range 0.50 3d Bave entered the oil the early
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stage of generation window (Peters et al., 2006 @&quilibrium value of this ratio
occurs between 0.57 and 0.62 (Seifert and Moldowa86; Peters and Moldowan,
1993).However, this ratio is affected by lithology. lasfibeen found that immature
organic mattefrom carbonate rocks (Moldowan et al., 1992) arminfrevaporitic

rocks (ten Haven et al., 1986) show values of thi® consistent with a higher level

of maturity.

A decrease in the 22S/(22S+22R) homohopane ratsoolvaerved with increasing
depth in pyrolysis experiments (Lewan et al., 1986;et al., 1989; Abbott et al.,
1990; Peters et al., 1990) and sediments rapidigtelde by igneous intrusions
(Raymond and Murchison, 1992; Bishop and Abbot§319arrimond et al., 1996).
This is the opposite of what is normally expectétbwever, this reversal of
isomerization ratios of 22S/(22S+22R) was also mego in source rock with
increasing depth by Curiale and Odermatt (198%he Monterey Formation, Santa
Maria Basin, USA. Farrimond et al. (1996) obsertteat within the oil window, the
increase in the 22S/(22S+22R) ratio is due todastruction of 22R isomer compared
to 22S. At the later stages of the oil window apsel to an igneous intrusion, the
concentration of both S and R isomers are reduoedvibh faster destruction of the S

isomer which causes the decrease of the ratio.

2.5.5.6Gammacerane

Gammacerane is also a pentacyclic triterpane, tcs@t/estigate the salinity of a
depositional environment. High concentrations ahgecerane are usually related to
highly reducing hypersaline conditions during tlepalssition of organic matter (Peters

and Moldowan, 1993). Gammacerane can also be ssed adicator of a stratified
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water column in marine and non-marine depositi@ralironments of source rock

which resulted from hypersalinity (Sinninghe Dametté@l. 1995).

2.5.6 Steranes Parameters

2.5.6.1Cy9 aaa 20R Sterane/G; aao 20R Sterane

Steranes are mainly derived from eukaryotic orgasigOurisson et al., 1979).
Generally, sterane distributions reflect the vaoia in algal input to source rocks and
can be used to differentiate crude oils based oetgerelationships. Oils generated
from kerogen containing organic matter derived frarmarine source usually show
low ratios of Gg relative to G; steranes (Mackenzie et al., 1982; and Czochartska e
al., 1988). G steranes are often used as indicators of land-gieived organic

matter in source rocks and oils.

2.5.6.2C,g/Cy9 Sterane Ratios
This ratio of Gg C,g steranes is good parameter to estimate the agegahic

matter and oil from marine source rock that hasimmim or absence of higher plant
organic matter. The ratio generally increases fthen Paleozoic to the Present time
due to an increase in phytoplankton diversity. dis theen observed that thegC
steranes increase while,{steranes decrease through geologic time (Grantoam
Wakefield, 1988, Peters et al.,, 2007). Therefonés tatio is used to differentiate
between Paleozoic oils from Upper Cretaceous andiafg oils (Grantham and
Wakefield, 1988). A ratio of less than 0.5 suggesis from Lower Paleozoic age and
older while ratios between 0.4 and 0.7 for oildUpper Paleozoic to Lower Jurassic

age, and oils with a ratio greater than 0.7 inéid#pper Jurassic to Tertiary oils.
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Schwark and Empt, (2006) used these ratios to ade Devonian extinction
events (a major extinction events in the historythed Earth's biota). They found a
sharp increase in the ,#CyosSterane ratio from <055 to >0.70 at the
Devonian/Carboniferous boundary. This increasenissistent with the change in the
green algae from more primitive algae that produCgssteranes to modern algae

which yields Gg sterane (Schwark and Empt, 2006).

2.5.6.3(Bp/(Bp +ee) Ratio

Coopp/ac parameter is widely used to determine the themmeturity level. The
afp sterane isomers show greater thermal stabiligtive to the biologically-derived
form of aaa. Theaa isomer gradually converts to a mixture of bathandpp. The
ratio Bp/(Bp+ac) increases from O to a value of about 0.7 andhesmequilibrium
values between 0.67 and 0.71 (Seifert and Moldowl®86). Heating rate, clay
minerals and depositional environmarftuence this ratio; therefore, it should be used
with caution (Philp, 2007). The reaction of stesoidith clay minerals during
diagenesis may also influence the [§fi/(Bp+aa) ratio, causing high concentrations of

thep compounds (ten Haven et al., 1986; and Rullké&ttel Marzi, 1988),

2.5.6.420S/(20S+20R) gy Sterane

The 20S/(20S+20R) parameter that is usually caedlasing the ¢ aoa steranes
is also one of the most widely used maturity patensefor oil and source rock. This
ratio is based on the relative concentration ofrtiege stable 20S isomer compared
with the biologically 20R isomer (Peters and Moldow 1993). With increasing
maturity, the biologically produced form 20R corgeto 20S and the ratio changes

from O to about 0.5. This ratio reaches its equiim values between 0.52 and 0.55.
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When equilibrium is reached, no changes in thelle¥ematurity can be observed

using this ratio (Seifert and Moldowan, 1986; Wamead Machihara, 1990).

2.5.6.5Diasterane/ Sterane Ratio

This ratio is used to differentiate the level oérimal maturity and depositional
conditions of the source rock and crude oils (Reter al. 2005) and also to
differentiate crude oils derived from carbonatesuerclastic source rocks (Mello et
al., 1988). Diasteranes are more stable than regtésanes; therefore the ratio of
diasterane/ sterane increases after the peakmérgigon window (Peters et al. 1990).
Generally, high ratios may indicate that the crwils are generated from organic
matter containing an abundance of clays, whereasdtios may indicate source rock
deposited in an oxic and clay poor carbonate (Peted Moldowan, 1993). However,
diasterane/sterane ratios are useful for oils wiilar maturity since the diasteranes

increase with increasing maturity (Moldowan et 2986).

2.6 Aromatic Hydrocarbons

2.6.1 Aromatic Steroids

Aromatic steroid molecules are an organic compouadsed by diagenesis and
maturation of sterols (Hussler et al., 1981; Mackeret al., 1982; El-Gayar, 2005).
Monoaromatic and triaromatic steroids are two gsoaparomatic hydrocarbons that
have been identified from the aromatic fractioncoide oils and source rocks. The
monoaromatic steroid hydrocarbons are present imature organic matter while

triaromatic steroids may form in organic matter aatlater stage of diagenesis.
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Triaromatic steroids have not so far been foundsignificant amounts in recent

organic matter (Hussler et al., 1981, El-Gayar,5300

Aromatic steroids have been widely used in petrolggeochemistry to estimate
thermal maturity the level and oil-oil and oil-soarrock correlations (Peters and
Moldowan, 1993; Jiang et al., 2001; EI-Gayar, 20@pmatic steroid hydrocarbons
remain unaffected in the severely biodegraded witich makes them a good
correlation tools for biodegraded oils (Peters let2005). Moldowan et al., (1985)
used the ternary diagram of monoaromatig, Cs, and G steroid hydrocarbons to
differentiate between the types of source organatten Oils derived from marine
organic matter have less,dCmonoaromatic steroids than oils generated from
terrigenous organic matter; terrigenous organic tenatgenerally has a low
concentration of & and Ggmonoaromatic steroid hydrocarbons (Peters et @5R
Moldowan et al., (1985) used the ternary diagran€afng monoaromatic &, Cys,
and Gg steroid hydrocarbons to differentiate between $yplesource organic matter.
The monoaromatic steroid is a powerful tool for retation throughout the oil
generation window (Peters et al., 1989; El-Gayan5)} especially when used with
ternary diagrams of steranes since both of thene lolifferent origins (Peters et al.,
2005). Monoaromatic steroid hydrocarbons are betide be converted to triaromatic
steroid hydrocarbons during maturation and the fagtween them therefore increases
from O to 100% during thermal maturity (Peters let2005). The ratios of short- to
long-side chain monoaromatic and triaromatic steroiand triaromatic to

monoaromatic steroids are both increase with miaturatherefore, these ratios have
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been used as parameters to determine level ohdrenél maturity for crude oils and

source rocks (Mackenzie et al., 1981).

2.6.1.1IMA(1)/MA(I+11) Ratio
The ratio of MA(I)/MA(I+11) increases from 0 to 100 during maturation.

Therefore it has been used to estimate the levilestal maturity of oil and source
rocks particularly when other biomarker parametars not useful as maturity
indicators in the late oil window (Pesters et aD05). The oxidation and reduction
during diagenesis in source rocks influenced thi® (Moldowan et al., 1986). Many
possibilities were suggested as the causes of @ease in this ratio with maturity.
The increase is due to: 1) conversion of long chairshort chain monoaromatic
steroids by cracking, 2) preferential thermal ddgten of long chain versus short
chain, or 3) both conversion and thermal degradatiolong chain to or versus short

chain (Peters et al., 2005).

2.6.1.2TA()/TA(I+1) Ratio

Triaromatic steroid hydrocarbons are thought tddsened by the conversion of
monoaromatic steroids at higher maturity level wimeakes the ratios of short to long
chain triaromatic steroids more useful than monwoatc steroids. Beach et al.,
(1989) suggested that the increases in this ra&o alue to preferential cracking of
long chain triaromatic steroids rather than duedaversion of long to short chain

triaromatic steroid hydrocarbons.
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2.6.2 Polycyclic Aromatic Hydrocarbons

Aromatic hydrocarbons are commorganic compounds which have been found
in crude oils and source rock extracts throughealaggical time (Radke et al., 1982a
and b; Radke et al. 2001; Asif, 2010). Polycychlomaatic hydrocarbons are absence
in the living organisms (Hase and Hites, 1976). aematic hydrocarbons in crude
oils and organic matter in source rock are formgdcbmplex chemical reactions
between biological compounds during thermal maioma{Albrecht et al., 1971;
Radke, 1987). Due to their high resistance to thérralteration, aromatic
hydrocarbons are widely used as parameter to dstimaturation particularly in

higher maturity levels crude oils and source rqéketers et al., 2005).

Maturity determination of crude oil and source roblased on biomarker
parameters is not reliable in high maturity (Stojat et al., 2007) which makes the
aromatic hydrocarbon parameters valuable tool ieséhlevels. The maturity
parameters of saturated compounds are limited gthehi maturity levels due to
alteration. The distribution and abundance of rala#ls are influenced by organic
matter type, the environment of deposition, bioddgtion and maturity as well.
Terpanes and steranes are also limited in the highiel of maturity due to reaching
equilibrium values before the last stage of oil ggation window (Pesters and
Moldowan, 1993). Ts/(Ts+Tm), sterane maturity pagters and diasterane/regular
steranes are also affected by clay minerals (PatatsMoldowan, 1993; Seifert and

Moldowan, 1978).

Aromatic maturity parameters are proposed basedaromatization reactions

(Norgate et al., 1999). Generally, theconfiguration compounds are less stable than

56



related isomers witR- configurations. Therefore, during maturation, fiAe ratio for
particular groups of compounds usually shows aleegncrease due to theposition
being transferred to thermally more stable formthep-position (Radke et al., 1982a;
Alexander et al., 1985 and 1994; van Aarssen etl8P9; Stojanovi et al., 2007).
The thermal maturity parameters of aromatic hydiomas were established based on
the relative abundances of isomers with increagnthermal maturity. Therefore,
many ratios and parameters such as the methylptierar index have been

proposed.

2.6.2.1Methylphenanthrene Indices

The methylphenanthrene Index (MPI) was proposedRagke et al., (1982a), is
probably one of the most widely used aromatic nitgtyprarameters to estimate the
level of thermal maturity of oils (Asif, 2010). Thearameters have been generated
from the distribution of phenanthrene and four lmeé methylphenanthrene isomers

(1-, 2-, 3-, and 9-MP). Three indices were suggeste

MPI1 1 =1.5 (2-MP + 3-MP)/(P + 1-MP + 9-MP) whichas/suggested by Radke et al.

(1982a)

MPI1 2 = 3 (2-MP)/(P + 1-MP + 9-MP) which was suggesby Radke et al. (1982b)

MPI 2 is thought to provide a more reliable valhart MPI 1 and it has been
proposed to replace the MPI 1 (Radke, 1987; Othr2a@63, Asif, M., 2010). The
difference between them reflects a minor dominaric over 3-MP, which is usually
observed in the methylphenanthrene distributiondideaet al., 1982b). MPIllwas

calibrated with vitrinite reflectance values pauntarly within the oil generation
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window, used to calculate vitrinite reflectance foude oils (Radke et al., 1982a,

1982b; Radke and Welte, 1983) as follows:

Reqw = 0.6 MPI 1 + 0.4 for the jX1.35%

Rcw)= - 0.6 MPI 1 + 2.3 for the R1.35%

Therefore, the MPI is used as a proxy for the nittei reflectance of oils and to
correlate them to the corresponding organic matiethe source rocks (Othman,
2003). This parameter is useful to estimate thelle¥ maturity of crude oils and
organic matter that has low or absent vitrinite emals (Tissot and Welte, 1984).
MPI1 can be influenced by the type of organic mapteesent(Radke et al., 1986;
Budzinski et al., 1995); therefore, calibrationsM®I1 with the vitrinite reflectance
values of oils or source rocks which derived froiffiedent organic matter types are
not always reliable (Radke, 1987). Boreham et H)88) suggested an alternative

calibration of MPI1 to vitrinite reflectance MPlak follows:

Re)= 0.7 MPI 1 + 0.22 for R< 1.7%

Rewy= - 0.55 MPI'1 + 3.0 (for R> 1.7%

Based on the ratio of (2-MP)/(I-MP), MPR was alsmgested by Radke et al.
(1982b). MPR increases with increasing the levelthefmal maturity. (Budzinski et
al. (1995) proposed MPI3. The MPI3 is based on ttistribution of
methylphenanthrene isomers (1-, 2-, 3- and 9-MPjpcreases with increasing level

of thermal maturity and is calculated as follows:

MPI 3 = (%3-MP + %2-MP)/(%9-MP + %1-MP).
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2.7 Biodegradation of Crude Oils

Crude oil biodegradations are alteration procebgemerobic or anaerobic activity
of living organisms in oil reservoirs (Connan, 1984th a low temperatures below
80°C (Wenger et al., 2001). These organisms use hgdsoo compounds for their
metabolic processes. It has long been observedothlst oxic conditions in water
reservoirs can cause aerobic biodegradation ofecroits (Peters et al.,, 2005).
Recently, it has been found that anaerobic sulfatkeicing and fermenting bacteria
can also degrade oils in deep reservoirs (Petea,e2005). Highly saline waters in
reservoirs may reduce the biodegradatidme alteration of crude oil compositions by
biodegradation within reservoir decreases the velwincrude oil, its quality, and its
API gravity; biodegradation also increases oil's W#scosity, and its sulfur, asphaltene
and metals content (Wenger et al., 2001).

Organic geochemistry has provided reliable pararset® understand the
mechanisms of biodegradation and whether a sarepkesents non-degraded oil, a
degraded or a mixture of both degraded and nonadegrcrude oils. A determination
of the presence of degraded and non-degradedro#dsreservoir can provide good
information on whether a reservoir represents glsifilling period or a filling period
followed by degradation and an influx of fresh(@ihilp, 2007).

Alexander (1983) proposed the concept of scalingdgradation by observing the
sequence by which organic compounds degrade wathioil sample since the organic
compounds have different levels of resistance taldgradation (Peters et al., 2005).
Various biodegradation scales have been develagkxniving this same method (See

Figure 2-2; Peters and Moldowan, 1993; Wenger.e@D1; Heacekt al., 2003). The
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n-alkanes degrade first because the other compolnad® greater structural
complexity (Philp, 2007). Isoprenoids such as pristand phytane are degraded later
because they are more resistant to biodegraddtaomthe n-alkanes. Biodegradation
of steranes usually occurs after the complete ratnaiisoprenoids. Steranes degrade
before or after hopanes. Diasteranes are mordaesi® biodegradation than steranes
(Peters and Moldowan, 1993). Within each class imbarker compound, the
biological configurations are more affected by leigdhdation than thermally stable
isomers. For example, steranes 20R and hopaness@@fers are degraded before the

S isomers (Peters and Moldowan, 1993; Philp, 2007).
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Figure 2-2. A alignment diagram of the biodegradation scales of Peters and Moldowan (1993)
and Wegner et al. (2001). The diagram illustrates the generalized sequence of the removal of
selected molecular groups at increasing levels of biodegradation (Head et al., 2003).
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CHAPTER Il

3. Experimental Investigation

The collected cutting shale samples from wells vaergjected to Rock-Eval and
geochemical analysis using gas chromatography @@)gas chromatography—mass
spectrometry (GC- MS). The rock samples were tdkan the platforms and troughs.
The oil samples are from the Zaltan Platform, tlzeZahrah-Al Hufrah Platform, the
Al Bayda Platform and Al Kotlah Graben of the Sasin (Table 3.1). Figure 3-1

shows the analytical flow chart of the analysighiis study.

3.1Rock-Eval Analysis

Eighty six samples were analyzed by Rock-Eval pgisl (Espitalie et al., 1977)
to determine the hydrocarbon generating potentialthe organic matter. The
experimental procedure followed for Rock-Eval pysi was that described by Peters
(1986) and Peters and Cassa (1994). GeoMark, LTHuatble, Texas, used a Rock-
Eval Il apparatus to analyze crushed samples ofi@®y heating them in a helium
atmosphere at 300°C for 4 min. This was followed giggrammed pyrolysis at
25°C/min from 300 to 550°C. A flame ionization dete (FID) measured the
hydrocarbons generated from these rocks. A thewoatuctivity detector (TCD)
measured the Cyenerated from the rocks. Figure 3-2 is repredmet of the peaks
and parameters obtained from typical Rock-Eval lygis. The first peak (S1 mg
HC/g) represents the free hydrocarbons alreadyeptem the rocks and can be
obtained at 300°C. The second peak (S2 mg HC/ggsepts the hydrocarbons that

attach to the kerogen generated by cracking thegker by increasing the temperature
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from 300 to 550°C at 25°C/min. The third peak (S8 @0,/g) represents the amount
of CQO, that is detected at 390°C per one gram of rocknduthe pyrolysis. Fax
represents the temperature at which the maximunuatad hydrocarbon is generated
from the sample. Figure 3-3 summarizes the diffefeactions of the total organic
matter of rocks analyzed by Rock Eval.

The pyrolysis values collected on the computer banused to generate some
parameters to determine the quality of organic enathese measurements include
values such as PI, S2/S3, HI, Ol and RHP (Appei)diXxhe S2/S3 ratio represents a
measure of the amount of hydrocarbons which cageberated from a rock relative to
the amount of organic CQeleased during temperature programming up to 890°
The hydrogen index (HI) corresponds to the quamtitgracking organic compounds
from S2 relative to the TOC in the sample (mg HT@C). The oxygen index (Ol)
corresponds to the quantity of carbon dioxide figgrelative to the TOC (mg G@
TOC). Production index (PI) is defined as the r&1d(S1 +S2). Pl is an indication of
the amount of hydrocarbon which has been produeetbgically relative to the total
amount of hydrocarbon which the sample can prodBt¢¢R? (relative hydrocarbon
potential) represents the free hydrocarbons andydeocarbons formed by thermal
cracking of kerogen relative to total organic carl{§1+S2)/TOC (Fang et al., 1993).
The quantity of organic matter or total organicbeoar (TOC) was determined using a

LECO carbon analyzer for each sample.

3.2Vitrinite Reflectance Measurements
Vitrinite reflectance is a comparative measureigiftl intensity reflected from a

standard of known reflectance, such as sapphitbaiof the sample. In this study,
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vitrinite reflectance measurements of source raokse obtained using the Oklahoma
Geological Survey petrographic laboratory. VitniReflectance (VR) is the most
commonly used organic maturation indicator usegetroleum exploration. This is
because it is reasonably accurate, quick, nonwulgste and inexpensive, it extends
over a longer maturity range than other indicatarg] is not affected significantly by
pressure, only by temperature (Hunt, 1996). Sasnwith vitrinite reflectance values
from 0.5% to 1.3% are considered mature and withm oil generation window.
Samples with vitrinite reflectance values less tla5% are thermally immature.
Samples with vitrinite reflectance greater than%d.&e post-mature and at the gas

generation window (Tissot & Welte, 1984).
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Table 3-1. Description of oil samples in in thisdst

: . No. of
Sample Formation Age Field Sample
C65 S E Nasser
Gialo Mid. Eocene 2
BBBB2-6 S. Jebel
C98-6 N E Nasser|
[12-6 S Nasser
C229-6 S E Nasser
Zaltan Uper. Paleoceng 6
J3-6 E. Meghil
GGGG1-6 N Nasser
JJJJ2-6 W Meghil
B5-47 Al Byada Paleocene Al Byada 1
C35-47 Al Kotlah
Kalash 2
B3-93 Khuf
BBBBL-6 copper S. Jebel 1
Wahah retaceous
DD12-6 Ralah
2
S9-47 Tagrife Haram
RRRR1-6 E Arashad
MMM2A-6 Cambrian— Arashad
Gargaf - 4
Ordovician
FF16-6 Attahaddy
UU9A-6 Lehib
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Powdred Rock

Samples
v v
Soxhlet Extract
Rock Eval
1:lviv
Rock Extract Crude Oil
De-asphaltene
(a-pentane) » Stable Isotope
\ 4 \ 4
Asphaltene Meltene
A
HPLC
Fractionation
v l A 4
Saturate Aromatic NSO
Hydrocarbons Hydrocarbons Compounds
v v l—i v
Molecular Sieve
Stable Isotope (HLSIV 3000) Stable Isotope GC-MS
y
GC trace Aromatic
GC-MS
Identification Identification
Biomarker ¢
Identification

Figure 3-1. Scheme for the analytical flow chart in this study.
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Oven Temperature T —
\ HI = (S2/TOC)  x 100
S2 (mg HC/g rock) Oxygen Index
e Ol=(S3/TOC) %100

\ S3 (mg CO ,/grock)
/ [
Tmax

Time —

Figure 3-2. Schematic pyrogram showing the evolution of organic compounds from a rock
sample during pyrolysis (Peters et al., 2005).

Gas
) Gas
Volatilization s + HC CO, CO,
1 Oil Compounds Pyrol. | Oxid.
Total I
Organic :il
Matter ( / S, i
Pyrolyzed)'! Z T 1
Fraction / ( \ max !
pyrol S : “
Tolysis
L -Kerogen [
: Oxidation / \\
SA
Fraction Sy S, S, S,
\ / \ / \ /
Organic matter fractions analyzed Parameters Records

Figure 3-3. Diagram illustrates the different fractions of the total organic matter analysis, the
corresponding parameters and their recordings during Rock Eval (Lafargue et al., 1998).
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3.3Geochemical Techniques

3.3.1 Sample Preparation

The rock samples (well cuttings) were washed wittilted water and air dried
prior to grinding. The samples were ground to phatsize of about 426n or less.

The crude oil samples were shaken carefully to nilaégeils homogeneous.

3.3.2 Extraction of Soluble Organic Matter from Source Racks

Based on Rock Eval parameters, twelve samples welected for organic
geochemical analysis. For extraction of the sowoc&s, a known amount of crushed
sample (about 40q) is placed in a pre-weighed gpteacted thimble, capped with pre-
extracted glass wool and extracted in a Soxhleawaps (Figure 3-4) with 250 ml of
dichloromethane and methanol (1:1 v/v). After 24iisowhen the solvent surrounding
the thimble became clear, the extraction was stgpel the solvent in the reservoir

flask was reduced using a Buchi rotary evaporator.

3.3.3 Isolation of Asphaltenes

Asphaltenes were removed from the extracts andecails by precipitation with
n-pentane. The extracts were dissolved by addingl lofrdichloromethane and
transferred into a small glass vial. The voluméhef extracts was increased by adding
40 ml of n-pentane and transferred into a 50 ml centrifufpe twhich was stored in a
refrigerator for 12 hours in order to precipitatee tasphaltenes. The suspended
asphaltenes were separated by centrifuging fori2dites at 1000 RPM. The maltenes
were concentrated and separated from asphaltenigrdiyon and evaporating the n-

pentane solution and transferring it in a pre-wedyhglass vial. The residual
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precipitate was dissolved in dichloromethane, fiemnaed to a vial and dried under a

stream of nitrogen to yield the asphaltenes.

3.3.4 Fractionation of Maltenes

High-Performance Liquid Chromatography (HPLC) irHawlett Packard 1050
series HPLC was used to separate the maltenedinactio three fractions (saturate
hydrocarbons, aromatic hydrocarbons and NSO comg®)urfhe maltene fraction
was dissolved in hexane using a ratio of 20:50 @nd 50 pl of this solution was

injected into the HPLC.
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Porous thimble

Siphon tube
Powder of the Sample

Figure 3-4. Soxhlet continuous extractor for the extraction of the rock samples.
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3.3.5 Isolation of Branched and Cyclic Saturate Hydrocarlons

Separation of branched and cyclic compounds fromkanes was achieved using
HI-SIV 3000 molecular sieve. The activated sieves wacked into a clean (rinsed
with methanol, dichloromethane and n-hexane) agdPdisteur pipette, plugged with
non-absorbent cotton wool using light air pressiitee saturate fraction was dissolved
in a small volume of n-hexane and loaded onto thenen. The saturate hydrocarbon
vial was then rinsed with n-hexane and also trairesfieto the top of the column. Three
bed volumes of hexane were added to insure compégtaration of the branched and

cyclic compounds from the n-alkanes.

3.4 Analytical Methods and Instrumentation

3.4.1 Gas Chromatography

The gas chromatography (GC) used for analyzingstterate fractions was a
Hewlett Packard 6890 coupled with flame ionizatit@tector (GC/FID) equipped with
an Agilent J&W DB-Petro column (100m x 0.25mm 0.5diim thickness). The
samples were injected using a splitless injectdrlalium used as the carrier gas. The
oven was initially maintained at 40°C for 1.5 msubsequently temperatures were
programmed from 40 to 300° at 4°C/min and heldnisonal for 14 min. The injector

and detector temperature were kept at 300 °C.

3.4.2 Gas Chromatography-Mass Spectrometry

An Agilent 7890A gas chromatography interfaced watl’5975C mass selective
detector (MSD) and equipped with an Agilent J&W 68n0.25um DB-5MS fused

silica capillary column was usedpllof fraction solution in dichloromethane was
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injected onto the column. The samples were injectgidg a splitless injector and
helium used as the carrier gas. The oven waslIgitizaintained at 40°C for 1.5 min,
subsequent temperatures were programmed from 8DQ@dC at 4°C/min and held
isothermal for 14 min. The injector and detectonperatures were kept at 300°C. The
column was linked directly to the ion source threwagtransfer line operated at 300°C,;
the electronic impact ion source was operated aeVOData were acquired in a
selected ion monitoring (SIM) mode and processeth whe Hewlett Packard

Chemstation software.

3.4.3 Stable Carbon and Hydrogen Isotope

For 18 whole oil samples, the stable carbon anddugygh isotope ratios were
measured by the isotope laboratory at the UniwediOklahoma. The stable carbon
isotope ratio was also measured for saturate ammairc fractions of seven of these

samples.

For the measurements of the stable carbon isottpesy the 200-30Qlg organic
samples were weighed on micro-balance and wrappetini capsules (Costech
041074) and then placed in sequence in a Costeohbiank autosampler which was
mounted on the Costech 4010 elemental analyzer. (BA9 EA was equipped with a
furnace reactor column packed with the reagentsncium oxide (Costech 011001)
and silvered cobalt oxide (Costech 011007). Thepsssnwere purged with high
purity helium (99.9999%) to remove air and thenlyred by flash combustion. In the
flash combustion process, the autosampler drogpedamples one at a time onto the
top of a furnace reactor column. The reactor coluvas held at 1000°C to provide a

pulse of high purity @ for the complete sample combustion. Carbon gasa®e w
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completely converted to GQwith the presence of chromium oxide. Nitrogen gase
were then converted to,Nn the reduction column packed with copper reducee
(Costech 011013) at a temperature of 650°C. Fin@l was separated fromyNy a
short GC column held at 55°C and carried by a helatream at a flow rate of
100ml/min to a Thermo Conflo IIl interface with dilon which is connected to the
source of a Thermo Delta V plus isotope ratio mgssctrometerdC was reported

relative to the Vienna Pee Dee Belemnite (VPDB)esca

For the stable hydrogen isotope analysis, the ajppeaiely 300ug samples were
wrapped in silver capsules (Costech 041066) and pleced in sequence in a Costech
zero blank autosampler equipped with an isolati@wesmounted on a Thermo TCEA
(Temperature Conversion Elementary Analyzer). k& T'CEA, The reactor furnace
was held at 1400°C to decompose the sample int@@DH. Subsequently, Hwas
separated from CO by the GC column at 100°C andechby a helium stream at a
flow rate of 100 ml/min to the Conflo Ill interfaceith dilution which is connected to
the source of a Thermo Delta V plus isotope rat@ssnspectrometer. After H3+
corrections, 6D was reported relative to the Vienna Standard M@aean Water

(VSMOW) scale.

3.5Compound Identifications

3.5.1 Identification of n-Alkane and Acyclic Isoprenoids

n-Alkanes are abundant compounds in the oils andceo rocks and can be
identified by gas chromatography alone (Philp, 33850y gas chromatography mass

spectrometry. Then-alkane and isoprenoids (pristane and phytane)saterated
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hydrocarbons and have a simple straight chain (Eig+5). In this study these
compounds were identified using GC chromatograncdyparing the compound’s

positions with publication data (Figure 3-6).

—
o
(=)

10 14

n-alkane (n-G)

it J\/\/k/\/‘\/\/k

pristane (Go)

2, 6, 10, 14-tetramethylpentadecane

Phytane

P
o
(=}

10 14

phytane (Go)

2, 6, 10, 14-tetramethylhexadecane

Figure 3-5. Structure of n-alkane and isoprenoids.

74



Cy7

Cis

Pr

Ph

Ll R AL o

Figure 3-6. Gas chromatogram of saturated hydrocafbaction of sample C35-47 shows
distributions of n-alkanes (ngto nGy,) and isoprenoids in the sample.
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3.5.2 Identification of Terpanes

The terpane biomarkers in this study were idemtiba the m/z 191 chromatograms of

GC-MS (Figure 3-7)

16

14

Figure 3-7. Mass chromatogram shows the distributibterpane biomarkers (m/z 191) in
Sirt Basin sample. See table 3-2 for peak idevatiion.
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Table 3-2. Identifications of tricyclic, tetracycland pentacyclic triterpanes from Figure 3-7.

Peak No. Compounds
1 Cyo Tricyclic terpane
2 Cyo Tricyclic terpane
3 C,;1 Tricyclic terpane
4 Cy, Tricyclic terpane
5 Cy3 Tricyclic terpane
6 Cy4 Tricyclic terpane
7 Cys Tricyclic terpane
8 C6 [22S] Tricyclic terpane + £[22R] Tricyclic terpane
9 Cy4 Tetracyclic terpane
10 Gs [22S] Tricyclic terpane + £ [22R] Tricyclic terpane
11 Gy [22S] Tricyclic terpane + £[22R] Tricyclic terpane
12 18& Trisnorneohopane [ETs]
13 1% Trisnorneohopane 2Tm]
14 Norhopane [&]
15 18 Neonorhopane [£Ts]
16 Hopane [
17 1PB21a Moretane [Go]
18 22S Homohopane {¢
19 22R Homohopane [}
20 Gammacerane kg
21 22S Bishomohopane {{
22 22R Bishomohopane {{
23 22S Trishomohopane {{
24 22R Trishomohopane {§
25 22S Tetrakishomohopanes}C
26 22R Tetrakishomohopanes|C
27 22S PentakishomohopanedC
28 22R PentakishomohopanedC
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3.5.3 Hopanes and Moretanes

Hopanes are a group of the triterpane compoundsy Hne cyclic compounds
containing five rings. Four rings are having sarbon atoms and one ring is having
five carbon atoms. The side chain of hopanes contgn® B8 carbon atoms. The
common compound is &{H),218(H) hopane and has 30 carbon atoms, three of them
are in the side chain (Figure 3-8a). The hopanescamposed of three groups of
compounds, 1H),213(H) hopanes (Figure 3-8b), A(H),21B(H)hopanes, and

178(H),210(H) hopanes (moretanes; Peters and Moldowan, 1993).

3.5.4 Homohopanes

These compounds are extended hopane compoundsinaogtanore than 30
carbon atoms. Homohopanes show an extended sida eWith an additional
asymmetric center at C-22, resulting in two compmsuri22Sand 22R) and are

identified as two peaks in the GC-MS (Peters anddblgan, 1993).
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X = H; 30-norhopane (C,y hopane)

= CHs; C30 hopane

= C,Hs; C3; homohopane

= C3H7; C3, bishomohopane

= C4Ho; C3; trishomohopane

= C5H11; Cs4 tetrakishomohopane

= CgH,3; C35 pentakishomohopane

S and R isomers at C,,, 17a(H),21B(H) shown

Figure 3-8. Structures of a) Hopanes and b) C;, moretane.
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3.5.4.1Tricyclic and Tetracyclic Terpanes

Tricyclic terpanes range from:£to Gy The Gz compound is usually the
abundant one (Figure 3-9a). Compounds with upstoc&rbon atombave also been
identified in oils and source rocks (De Grandelgtl®93). Tricyclic terpanes having
more than 25 carbon atoms are identified in GC-MS& and R epimers (Kruge et al.,
1990a, 1990b). Tricyclic terpanes with more thapdarbon atoms may co-elute with
hopanes in GC-MS which make their identificatiofficiilt (Farrimond et al., 1999).
Tetracyclic terpanes are another class which cem lz¢ identified in m/z 191 of GC-
MS. They range from £ to G,y compounds (Figure 3-9b) and possibly up tg C
(Aquino Neto et al.,, 1983). The £ tetracyclic terpane is the most important
compound among them and is used to investigate ittmm&l of depositional

environments (Peters and Moldowan, 1993).
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Tricyclic terpanes (Cheilanthanes)

”
2

Cy, 17, 21-secohopane
(Tetracyclic terpanes)

Figure 3-9. Structures of a) Tricyclic terpanes and b) Tetracyclic terpanes.

17a(H)-22,29,30-trisnorhopane (Tm)

18a(H)-22,29,30-trisnorneohopane (Ts)

Figure 3-10. Structures of a) 17a(H)-22,29,30-trisnorhopane (Tm), and b) 18a(H)-22,29,30-

trisnorneohopane (Ts).
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3.5.4.2Steranes and Diasteranes

Steranes are an important class of biomarkersifgigrgt using m/z 217 in GC-MS
(Peters and Moldowan, 1993). Steranes usually sbos$ifour rings, three of them
having six sides (Figure 3-11), and one contairfimg carbon atoms (Waples and
Machihara, 1990)Diasteranes (Figure 3-12) are rearranged steraviesrgdy and
Boreham, 1992) where the rearrangement includdsaage of methyl groups from
ring positions C-10 and C-13 (in sterane) to C-8 @nl14 (Waples and Machihara,
1990; Peters and Moldowan, 1993). Figure 3-13 sadypical distribution of sterane
and diasterane biomarkers which are detected byMSCin the oil sample from the

Sirt Basin.
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R = H; Cys-sterane
= methyl; Cpg-sterane
= ethyl; Cy9-sterane
S and R isomers at Cy, Sa(H),14a(H),17a(H)

Figure 3-11. Structures of Steranes.

Diasteranes

R=H; Cy

= methyl; Cyg

= ethyl; Cy

S and R isomers at Cy, 13p(H),17a(H)

Figure 3-12. Structures of Diasteranes.
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35 55

Figure 3-13. Mass chromatogram (m/z 217) of SirsiBasample shows the distribution of
steranes and diasteranes. See Table 3-3 for peatifichtions.
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Table 3.3. Identifications of steranes and diagesdrom Figure 3-13.

Peak No. Compounds

29 Diapregnane

30 5a(H), 148(H), 17(H ) Pregnane

31 Diahomopregnane

32 5a(H), 14p(H), 17B(H ) Homopregnane

33 138 (H), 17a(H), 20(S)- diacholestane

34 13B(H), 17a(H), 20(R)- diacholestane

35 130(H), 17B(H), 20(R)- diacholestane

36 24-methyl-1B(H), 170(H), 20(S)- diacholestane

37 24-methyl-13(H), 17a(H), 20(R)- diacholestane

38 24-methyl-13(H), 173(H), 20(R)- diacholestane +o8), 14a(H), 170(H), 20(S)-
cholestane

39 24-ethyl-1$(H), 170(H), 20(S)- diacholestane +
5a(H), 148(H), 17B(H), 20(R)-cholestane

40 24-methyl-13(H), 173(H), 20(S)- diacholestane &8H), 143(H), 173(H), 20(S)-
cholestane

41 50(H), 14a(H), 17a(H), 20(R)-cholestane

42 24-ethyl-13(H), 17a(H), 20(R)- diacholestane

43 24-ethyl-13y(H), 17(H), 20(R)- diacholestane

44 24-methyl-m(H), 14a(H), 170(H), 20(S)-cholestane

45 24-ethyl-13(H), 17B(H), 20(S)- diacholestane +
24-methyl-m(H), 148(H), 173(H), 20(R)-cholestane

45 24-methyl-m(H), 148(H), 17(H), 20(S)-cholestane

47 24-methyl-m(H), 14a(H), 17a(H), 20(R)-cholestane

48 24-ethyl-S(H), 14a(H), 170(H), 20(S)-cholestane

49 24-ethyl-S(H), 148(H), 17(H), 20(R)-cholestane

50 24-ethyl-m(H), 14p(H), 17(H), 20(S)-cholestane

51 24-ethyl-m(H), 14a(H), 17a(H), 20(R)-cholestane

52 24-propyl-m(H), 14a(H), 17a(H), 20(S)-cholestane

53 24-propyl-m(H), 148(H), 17(H), 20(R)-cholestane

54 24-propyl-m(H), 148(H), 17B(H), 20(S)-cholestane

55 24-propyl-m(H), 14a(H), 17a(H), 20(R)-cholestane
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3.5.5 Aromatic Hydrocarbons

3.5.5.1Aromatic Steroids
The aromatic steroids were identified using the E-chromatograms at m/z 253

(Figure 3-14) for monoaromatics and m/z 231 fartimatics (Figure 3-15).

Figure 3-14. GC-MS chromatogram shows distributibthe monoaromatic steroid
hydrocarbons in Sirt Samples. See Table 3.4 fok kantifications.
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Table 3-4. List of monoaromatic steroid hydrocarbons at m/z 253 and their structure (EI-

Gayar, 2005).
Beak | compound Structure
A 17-methyl-18-norpregna-8,11,13 trienes I, RF#E
B 17,20-dimethyl-18-norpregna-8,11,13 trienes £ RH (CHy),
C 5(H), 103(CH3)-cholest-8,11,13 trienes (20S) II,R1&R4=R2 & R3=CH
D 58(CH3), 1®(H)-diacholest-8,11,13 trienes (20S) I, R1& REH3, R2& R4=H
E 5(CH3), 1(8(H)-diacholest-8,11,13 trienes (20R) + I, R1&R3=CH3,R2& R4 =H
56(H), 103(CH3)-cholest-8,11,13 trienes (20R) + II,R1 & R4 =H, R2 & R3=CH
5a(H), 1Q3(CH3)-cholest-8,11,13 trienes (20S) I,R1&R4=H,R2&=CH
F 24-methyl-B(H), 108(CH3)-cholest-8,11,13 trienes (20S) + | I, R1 =H, R2, R3 & R4 = CH
58(CH3), 1g¥(H)-diacholest-8,11,13 trienes (20R) + IILR1I&R3=CH;, R2& R4 =H
24-methyl-B(CH3), 1¥(H)-diacholest-8,11,13 trienes I, R1, R3& R4=CH,R2=H
G 5x(CH3), 1(8(H)-diacholest-8,11,13 trienes (20S) l,LR1&=8HR2 & R4 =H
H 5a(H), 13(CH3)-cholest-8,11,13 trienes (20R) + IlLR1&R4=H, R2&R3=CH
24-methyl-m(H), 1Q3(CH3)-cholest-8,11,13 trienes (20S) + | Ill, R1 = H, R2, R3 & R4 = CHl
24-methyl-$(H), 1Q5(CH3)-cholest-8,11,13 trienes (20R) + | I, R1 = H, R2, R3 & R4 = CH
24-methyl-$(CH3), 1(8(H)-diacholest-8,11,13 trienes (20R) +||, R3 & R4 = CH;, R2 = H
24-ethyl-$(H), 1Q3(CH3)-cholest-8,11,13 trienes (20S) + II, R1=H, R2 & R3=CH, R4=
CH
24-ethyl-3(CH3), 1(8(H)-diacholest-8,11,13 trienes (20S) ||,2R51 &R3=CH3,R2=H, R4 =
C2H;
| 24-ethyl-m(H), 13(CH3)-cholest-8,11,13 trienes (20S) I, R1=H,&R3 =CH;, R4 =
C2H;
J 24-methyl-a(H), 103(CH3)-cholest-8,11,13 trienes lll, R1=H, R2, R3 & R4 = CH3
24-ethyl-3(H), 103(CH3)-cholest-8,11,13 trienes II,R1=H,R2&R3=CH, R4 =
C,Hs
24-ethyl-3(CH3), 1((H)-diacholest-8,11,13 trienes (20R) | I, R1 & R3=CH3,R2=H,R4 =
GoHs
K 24-ethyl-m(H), 103(CH3)-cholest-8,11,13 trienes (20R) L R1=H,RR3 =CH;, R4 =
C,Hs

T
)
-
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Figure 3-15. GC-MS chromatogram shows distributibthe triaromatic steroid hydrocarbons
in Sirt Samples. See Table 3.5 for peak identificet
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Table 3-5. List of trioaromatic steroid hydrocarbons at m/z 231 and their structures (Younes

and Philp, 2005).

Beak Compound Structure

a G Triaromatic Sterane R1=GHR2=H

b G, Triaromatic Sterane R1=GHR2=CH

c C,¢ Triaromatic Sterane (20S) R1 = S(GHR2 = GH3

d C, Triaromatic Sterane (20R)+ R1 = R(CH), R2 = GH2
C,; Triaromatic Sterane (20S) R1 = S(CH), R2 = GHy;

e Gy Triaromatic Sterane (20S) R1 = S(gHR2 = GH4;

f C,; Triaromatic Sterane (20R) R1 = R(HR2 = GH;:

g Cyg Triaromatic Sterane (20R) R1 = R(CH), R2 = C8H,
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3.5.5.2Polycyclic Aromatic Hydrocarbons

Aromatic hydrocarbon compounds identified for thtady were identified using
GC-MS of the aromatic fraction. Several compouofdgarious molecular ion groups
were used in this study. Methylphenanthrene (MRevugentified using m/z 192 mass
chromatogram, whereas Phenanthrene (P), DBT Dilteiophene (DBT) and methyl
Dibenzothiophenes (MDBT) were detected respegctiusing m/z 178, m/z 184 and

m/z 198 mass chromatograms (Figure 3-16 and 3-17).

m/z 178 m/z 192

9-MP
1-MP

3-MP

2-MP

A

Figure 3-16. Combination of mass chromatograms shoWhenanthrene (P),
methylphenanthrene (MP) in m/z: 178+18&spectively.
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Figure 3-17. Combination of mass chromatograms shaibenzothiophene (DBT) and
methyldibenzothiopénes (MDBTS) in m/z: 184+198; respectively.
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3.6 Biomarker Quantitation

The absolute concentration of biomarkers in crude and source rocks are
dependent on depositional environment, maturatrmhateration of the source rocks
and oils in the reservoirs (Hunt 1996). Mixing atude oils in the reservoir from
different sources also affects the biomarker commagan (Rullkotter et al., 1984).
Biomarkers are present in very low concentratioomgared to the main groups of
compounds in the crude oils such as n- alkanes.awiadability of non-co-eluting
internal standards, when used in GC-MS analysis abbowed the petroleum
geochemist to accomplish accurate quantitativeyarsaind therefore provides a good

tool of studying the biomarkers by quantitativelgsia (Elington and Douglas, 1988).

Calculation of the absolute Biomarker concentration

The n-tetracosane-d50 is used as an internal stanidas added to the saturate
fraction for quantification of the individual mol@lar compounds. Quantitation of
biomarkers was accomplished by using combined ictasgnatograms containing one
fragment from the standard and one fragment fromm ¢cbmpound of interest to
guantify. In this study, the quantitation was apglion peak areas of hopane and
sterane (m/z 191 and m/z 217; respectively) angéad areas of the internal standard

were calculated in m/z 66 (Figure 3-18 and 3-19).

The absolute concentrations of crude oils were abmed to the saturate fraction
since it is impossible to be normalized to TOC wesaluThe absolute biomarker
concentrations of source rocks were also normaliaelde saturate fraction to obtain a

better correlation between crude oils and sourak.rtt should be noted that the
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organic matter extracts and its saturate fractiorsource rock can be affected by
migration, contamination or thermal maturity; tHere, these alteration processes
should be considered in correlation with sourcek rextracts and crude oils (Wang,
1993). The modified equation from Wang (1993) waed to calculate the absolute
concentration of the biomarkers. The following ise t modified equation for

calculating absolute biomarkers of the source rawknalized to Saturates:

Cags = (Coio X Vire X 1,000,000)/SAT X Wampie X % Hsie X % HLPC) (ug/g
TOC)

* Cags is the absolute concentration of a biomarker gnoanpnalized to the SAT
values expressed in a unit of micrograms of biomager gram TOC (ug/g
SAT).

*  GCuio IS the relative concentration of biomarker exprdsge a unit of pg
biomarker per ml solvent and was calculated by=CAbic X Cstp)/ Astp,
whereCyj, is the integrated peak area of the biomarkeypGs the known
concentration of the internal standard; angAs the integrated peak area of
the internal standard.

* Vyis the volume of the branched and cyclic fraceapressed in a unit of ml
and calculated by: y= Wyg,c/9 (mg/ml, where Wec is the branched and cyclic
fraction and 9 (mg/ml) is the concentration utitizéen the analysis of
biomarkers.

« 1,000,000 is the number used to cancel the threeepiges in the

denominator of the equation.
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SAT is the total saturate fraction of the souragkror oil expressed in a unit of

percent.
WsampleiS the weight of the bitumen used in extractiopressed in grams.

Hsie IS the percentage of saturate fraction used fepaming branched and

cyclic saturate fraction HI-SIV 3000 molecular sev
% HLPC is the percentage of extract used for fometiion analysis by High-

Performance Liquid Chromatography.
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Figure 3-18. Combination of mass chromatograms ff  with m/z 191and m/z 217 of
crude oil shows the location of internal standarithwerpanes (top), and steranes and
diasteranes (bottom).
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Figure 3-19. Combination mass chromatograms of &6with m/z: 191 and m/z 217 showing
location of internal standard with terpanes (togm)d steranes and diasteranes (bottom) in

source rocks.
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CHAPTER IV

4. Source Rock Analysis

4.1 TOC and Rock Eval Source rock Analysis

The total organic carbon content of the source rakes from poor to excellent
with respect to oil generation and the kerogengygre type Il and 1l/lll. The samples
at greater depths (more than 12000 ft) show keragee Il with low HI and
relatively high Ol. Thaxfrom Rock Eval pyrolysis is not reliable in mostrgaes and
shows generally low values in higher depths. Howewethe in Well BBB1-6 (10460
to 11425 ft.), Tax values are within the early generation window. cédbent source
rock quality was observed in well BBB1-6 where h@C values were the highest
among all the studied wells. The Rock Eval analygisamples from well 3B1-6
shows pattern consistent with the Gamma Ray profirerefore, the well is divided
into two parts. The lower strata were depositedingura sea level rise within
transgressive systems tracts and the upper strata deposited within highstand
systems tracts. The total organic carbon contemeases with depth and supports sea

level changes.

4.1.1 Organic richness

TOC values of the samples in the study vary witptldeand location. Generally,
TOC values are low in the plat forms and deepaspses in the troughs. TOC values
for samples collected from wells FFFF1-6 and FFB18cated on the north part of
Concession 6 are all low, ranging between 0.24.89%. According to El- Alami et
al. (1989) the entire northern part of the basia lmav TOC content due partly, to
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unsuitable kerogen facies and the high level ofunitst In the southern part of
Concession 6, the TOC values vary among the twdiesiuwells. The samples from
well ZZ71-6 (12135 to 13715 ft) show fair TOC veturanging from 0.64 to 2.00
while well BBB1-6 (10465 to 11425 ft) have muclglner values ranging, from about
0.69 to 5.35% showing that these samples exhilit téa excellent TOC for oil
generation (Appendix I). The samples from H1-6 &htll-6 wells located on the
Zaltan Platform in the East of the Concession atld&éom 9990 to 10475 ft have low
TOC values ranging from 0.11 to 0.56% while well@113225 to 14515 ft) located
in Ajdabiya Trough have values from 0.75 to 1.27%is is inconsistent with Baric et
al. (1996) conclusion about the lower part of Sihale. Baric et al. (1996) reported
that these rocks at depths of more than 11010dish decrease in organic matter
with an average of 0.56%. The well Z1-6 samplesshawdepth exceeding 13000 ft
and a TOC of up to 2.0%. The TOC of samples fror REEE-6 (13275 - 14045 ft)
and well NN1-6 (12885 to 13245 ft) that locatedoails Ajdabiya through between
have values from 1.8 to 2.9% and 0.64 to 2.00%ews/ely. The high TOC in these
wells are inconsistent with the depth as in Z1Hsithey are close to each other. The
high TOC in well EEEE-6 is probably due contamioatas observed from high S1
peak (Figure 4-1). The samples from Al Kotlah Grali®m Well C65-47 have low
TOC with values of 0.42 to 0.86% at depth betwegtbtand 7505 ft. However, TOC
analyses alone give limited information about detrm potential. It is well known
that samples containing low TOC value can be rélate poor preservation in

depositional environments or to the oil generafrom these rocks (see Appendix I).
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Figure 4-1. Plot of S1 versus TOC, from which nodigenous hydrocarbons can be
distinguished from indigenous hydrocarbons (HuBg6).
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4.1.2 Hydrocarbon Generation Potential

The type of kerogen in a potential source rock meitgees the nature and amount
of hydrocarbons produced by Sirt Shale. HydrogeleXn(HI) and Oxygen Index (Ol)
are parameters used to characterize the originrgdnic matter type (Appendix |
Tissot and Welte, 1984; Cornford et al., 1998). The HI corresponds to the quantity of
cracking organic compounds from kerogen, or hyditomas from S2, relative to the
TOC in the sample, measured in mg hydrocarbon/g T@¢ HC/g TOC). The Ol
corresponds to the quantity of carbon dioxide fi®@grelative to the TOC (mg CO2/g
TOC; Peters, 1986). Hydrocarbon source rock evaluatemameters for Rock-Eval
pyrolysis data are shown in Appendix Il. Sirt Shiamevell BBB1- contains (TOC) in
the fair to excellent range and S1 and S2 show geryd potential in terms of
generated hydrocarbons. The S2/S3 of well BBBIiéles is greater than 5.0,
indicating oil-prone source rocks. A plot of S19B2 versus TOC values (Figure 4-2)
indicates the oil shales to be excellent sourc&sio€max, 439-443 °C indicates that
shale is at the early stage of hydrocarbon gemeraiihe hydrogen index (HI) is in the
range of 206 to 518 mg/g TOC, suggesting both typead type II/lll kerogen are the
main components of OM. In the well C65-47 (64155 %), the shale contains poor
to low amount of TOCThe generation potential of the shale in this welpa®r where
S1 shows poor genetic potential (0.09 to 0.14)radtige from 38 to 208 mg/g TOC
indicating both oil and gas prone OM (Type-Ill diitll kerogen). A plot of HI versus
Ol shows that most of the samples plot in the fadldype 11l kerogen but the samples
from well BBB1-6 fall into Type Il and Type Il/likerogen fields. Generally, the

samples of this study vary from kerogen type llllland type Il (Figure 4-3).
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However, this plot may be affected by kerogen miesu thermal maturity during
pyrolysis (Cornford et al., 1998). This variatiomdicates that Sirt Shale does not
usually have type Il kerogen even at the greategthd. Samples with depths greater
than 12000 ft. could be affected by thermal magulamples with shallower depths
indicate their origin kerogen type Ill since thajor oil generation of Sirt Shale is
between 10000 and 14000 ft. (Roohi, 1996) as imelitaby Lopatin's time-
temperature index of maturity (TTI). It should beted that a late mature stage of
gas/condensate generation has been reached injdabiya source rocks (Hallett,
2002) which supported vitrinite reflectance of s&pom Z1-6 that has value of 2.1
at depth 13745 ft. The variation in kerogen ty®eslso supported in Figure 4-4 which
is an alternative method for assessing kerogenltypgaotting S2 values against TOC

(Cornford et al., 1998).
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Figure 4-2. TOC versus total hydrocarbon generating potential of rock showing the generating
potential of the studied source rocks.
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4.1.3 Thermal Maturity

The Thax values represent the temperature at which theedargmount of
hydrocarbons is generated from the kerogen of thki©source rock where the S2
peak reaches its maximum during Rock-Eval pyrolyBigers, 1986; Tissot et al.,
1987). Rock-Eval fax values can be used to estimate the level of tHammaturity for
OM within the sediments, their values increase msgjvely along with the level of
thermal maturity Tissot and Welte, 1984; Waples, 1985; Peters, 1986; Tissot et al.,
1987. Peters (1986) suggests thatiTof samples with S2 peak values less 0.2 mg
HC/g rock values are unreliable due to the broddreaof the S2 peak and should be
rejected. Empirical evidence suggests that sampibs Trnax and S2 values less than
0.5 mg HC/g rock and TOC values less than 0.5% Idhbe considered unreliable
when estimating thermal maturity (Riediger, 1997).

There are some problems associated with. Even though its value may increase
regularly with depth, variations can result duecbmtaminants, such as drilling-mud
additives and natural bitumen (Hunt, 1996, Peters, 1986). In addition to, solid bitumen
can increase S2 peaks (Hunt, 1996).

The Production IndegPl) also used in estimating the maturity of OM.almsence
of migration, the S1/(S1+S2) ratio is an evaluatidrthe transformation ratio. The
continuous increases of this ratio along with iasieg depths make it a valuable
maturation parameter (Tissot and Welte, 1984). fidi® gradually increases with
depth and the components in the kerogen (S2) areecied to free hydrocarbons (S1)
thermally (Peters and Cassa, 1994). Pl valuestless 0.1 indicate immature OM

while a ratio of 0.4 indicate that the late of thkewindow has been reached. The ratio
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increases to reach 1 when the hydrocarbon generpttential capacity of kerogen
has been exhausted (Peters, 1986). Pl apddata for most of the Sirt Shale in this
study vary from well to well according to well ldean and well depth (Figure 4-5).
Most of the studied samples are located in the zoin@ydrocarbon staining or
contamination. In the Figure 4-5, the BBB1-6 sam@ee located in the mature zone
as well as C65-47 and HHH1-6. The samples of WBIN-6 show mature J.x(434-
437) and high PI values (0.54-0.67) which placeehthin the contamination zone.
Peters and Cassa (1994) reported that Ffalues between 390 °C to 435 °C, and 436
°C to 445°, the PI values should be equal to s than 0.1 and 0.3, respectively.
Samples differing from these conditions are considiéo be contaminated by drilling
additives or migrated oil. The remaining wells shd®ereasing Jax values with depth
and are as low as 363 in some wells. The decredsipgvalues with depth can be
attributed to a low S2 (HC/g rock) peak (Bordenaveal., 1993). The solid bitumen
and the heavy oil may produce a lowslsuch as 350 (Clementz, 1979). S2 peak in a
bitumen-rich source rock may not be totally atttdtale to the kerogen. The solid
bitumen in this study was observed in a selectadptafor study under microscope
during the measurement of vitrinite reflectanceitriMte reflectance indicated that
OM of upper Cretaceous at a depth of 10000 to 128€0has values of 0.65 to 1.21%
Ro. Generally the levels of maturity of OM within ti&rt basin are variable and
immature in a range of 0.35 to 1.62(Bumati and Schamel, 1988).

Futyan and Jawzi, (1996) demonstrate that thedesrae within the oil window
between depth of 8860 ft and 11160 ft in the cérdaral eastern Sirt Basin. The

application of Lopatin’s method of maturity alsalicates that the major oil generation
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of the source rocks in Maradah Trough was at ahdeptween about 9840 ft and
13120 ft (Brennan, 1992). This window includes #aire section of this study
(10460 ft to 11425 ft). Hydrocarbon generatioriret base of the Upper Cretaceous
Sirt Shale entered the oil window during the micc&oe and reached peak generation
at the beginning of the Oligocene (Brennan, 1992; Hallett, 2002). In this study the
values of 0.8 to 1.0 vitrinite reflectance angJvalues of the well BBB1-6 also

support that these rocks are within the oil window.
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4.1.4 Organic Sequence Stratigraphy of Sirt Shale

The BBB1-6 well in this study can be used to deieenthe relation between
organic matter and sequence stratigraphy. The wadl divided to Highstand and
Regressive Systems Tract (HST) and Transgressistei@g Tract (TST) of sequence
stratigraphy using the gamma ray curve (Figure. 4t Transgressive Systems Tract
strata was deposited during a rapid rate of riselative sea level with the maximum
flooding surface at the top while the HST was dé@pdsduring a slower rate of rise
(Appendix I). Recently, understanding the sequesicatigraphy of shale provides a
powerful tool for high-grading stratigraphic intets most favourable for preservation
of organic matter (Slatt and Rodriguez, 2012). Tié which is usually determined
by the TOC will reflect changes of sea level witlsiequence stratigraphy. Potential
source rocks can be found in lowstand systemsst@d@T), transgressive systems
tracts (TST), and highstand systems tracts (HShg. fichest source rocks are found
in the condensed section of thansgressive systems tracts (Bohacs, 1991and Isaksen;
Creaney and Passey, 1993; Philp, 2007), and also in HST but directly above the
maximum flooding surface (MESlatt and Rodriguez, 2012). However, the reducing
in OM within HST is due to higher sedimentationeraturing these systems tracts
(Meijun, et al., 2003).

In this study, Rock-Eval pyrolysis indicate goaml éxcellent source rock and
correlate with sea level changes as in the FigufeHST samples show relatively low
TOC ranging from 0.69 to 3.85. In Figure 4-7, thedl drop in the HST strata is
reflected also in organic matter content wheredthallowest strata shows the lowest

TOC values (greater than 1) in the study intervgpendix 1l). Deeper sediments
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which represent TST were comparatively organic-safgested by TOC (greater 3%)
and S1 and S2 of <2-4 and 16-28 mg HC/g rock, ats@dy. The samples of the

condensed section show the highest TOC which relaghéo 5.35.

4.1.4.1Relative Hydrocarbon Potential (RHP)

Relative hydrocarbon potential (RHP) proposed bggrat al. (1993) is used to
investigate the depositional conditions of organatter (Appendix I).

RHP reflects oxygenation conditions in the deposdi environment. It can be
related to sea level fluctuations within a sequesicatigraphic framework. Therefore,
the sequence stratigraphy of shale is a powerfl not only for regional-to-local
stratigraphic correlations but also for high-gragdistratigraphic intervals most
favorable for preservation of OM (ductile), gasratge, and hydraulic fracturing
(organicypoor, relatively brittle; Slatt and Rodriguez, 2011).

The deeper samples of the well 3B6 contain higmtiikes of OM, which may
indicate deposition during rising sea level whigres with the gamma ray profile.
Changes in the abundance of OM from the bottonopoof the studied section can be
due to sea level changes. The HST strata show hiRH® than TST and CS, which
indicate that the HST was deposited in more oxirenment compared to the TST
and CS. The changes in the organic matter contehtRHP can be reflected in the
plot of HI, OI, PI, S1/TOC, S1+S2, RHP and gamrag profile against depth
(Figure 4-7).

The gamma ray log represents the response of umarhich is usually associated
with organic matter. Therefore, it serves as anréatl tool for assessing good

preservation of organic matter. The Sirt Shalehis study shows increasing gamma
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radiation with increasing TOC values for these socKhis observation can be
explained by sea level changes within sequencéigsaphy (Slatt and Rodriguez,
2012). During rising sea level in the TST, theamig matter has excellent conditions
for accumulation and preservation as shown in ¢hneet part of the studied section.
The upper part represents the HST, reflecting mare conditions and therefore less
organic matter content. The RHP parameter in thudysreflects the fluctuations in
oxygenation conditions; showing a positive correlation with fluctuations in relative sea
level. This further observation in Sirt Shale ispgorted by increasing Ol and
decreasing HI along with increasing gamma respaause,therefore rising sea level.
The high content of HI and low Ol in this Sirt Share associated with TST where

the gamma ray profile has higher readings
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Figure 4-6. Gamma ray profile of Sirt Shale in the well BBB1-6, showing sea level changes
within sequence stratigraphy. In this figure solid arrows refer to falling and rising of sea level
at the larger scale and the dashed arrows refer to falling and rising of sea level at the smaller
scale.

Shaded area= Interval which included in this study; SB= Sequence Boundary; TSE
Transgressive Surface of Erosion; TST=Transgressive Systems Tract; CS= Condensed
Section; MSF= Maximum Flooding Surface; HST=Highstand Systems Tract.
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4.2 Source rock Geochemistry

4.2.1 Environmental Conditions

The distribution of n-alkanes in Sirt shale souraceks may reflect the organic
matter source. The n-alkanes of samples from thidysrange from €—Css with
maxima between n-nCys (Figure 4-8). The samples in the upper part ofviled
3B-6 display unimodal distributions, while the lawmart shows biomodal distribution
of n-alkanes (Figure 4-8). The high abundance wf olecular weight n-alkanes
relative to the higher molecular weight n-alkane€,{(/nC,; ratios), suggests an
absence, or low contribution, of terrigenous organatter. The ng indicates higher
plant input and the n& shows a contribution from algae (Hunt, 1996; Tissot and
Welte, 1984). The pristane/phytane ratios in athgies range from 0.89-1.68 and may
suggest organic matter deposited in a marine emviemt Sirt Shale.

The low Pr/nG; and Ph/ngg ratios (0.47 to 0.55 and 0.47 to 0.56, respegct)vel
support a marine of environment (Lijmbach, 1975plét of Pr/nG; versus Ph/ng
can be used to indicate types of organic matteyufiei 4-9) and the distribution of the
samples on this plot support the marine depositiengironment for the OM within
these Sirt Shale source rocks (Shanmugam, 1985).

The samples generally have similar biomarker distrons in the m/z 191 and 217
ion mass chromatograms shown in Figures 4-10 alid 5or peak identifications of
biomarkers see Table 4.2 and 4.3. Thg &nd Gy 17a(H)-hopanes are the two
dominant triterpanes in the samples (Figure 4-a0y ratios of g/Cs, hopanes are
between 0.33 and 0.48 in the Sirt Shale, whichcarssistent with the clay-bearing

character samples in the study.
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Figure 4-8. GC trace for extracts of source rockd ahow n-alkane distribution in the
samples. The two samples at the top show a uninwidalalkanes the sample at the bottom
shows biomodal distribution of n-alkanes.
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Gammacerane4R hopane ratios range from 0.24 to 0.33 in the Shale
samples. The considerable amount of gammacerasserirenay indicate salinity in
the source rock depositional environment. The |dwnalance of & tetracyclic
terpanes in the Sirt Shale samples may result thenimpact of marine OM. The low
abundance of £ tetracyclic terpanes in this study could be used aharacteristic for
clastic marine depositional environments. Carbonatel evaporite depositional
environments have high,gtetracyclic terpanes (Clark and Philp, 1989).

The distribution of regular steranes of these raelflects marine organic matter
type. Organic matter is derived from marine phyamgton which has high abundance
of Cy7 steranes. This is supported by the highl@y sterane ratios which range from
1.45 to 1.89. In this study, the relative abundamic€,;, C,s and Gg Steranes, & >
Cog > Cyg (Figure 4-11), reflects a dominant contributioanfr marine sourcerganic
matter A ternary plot of G7, Cys, and Ggsteranes has been widely used to characterise
organic facies based on the relative abundanckesktsteranes and is also consistent
with marine type organic matter (Figure 4-12). Tinesence of ¢ steranes in all of
the samples strongly suggests accumulation fronmnmarganic matter in these rocks
(Moldowan et al., 1985). The diasteranes in theShale are present in relatively high
concentrations as reflected in the ratio ¢f @asterane/&ZR sterane (0.82 to 1.31).
High ratios of diasteranef@R sterane indicate that the hydrocarbons are geera
from source rocks containing an abundance of alaiyerals. Pregnane/sterane ratios
in these samples range from 0.96 to 2.04; a relatively high abundance of pregnane in
the Sirt Shale may indicate hypersaline conditi@Gas Haven et al., 1985; Huang et

al., 1994; Mueller et al, 1995).
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Sirt Shale.
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Figure 4-12. Ternary diagram is showing the retatibundance of & C,, and Gg regular
steranes in saturate hydrocarbon fraction of sowrde extracts.
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4.2.2 Thermal Maturity

The samples exhibit CPI (carbon preference indek)es of about 1.02 to 1.26
and CPI values close to 1.0 indicating high maguf@imoneit, 1978)The hopane
ratio of 22S/(22S+22R) is a widely used as biomarkaturity parameter in the early
oil generation window(Kolaczkowska et al., 1990; Peters and Moldowan, 1993
Peters et al., 2005). The ratios of the samplehighstudy range from 0.54 to 0.59,
indicating that the main phase of generation has lbeached or surpassed (Peters and
Moldowan, 1993). The samples at the top of thei@eaeached equilibrium values,
while the samples at the bottom show decreasingesgalith increasing depth which
is inconsistent with the reflected normal matutignd. The decreasing trend could be
due to differential increases in the rate of pradgc22R isomer versus the 22S
isomer, due to the effect of thermal maturity oedo rapid destruction of the S
isomer comparing to the R isomer.

Values for the Ts/(Ts+Tm) ratio range from 0.6®164 for Sirt Shale samples and
support the idea that these rocks are thermallymaihis parameter is commonly
used for maturity assessment, although it varigh wie source of organic matter
(Seifert and Moldowan, 1978). The moretang/Mbpane ratios are low in all samples
and range from 0.08 to 0.11. Anything less tharb Qridicates that the rocks are
mature (Peters and Moldowan, 1993). Moretanes es® $table than hopanes, and
decrease in concentration more rapidly than recuwganes with increasing maturity
and all or most, of the moretane loss occurs at hesv values of maturity.

The ratios of tricyclics to hopanes have been fotmtbe a good parameter for

investigating the thermal maturity of oils and smurocks. Generally, in this study
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the carbon number distributions of tricyclic terparare dominated by the{Qricyclic
terpane as found in most geological samples (Farrithet al., 1999). The ratios of the
Cy3 tricyclic to G hopane range from 0.12 to 0.28 and generally thates are
consistent with increasing depth and maturity.hiyh levels of maturity tricyclics are
released from kerogen at higher rates tham(H}-hopanes due to their stability at the
higher level of thermal maturity (Peters et al.9Qp The ratios of &/C,; tricyclics
range from 0.40 to 0.73 and increase with deptlss@a et al. (1988) have observed
that with increasing maturity there was a decréaskee abundance of thex{ricyclic
compounds relative to the,{Cand G4 tricyclics in the La Luna Formation, Maracaibo
Basin, Venezuela which is also Upper Cretaceousgsn However, Farrimond et al.
(1999) observed a decrease in thg @3 and G¢/Cas tricyclic terpane ratios through
the oil window. This trend is dissimilar to therids observed for source rocks in this
study and trends of Cassani et al. (1988) becauisapa igneous intrusive heating
which is not present in the samples from Sirt Shetiere the heating occurred as a
result of burial and increasing maturity.

The 20S/(20S+20R) ratios in this study range from 0.44 to 0.53] 8f/(Bp+aa)
ratio range from 0.51 to 0.63. The sterane ratarsall samples indicate that the
equilibrium values have not been reached with uegtion of one sample which has
an 20S/(20S+20R) ratio of 0.53. These values for the steran@saguggest that these
samples are mature according to Huang et al. (19Bfliang et al. (1991) suggested
that a value of 0.25 for the,Lsterane 20S/(20S+20R) ratio afg/(Bp+oc) as a
margin between immature and low thermal maturityilevia value of 0.42 was

considered as boundary between low maturity andinityat
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CHAPTER V

5. Oil Geochemistry

Eighteen crude oil samples were collected fromzhlan Platform, Az Zahrah-Al
Hufrah platform, Al Bayda platform and Al Kotlah Graben thie central Sirt Basin.
The organic geochemical parameters indicate tlesetioils were sourced form marine
organic matter deposited under oxic to suboxic tams$. The oils were divided into
four groups according to the stable carbon anddgelr isotope analysis of the whole
oils and thermal maturity of the oils based on isdtuand aromatic parameters. The
highest maturity crude oils were observed in thepest reservoir. Oils at shallower
depths were less mature. Two samples from thestedlt reservoir in the area show
slight biodegradation. These two samples show tleplef n-alkanes and an increase
in the isoprenoid/n-alkane ratios. The isoprenoidepanes, and steranes were
unaffected which has been observed to be assoaiatiedninor biodegradation. This
evidence suggests that there were at least tweréift sources for the crude oil in this

area.

5.1Crude oil classification

Gas chromatography (GC) was performed on saturatgidns to identify the n-
alkane/isoprenoid (pristane and phytane) distrdrutGC-MS analysis was performed
using the branched and cyclic portion of the saturimactions to identify the
biomarkers and aromatic fraction for use in thigdgt Data analysis of each saturate
fraction obtained triterpanes (m/z 191, steraneg @h7) and monoaromatic steroids

(m/z 253) while data containing the aromatic fraictconsisted of triaromatic steroids
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(m/z 231), phenanthrene (m/z 178), methylphenanéh(@92) and dibenzothiophene
(m/z 184). The samples in this study are divided four groups (A, B, C and D) with

one (B) containing two subgroups (B1 and B2).

Group A: oils were collected from the Upper CretaceKalash Formation of the
Al Kotlah and Khuf oilfields at Al Kotlah Graben imetween the Az Zahrah-Alhufrah
and Al Bayda platforms. The oils can be characterizy relatively low diasterane/C
R regular sterane, pregnane/; @ regular sterane, & pp/(Bp+aa) and Gg tricyclic/
Cso hopane ratios. The ratio of short to long chaimoasomatics and triaromatics
contain relatively low values. They have high Ry/@nd Ph/Gs ratios if the

biodegraded samples are excluded.

Group B: oils were divided into two subgroups (Bid@2) according to the age
of the formations and their n-alkane distributioBsbgroup B1 consists of two crude
oils from the Middle Eocene Gialo formation. Osdrom South East Zaltan and the
other is from South Jebel fields, located in thdtata Platform. Both show slight
biodegradation where some n-alkanes were removigrSup B2 came from the
Upper Cretaceous Tagrift Formation and PaleocenBajda and Zaltan formations.
One sample is from the Al Bayda formation in theBalyda oilfield on the Al Bayda
Platform and other is from the Tagrift Formationthe Haram oilfield in the Az
Zahrah-AL Hufrah Platform. This subgroup consistsalso five samples from the
Zaltan and one sample from the West Meghil oilgefdom the Zaltan formation.
Group B oils show relatively moderate diasterapgRCregular sterane, pregnang/C
R regular sterane, &Bp/(Bp+33) Pr/C7 and Ph/Gg ratios. They also have low,£

tricyclic/ Czphopane ratios.
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Group C: these oils came from fields located on Mwth Zaltan Platform.
Reservoirs were from the Gargaf Formation and ahké&n-Ordovician age from the
East Arashad, and Lahib oilfields. These oil samplee characterized by a relatively
high abundance of tricyclic compounds comparedapahes. This group of oils had
the highest diasterane/CR regular sterane, pregnang/@R regular sterane, ¢
Bp/(Bp+an) and Gs tricyclic/ Cso hopane ratios. However, PifGand Ph/Gg ratios are

lower than that of Group B.

Group D: consists of only one sample collected ftbenCambrian-Ordovician age
in the Gargaf Formation on the North Zaltan PlatforThis sample contains low,£
tricyclic/ Czo hopane, diasterane/CR regular sterane and pregnang/® regular
sterane ratios. It is characterized by relativadw IPr/G; and Ph/Gg ratios, low
abundance of steranes and hopanes, with littl® timicyclic terpanes compared to the

hopanes. The £ Bp/(BB+aa) ratio is moderate like that of Group B.

5.2 Source Input and Depositional Condition

5.2.1 n-Alkane and Isoprenoid

The n-Alkane distributions in crude oils and soummeks may reflect the origin of
the organic matter of the source (Volkmann et 86). GC performed on saturate
fraction of Sirt Basin oil shows a normal alkanstdbution range from G to Gs
maximizing at G and Gy, indicating the oil samples are of marine algabiar
(Appendix Il and Figure 5-1). The n-alkane distiions in representative oil samples
from the studied fields of the Sirt Basin show geflg similar carbon number

distribution (Figure 5-1). The n-alkane distributiand carbon number distribution
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curve of normalized g to Gz n-alkanes show that the oils are dominated by low
molecular weight compounds and the high moleculaigiat n-alkanes are less
abundant, which may suggest that these oils angedefrom kerogen deposited in
marine environments. However, two samples from G@o formation show slight
biodegradation where some of n-alkanes have beeoved, but were excluded.

The pristane/phytane ratio is commonly used asdicator of redox conditions in
the depositional environment of organic matter (Powell and McKirdy, 1973; and
Didyk et al., 1978). During oxic condition, the pblyside-chain of chlorophyll is
believed to form pristane, while under anoxic ctiods, phytane is produced. All oil
groups in this study show pristane/phytane ratieisvben 1.24 and 2.12 which may
suggest oxic to suboxic condition for t&ositional environment (Hunt, 1996; Peters
et al., 2005). Hughes et al. (1995) suggested ascpiot of DBT/P vs. Pr/Ph to
identify lithology and the depositional environmeritthe source rock that produced
the oils.The crude oil samples of Sirt Basin show low DBTé&Ros. The plot of the
studied oils indicates these crude ailsre mostikely generated from shale source

rocks deposited in marine environment (Figure 5-2).
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The low Pr/inG; and Ph/ngg ratios range from 0.11 to 0.76 and 0.07 to 0.72,
respectively in non-biodegraded samples. Theseesauggest deposition in an open
marine environment (Lijmbach, 1975). A plot of {7 versus Ph/¢ can be used to
indicate the type of organic matter (Figure 6-F)eTdistribution of samples on this
plot suggests a marine environment for organic enatithin the rocks. This plot also
shows the effect of thermal maturity and biodegtiadeon the oils. In the Figure 5-3
all samples are found in the marine organic maytee. Two of the analyzed oils are
located in the upper right area of the diagramfaance the highest values (one of them
is out area plot) due to the effect of biodegramatiThree other oils can be easily
recognized on the left hand side of the diagrarmaasng the lowest values due to the
high level of maturityThe sample in Group D does not fit plotted area\aodld be
found outside the lower left corner of the diagraih. has the lowest n-

alkane/isoprenoid ratio value among the studiesl oil

5.2.2 Terpane Parameters

In this study, crude oil samples from Sirt Shaleehdifferent terpane distributions
among the different oil groups. Group A and B hawmsilar terpane distributions and
show a high number of hopanes than tricyclic teggamwhich may indicate that they
have similar organic matter type (Figure 5-4). GxdD oils have higher tricyclic
terpanes than hopanes while group D lack tricyahd tetracycliderpanes but the
hopanes are presented, which indicate that thispgias different organic sources

from the others (Fig 5-5).

131



10 —
] ) TG
&x\&\ o 0&\,\00 N
o -
o oo G
' %C - %\C; &S
> 7 a0 , o
O R : d
OF -~ 6@ 6“0\0%
/”’ e)
Gl &
- Q\‘b (@ﬁ :
~ ~ & N >
8) O o
< ’,/'.\1@6 Oﬂ%
8 1 - é\ ‘b‘\(\e
® A & W
8 , >
%] . X
= . o
& - &
. P
. é@%
o
W
0.1 - . . R :
0.1 1 10
Phytane/nC,g4
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High G35 homohopanes is an indicator of oxic marine coadgiduring deposition
which is reflected in the 22R+22S4{Cs3:-C35) homohopane ratio. This ratio is used
to estimate the redox conditions of the depositiemironment of the source rocks.
These ratios studied in all groups are very lowgnag from 0.03 to 0.11 which may
indicate oxic conditions in the depositional enameent. This is consistent with the
conditions suggested by high pristane/phytane satiothe studied sampleS,9 and
Cso0 170 (H)-hopanes, the two most abundance terpaneshaen@4/Cso hopane ratios

between 0.37 and 0.91 may indicate the clay-beatagacter of the source rocks

G/C3:R homohopane ratio ranges from 0.27 to 0.62 whiely mdicate a saline
environment. The oil groups show low abundanc€xftetracyclic terpanes which
could be used as a characteristic of clastic matemositional environments since a
high abundance of £ tetracyclic has been reported to be associatddanmtigh input
of terrestrially derived organic matter (Philp aflbert, 1986) and carbonate
(Zumberge, 1984; Connan et al., 1986; Prince et al., 1987; Clark and Philp 1989) and
evaporate (Connan ek, 1986; Clark and Philp 1989) depositional environments. The
ratios of G tricyclic to G hopane range from 0.22 to 8.75 and support theeatu

the marine environment even though the sample shawaturity effect for this ratio.
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Figure 5-4. Terpane (m/z 191) distribution of grédugnd B of Sirt Basin Oils.
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5.2.3 Sterane Parameters

Figure (5-6 and 5-7) show the distribution of stexafor all groups (see Table 4.3
for peak identifications). The relative abundanéeCg;, C,s and Gg steranes have
been found to be a good indicator for organic mattee. All of the studied samples
show a high abundance ot/teranes that are believed to be derived from marin
organic matter (phytoplankton) and a relatively laundance of £ steranes indicate
a low contribution from higher plant organic materident in the high ratios of
C.7/Cyg steranes (Appendix lll). The samples show moderdiandance of £
compounds, which indicates a contribution by lacaestalgae. The diagram of Huang
and Meinschein (1979) supports the marine sourpe tyf organic matter. The
presence of ¢ steranes (Figure 5-6 and 5-7) in the studied coildeamples strongly
indicates marine organic matter for these rodkee ratio of Gg Cygno Steranes is
considered to be parameter to estimate the agigsahamarine settings as it increases
from Precambrian to Tertiary due to the relativeréase of g steranes and the
decrease of & steranes through geological time. In the studles,ratio ranges from
1.04 to 1.36 (Appendix Ill) which suggests they Idobe generated from Upper
cretaceous source rocks.

C,7 Diasteranes/ & R regular steranes ratios are generally high iou@s B, C
and D but low in Group A which may reflect the effef thermal maturity on these. In
these samples these ratios can be an additionahtod of rich clay content in the

source rocks.
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Figure 5-6. Sterane distribution (m/z 217) of gréuand B of Sirt Basin Oils. Group A shows
high G- regular steranes (peak 41) compared to diasté¢peaad 33).

137



29
30
31
32
29 30
32

Group C

33
Group D
33 39
34 36 330
35| 37 42 4
434446
47 4
48 50
51
5254
53
55

Figure 5-7. Sterane distribution (m/z 217) of gréupnd D of Sirt Basin Oils.
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5.3 Thermal Maturity

5.3.1 Terpane Biomarker Parameters

Both moretanes and hopanes are used to estimaleviieof thermal maturity of
the oil and source rock (Peters and Moldowan, 1988}his study the Moretane/
Hopane ratio is low, 0.09 and 0.14 for A and B gowhile it is below the detection
limit for group C and D. The ratio of the Ts/(Ts+Ymatio values range from 0.48 to
0.76 for all oil groups. This biomarker could bdluenced by either maturity or
source type.

The ratios 22S/(22S+22R) of hopane of Group A raing@ 0.52 to 0.54. Group
B1 contain values ranging from 0.53 to 0.54 whil®@ B2 show values in between
0.52 and 0.59, indicating that these samples hatereached the oil generation
window. Peters et al. (2005) proposed that samgesaining ratios in the range of
0.50 to 0.54 have barely entered the oil generatimglow while ratios in the 0.57 to
0.62 oil range indicate the main phase of generatias been reached or surpassed
(Peters and Moldowan, 1993). Group C oils shoatia that has reached equilibrium
values (0.59 to 0.68) with one exception for themgia with the low value of 0.53
which could be caused by faster destruction of3hgomer in higher stages of the oil
window (Farrimond et al. 1996). The Group D sanmgleched the equilibrium value
0.62. However, this ratio indicates the source sock all oils have entered the oll

generation window as seen in Groups A and B, osqzhg as in C and D Groups.
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5.3.2 Sterane Biomarker Parameters

The ratio of 20S/(20S+20R) is the most common usedanes to estimate the
level of maturity for oil and source rock. The lmgically produced form is 20R
decrease with increasing maturity while 20S inageasith increasing of the maturity.
The equilibrium between the two forms is reachethiwithe range of 0.52 and 0.55
where recordable changes in maturity can be obd&Begfert and Moldowan, 1986;
Waples and Machihara, 1990, Peters and Moldowa8)1%roup A samples have the
same value for this ratio (0.49). Group B1 havénhiglues (0.50 & 0.53) while Group
B2 samples have values ranging from 0.44 to 0.88sig equilibrium. Group C oils
have the highest values ranging from 0.54 to 0.béevthe Group D sample has value
of 0.52. Groups C and D are considered to havénesbequilibrium values.

The relative abundance of,B to Gooo is another maturity parameter that
operates beyond the start of the oil window; therefore, this ratio is more reliable when
applying to higher levels of maturity than 22S/$22sR) homohopane ratios. Group
A oils show relatively low values off/(Bp +oa) ratios, that range from a 0.50 to a
0.52 while Groups B1 and B2 exhibit moderate valuasging from 0.57 to 0.64 that
do not reach equilibrium. Group C samples reachlibgum between 0.67 and 0.71.
The sample of Group D shows a moderate 0.64 v&ligeie 5-8). This ratio can be
influenced by several factors such as heating pagsence of clay minerals, the nature
of the source material and the depositional enwviremt (Philp, 2007) or lithology (ten

Haven et al., 1986; and Rullk6tter and Marzi, 1988).
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Figure 5-8. Gy 20S/(20S + 20R) versusdPBp/(BP + aa) steranes ratios for oils from the Sirt
Basin.
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5.3.3 Aromatic Hydrocarbons

Aromatic hydrocarbons can be used to assess thenatakity of crude oils. Two
series of aromatic steroids were recognized usi@gM® analysis, the monoaromatic
and triaromatic hydrocarbon steroids with mass miatogram of m/z 253, m/z 231
respectively (Philp, 1985). The distribution of matic steroids has been commonly
used as parameter for the study of crude oil themadurity as well as source rocks

(Peters and Moldowan, 1993).

Mass chromatograms of the investigated oils clesinlyw a significant difference
in the distribution pattern of monoaromatic andrwmatic steroids (Figure 5-9 and 5-
10). Even though Groups A and B show all monoaranaatd triaromatic compounds
in typical a distribution. Compared to Group A,08p B has a higher ratio of short
chain to long chain compounds. These differencesldc be due to different
maturation, where Group B shows a higher matuetgl than Group A, as seen from
biomarker analysis. Groups C and D are highly meatwhich can be observed from
the low concentration of biomarker compounds ar&rthise in the chromatograms
(Aldahik, 2010). The difference between triaromdycirocarbon steroids in Group C
and D can be related to the difference of orgaratten type which is consistent with

the biomarker distribution.
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Figure 5-9. Mass chromatograms of m/z 253 showagdistribution of the monoaromatic
steroid hydrocarbons in crude oil of Sirt Basin.
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Figure 5-9

continued
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Figure 5-10. Mass chromatograms of m/z 231 showtirgg distribution of the triaromatic
steroid hydrocarbons in crude oil of Sirt Basin.
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The relative abundance of short chain to compaosd) Ichain monoaromatic
(MA(D/MA(I+I1) and triaromatic (TA /(TA+MA)) hydrccarbon steroids ratio increases
during maturation and is applied to estimate thérmaturation of oil and source
rocks particularly in the late oil window, when ethmaturity biomarkers cannot be
used to estimate the level of thermal maturity. €akulated (MA()/MA(I+11)) and
(TA/ (TA+MA)) ratios for crude oils investigated this study are shown in Appendix
V. A plot of (MA(I)/MA(I+11) versus TA/ (TA+MA) show the sample groups from
Sirt Basin are clearly distinguished (Figure 5-Ilhis plot indicates that Groups A
and B (B1 and B2) show only slight differencesha tistribution of aromatic steroids
which could be explained by similar organic mattehin different facies. The Group
D sample is characterized by a different plot frgraup C that indicates it contains a

different type of organic matter.

The Methylphenanthrene Index (MPI-1) has been ddrivom the distribution of
phenanthrene and methylphenanthrene isomers. Beagh, it is influenced by the
lithology, source and the organic matter type (@asst al., 1988), MPI-1 is the most
widely applied parameter for estimating the levielmaturity (Radke & Welte, 1983).
MPI-1 values within crude oils increase in accomawith maturity. In studied oils,
the methylphenanthrene indices (MPI-1 and MPI-2)wslevidence of the different

thermal maturity of the three groups (Appendix hddigure 5-12).
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Figure 5-11. Plot of monoaromatic versus triaromateroid hydrocarbon of crude oils.
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Using the MPI-1 parameter, the vitrinite reflectan@o Rc) can be calculated
using two equations (Equation 6.1 and Equation & Radke et al. 1987.

%Rc = 0.6*MPI-1 + 0.4 for the Rm<1.3 (Equation 5-1)

%Rc = 0.6*MPI-1 + 2.3 for the Rm. 1.3 (Equation 6-2

Group A and B samples show typical distributiorfshopanes and steranes,
characterizing of low maturity. Therefore using agon 5-1 should be used to
calculate vitrinite reflectance. However, the setequation5-2 was used to calculate
the % Rc for Groups C and D, because the hopartestaranes of these samples are
low in concentration due to high level of maturithe % Rc of Group A and B oils
range from 0.75-0.82 and from 1.46 to 1.82 for @r@uwhile the Group D oil has a
value of 1.08.

The calculation of Rc can also be calculated udduyeham et al. (1988)
equations.

%Rc = 0.7 MPI-1 + 0.22 for the Rm<1Equation 5-3).

%Rc = 0.55 MPI-1 + 0.3 for the Rm<1.7 (Equation)5-4

The % Rc of oils in the range 0.62-0.71 for Grouandl B, and C oils range from
2.23 to 2.56 while the % Rc of Group D oil is 1.8%he % Rc shows the rocks
generated from Group A and B oils are mature withaoil generation window while
the oils of Groups C and D show a post mature levehe difference between Groups
C and D in % Rc calculations could be due to therc® of the type of organic

material.
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oils.
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5.4 Stable Isotopes

The stable isotopes of carbon and hydrogen anabyssexcellent tools for
correlating and analyzing crude oils and sourc&ksocThe different physical and
chemical processes cause variations in stablepgotmmpositions. In this study the
bulk isotope analysis for whole oil was used to suea stable isotopes of total carbon
and hydrogen in the samples. Bulk analysis forragééd and aromatic fractions of
crude oils was used for selected samples only. Batkon stable isotope analysis of
saturated and aromatic fractions in crude oils Haaen widely used to indicate the
source of organic matter origin in crudds; stable isotope compositions represent
various types of organic matter (Sofer, 1984; Andrusevich et al., 1998). In addition to
the origin-related differences 6D, hydrogen isotopic compositions are also affected
by level of thermal maturity. It was thought thatreasing of thermal maturity level
can increase heavier hydrogen isotope in the argawatter within the source rock
(Dawson et al. 2005, Radke et al., 2005). Thishmught to caused by hydrogen
exchange between the hydrocarbons in sediment glal@position and deuterium
enriched formation waters (Schimmelmann et al.,9]99n addition to thermal
maturity, biodegradation can change the stabl®pgtomposition and have a minor
effect on the whole oil (Sun et al. 2005).

Cross plots of6*C versus aromatic fractions in saturate fractiomewesed to
separate oil groups of petroleum in the Sirt Bgsilgure 5-13.). The crude oils in
Group C show higher values 8F°C (isotopically the heaviest). More negati?éC
values are observed in Group D while Group B ptbietween Group C and D,

indicating that they are isotopically lighter th@moups C and D. The difference in
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isotopic composition of crude oils within Groupsad C are likely related to the
different level of thermal maturity while the samph Group D reflects a different
organic meter source. Evidence of differences betwgroups are made clear and
supported in plotd13C versusdoD for whole oil and the same results were
accomplished (Figure 5-14). Crude oils were sepdralue to their similarity and
therefore provided support for the existence ofeast three oil groups in samples
from the Sit Basin used in this study. The differesin stable carbon and hydrogen
isotopic compositions of whole oil between oil gosuare consistent with source and

maturity variations observed by biomarkers.
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Figure 5-13. Cross-plot &"°C values of aromatic versus saturated hydrocarfrons crude
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5.5Principle Component Analysis

The principle component analysis (PCA) is a powetdol to classify and group
oils using different geochemical parameters. In B@A, the set of geochemical
parameters are reduced to a few components thaekpkin variations in the data
set. These geochemical parameters may have aedifferin significance with regard
to organic matter and oil. Therefore, some geocbanmarameters may be controlled
by thermal maturity, type of organic matter, litbgy, or other processes.

New variables (principal componentsso known as factors) will be generated
from original geochemical parameters. The factoes aganized according to their
contribution to the geochemical parameters. InRGBA results are usually represented
by score plots and loading plots. A score plot shale distribution of the samples
based on factors. A loading plot displays the ihiatron of geochemical parameters
(Azevedo et al., 2008; Hur et al., 2009, Abdi and Williams, 2010).

Using Xlstat software, two factors were used tonexa& the distributions of
geochemical parameters and to group the oil sangbl&rt Basin based on selected
geochemical parameters. PCA data analyses of théecoils are shown in the
Appendix VII. The grouping of the samples was idéesd using the factors (factor 1
and 2) with the greatest contribution of geochehpesiameters, 53.21% and 17.47%
of explained variance. The score plot and loadiog (#igure 5-15) shows the sample
distribution and the relations between them. Mdstamiation vectors representing the
maturity parameters (the ratios of short chainangl chain of monoaromatic and
triaromatic steroids, calculated vitrinite refleota, pregnane/GR sterane ratio, GR

Sterane/@R sterane ratio and €Iricyclic terpane /g hopane ratio) have
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predominant factor 1(F2) over factor 2 (F2), agsilfated in the Figure (5-15). As a
result, F1 axis represents the maturity. Wherdaes,viariation vectors representing
Ts/(Ts+Tm) andd'°C, which can be influenced by both organic matturse and
maturity. These vectors have predominant factoo¥ F1 (Figure 5-15Appendix
VII). Accordingly, F2 indicates the organic matsaiurce (Pieri et al., 1996).

This analysis supports previous geochemical paemetsult achieved by
biomarker analysis. The bi-plot shows the distitiutof the geochemical parameter
and the relationships between them, as well asctmribution each geochemical
parameter has on data variability. The PCA plotwshthe oils can be grouped into
three groups where Group A and B are related. GilGuand D samples can be
distinguished. The separation between Group A andil8 is not clear by PCA
analysis. This may also support that Group A andu@B oils have originated from

similar organic matter source rocks.
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5.6 Extent of Biodegradation

Biodegradation can change biomarker ratios if campls in the oil were
subjected to different degrees of bacterial att&&degradation leads to a selective
removal of certain compounds in crude oil (Peters and Moldowan, 1993; Wenger et
al.,, 2001), starting with the saturated hydrocasbdinst. Typically, the selective
removal of n-alkanes indicates minor crude oil legddation. Normal alkanes
degrade earlier than isoprenoids (Peters et @5)20

The two biodegraded oils in this study were foaidshallower depths and are
from the Mid Eocene Gialo formation. Both of thatmow a biodegradation rank in
the range of 0 to 2 (Peters and Moldowan, 1993)th&tse biodegradation levels,
isoprenoids, hopanes and steranes are not genaffdbted. Biomarker degradation
typically occurs after isoprenoids are completasoved (rank 5). This is consistent
with accepted requirements for aerobic bacterigratation of crude oil, including
abundance of oxygen and nutrients (e.g. nitragpperatures below about 80°C in
circulating meteoric water, and low levels of hyglkea sulfide (Tissot and Welte,
1984; Hunt, 1996, and Peters et al., 1996). The ratios of Pr/acand Ph/ngg are
widely accepted parameters used to determine thentewf oil biodegradation. In
general, isoprenoids, such as pristane and phyaeenot removed during light to
moderate biodegradation, while n-alkanes are olslWowaffected (Peters and
Moldowan, 1993, Wenger et al., 2001). The two bgrdded samples in this study
have higher Pr/niG and Ph/ngg ratio (Figure 5-16), indicating the removal of n-
alkanes by microbial activity. There was no bio@eligtion observed for hopanes and

steranes Figure 5-17 and Figure 5-18).
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However, on some occasions oils can contain n-akkamnd/or isoprenoids that
show significant biomarker biodegradation. Thesgesaare commonly due to mixing
within a reservoir of multiple oil charges that kdveen degraded to different extents.
However, in this study biodegraded oils were obsgrwithout evidence of mixing.
Enrichment of 25-norhopanes is used to determiaddgradation in multiple charges
of oil, where an abundance of 25-norhopanes is rgénéebelieved to be associated
with severe biodegradation levels (Peters and Medohg 1993 Bennett et al., 2009).
The absence of 25-norhopanes in these samplesatadi lack of mixing of severely
degraded and non-degraded oils (Figure 5-17). Timysindicates that oils in Sirt
Basin may have undergone biodegradation, incomsistath previous studies
conducted with Sirt Basin crude oils (e.g. Burwabal.,2003; Aboglila et al., 2010).
The rest of the oils analyzed in this study showsigm of biodegradation. Mixed-
system hybrid oils have been observed in Sirt Basithout evidence of any

biodegraded oil (Burwood et al., 2003).
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Figure 5-16. Gas chromatogram of the two samplem fthe Galio Formation showing
removal of n-alkane while pristane and phytanestligpresent.
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Figure 5-17. Mass chromatograms of m/z 191 and 1#/z of the two samples from Galio
Formation showing that the biodegradation doesaffett the hopane which is supported by

the absence of the25-norhopane biomarker.
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Figure 5-18. Mass chromatograms of m/z 217 of W@ damples from the Galio Formation
show absence of sterane degradation.
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CHAPTER VI

6. Oil-Source Rock Correlation

The concept of oil-source rock correlation is basadhe organic matter in both
components containing similar chemical compounads ¢lo not change significantly
during migration. The correlation of oil and sourceck relies on biomarker
composition to find the genetic relationship betwebe two components. Similar
biological sources will reflect strongly in simil@fomarker distributions (Peters and
Moldowan, 1993). However, there are other procesdgaish can alter correlation
parameters such as thermal maturity and biodedoadathese effects need to be
considered when making oil-source rock correlatiddsters (2005) discussed the

effects of oil-source correlation:

Oil generated from several horizons of source racHl the analyzed source

rock samples may not be representative of the wémlece rock section.

* Migrated hydrocarbons or contamination of the seuoxck or oil may alter the
extracted bitumen from the source rock or oil sanpl

* Huge differences in maturity levels between oilsl @ource rock samples
make correlation difficult.

* Expulsion from the source rock and migration miglér the oil composition;
for example, migrated oils are typically enrichedwsaturated and aromatic
hydrocarbons but are typically low in NSO compounds

* Mixed oils are sometimes derived from multiple s@urocks and will affect

interpretation.
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A comparison of the geochemical signatures in thalyaed oils and organic
extracts shows they generally exhibit similarities n-alkane and biomarker
fingerprints. The source rocks are comparable tdad n-alkane distributions for the
majority of oils. The overall similarities are higihted by close ratios of Pr/Ph which
is present in both oil and source rock samplesyThage between 2 and 3 which
mean the organic matter was deposited in marinéitons. However, the ratios of
isoprenoids relative to n-alkanes are variable eaed less than one. Pr/pGand
Ph/nGg ratios are similar in both source oils of groupaAd B. These ratios are
relatively very low in group C and D, with D beitige smallest. Furthermore, on the
cross-plot of these two parameters (Figure 6-1)grd and B oils appear to follow a

similar path to that of the source extracts.
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All of the oils and source rock extracts show cdesible amounts of
gammacerane, a very specific biomarker for higldins environments, indicating
that the source rocks were deposited under satindittons. Biomarker distribution
and thermal maturity of crude oils and source ratksw at least two types of source
rocks for these oils even though they all are ofimeaorigin as indicated by the
presence of ¢ steranes (Moldowan, et al., 1985). A marine souocks other than
Sirt Shale are found in the Sirt Basin such as Rethand Tegrifet (Burwood et al.,
2003). The data shows that the group A and B adlgehthe closest geochemical
characteristics to the source rock extracts. Gr@Qurnas a low concentration of
terpanes and steranes due to its higher matunthypaced to Group A and B as shown
in the figures. In Group D, unlike most samplest tlexhibt low biomarker
concentration due to high thermal maturity, th¢paee and steranes contain a unique
distribution. Both sets of biomarkers show an absenf low molecular weight
isomers. The biomarkers, detected in the branchdayclic fractions of Group A and
B and source rock samples show similar distrib&tioA high abundance of hopanes
in these oils and the extracts of source rocks ai@plarge microbial contribution to
the source organic matter. A low abundance gft€racyclic terpane indicate that the
oils were generated from clay rich source rockscwhs supported by high ratio of
diasterane/ regular steranes. The lithology of @®uocks which generate these oils

are having shale characteristic consistent, witteslithology of the source rocks.

The oils studied display very similar sterane andstérane distributions,
indicating these oils were derived from similar msufacies. Generally, steranes and

diasterane distributions, which reflect variation algal input to source rocks, are
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effective parameters to differentiate source raakids and are used widely to group
oils according to their genetic relationships. Blsttions of steranesk; Cyg, Coo, are
usually presented in ternary plots to show if tberse facies are same among the
studied oils. The ternary plot of sterane distidmg of oils Figure 6-2 shows that
most oils (Group A and B) are characterized byastedistributions and that these oils
were derived from similar marine source rock. A d@greement can be seen between
source rocks and crude oils and fifiesteranes chromatograms (m/z 218) as shown in

Figure 6-3.

Normalizing the absolute biomarker concentratiansdturate fraction of oil and
source rock extracts allow quantitative study anofretation. Therefore the
guantification of biomarkers is a useful tool tcstdiguish if the oils come from
similar source rock. Oil-source rock correlatioaséd on absolute concentration show
similar results. The absolute concentrations ofan@s are higher than the steranes
(Figure 6-4). A good correlation between sourceksoand oils of group A and B
were found using the absolute biomarker conceptiatiThe oils of groups C and D
exhibit a low absolute concentration of biomarkeshich may indicate that they
originate from different source rocks. In Figurel6it is clear to observe the
similarity between source rocks and oils of grédupnd B. Both of them have high
concentrations of £ hopanes compared todhopane. The absolute concentrations of

tetracyclic terpane are low in the source rock @ihdf these groups.
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Figure 6-2. Ternary plot of regular steranes fitg (ircles) and source rocks (squares) from
Sirt Basin.
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The absolute concentration of the selected biomsarké oil and source can be
matched in Figure 6.4. The high biomarker concéiotia may indicate that the oil

from these did not significantly migrate from treusce rocks.

The above results indicate that the oils in A anddBe sourced primarily from the
Sirt Shale while group C oils show source from lkigimaturity source rock and
Group D was sourced from different marine organatter at high thermal maturity.
Group C and D oils are most likely derived from #yelabiya Trough source rocks
because it has the higher thermal maturity in thgirband is geographically closed.
Group A could be sourced from the Al Kotlah Graleerpossibly from the Maradah
Trough. Group B can be generated from the Ajdabiydaradah Trough. Random
sampling and near identical biomarkers of thefodsn Sirt Shale makes identification

of the source rocks incredibly difficult (Halle®002).
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CHAPTER VII

7. Conclusions

TOC values for source rock samples collected from Zaltan Platform on the
north part of Concession 6 are all low, rangingnleein 0.24% and 0.89%. In the
southern part of Concession 6, the TOC values aargng the two studied wells. The
samples from the Maradah through (12135 to 1371&hftw fair TOC values ranging
from 0.64 to 2.00 while well BBB1-6 (10465 to 114##bhave much higher ranges,
from about 0.69 to 5.35 % showing that these sasrpdwe afair to excellent TOC for
oil generation. The samples from the Zaltan Platfam the east of Concession 6 at
depth from 9990 to 10475 ft have low TOC valueggnag from 0.11 to 0.56 wt%
while samples at depth exceeding 12885 ft locatdde Ajdabiya Trough have values
from 0.64 to 2.9 %. The samples from the Al Kotl@haben have low TOC with
values of 0.42 to 0.86% at depth between 6715 &08 #t. Most of the samples show
kerogen type Il except for those from Al KotlahaBen and South of Maradah trough
which have type Il and type Il/lll kerogen. Theriadion in TOC in the wells can be
explained by different types of organic matterawér depths and the deepest wells by

oil generation from these rocks.

However, the Sirt Shale samples from the southhefMaradah Trough having
TOC values ranging from 0.69-5.36%, HI 206-527 n@/¢HTOC and Ol value < 34
mg CQJ/g TOC, indicate that these rocks have good to Iextdeoil generation
potential. Therefore, these rocks have been iryasiil using more geochemical

parameters to assess the type of organic matteosd®nal conditions, and thermal
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maturity. The organic matter gets richer with @asing depth which indicates strata
changes with increasing sea level. These strata deposited during rising sea level
within transgressive systems tracts for the lowaat pnd highstand systems tracts for
the upper part. Organic matter type is mainly kerotype Il although 1l/1ll OM is
present.

The pristane/phytane ratios in all samples range 10.89 to 1.62, which suggests
a marine depositional environment for the organatter. The high abundance of low
molecular weight n-alkanes compared to high mobaculeight alkanes, suggests a
low contribution of terrigenous organic mattegy/Csohopane ratios less than one are
consistent with the clay-bearing character of thm@es studied. The presence of a
marine source signature can be seen from the high of G//C,g Steranes. A ternary
diagram of regular steranes and the occurrencesgfstéranes strongly suggest a
contribution from marine organic matter. High vauer the pregnane/R sterane
ratio and the presence of gammacerane indicatana sondition for the depositional
environment.

These rocks are thermally matureg;,Jvalues are between 438 and 443°C and the
main phase of generation has been reached. Thadharaturity is also reflected in
the low ratios of moretanegcChopane. The level of maturity for this unit also can be
seen inthe Gy sterane isomerization, Ts/(Ts+Tm) 3@ icyclic terpanes/¢ hopane,
and Gy tricyclic terpanes/& tricyclic terpanes. These ratios show generally
increasing maturity with depth.

The depositional environment and type of organidtenaof crude oil samples

show generally similar characteristic as the soumeks. Pristane/phytane ratios
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suggest a marine depositional environment for tigardc matter deposited under oxic
to suboxic marine condition. The high abundancéwf molecular weight n-alkanes
of crude oils supports a high contribution of marorganic matter. A ternary diagram
of regular steranes and occurrence gf §teranes strongly suggest marine organic
matter contributions. Geochemical parameters suidhgasthe lithology of the source
rocks of these oils is shale and most likely Uppegtaceous in age. These crude oils
are generally thermally mature. The thermal matustreflected in the low ratios of
moretane/Ggy hopane. The high maturity for this unit also can deen in the &
sterane isomerization, Ts/(Ts +Tm)ys@icyclic terpanes /¢; Hopane, G4tetracyclic
terpanes /g tricyclic terpanes, 22S/(22S+22R) ratios fo; @nd G, hopanes and
aromatic hydrocarbons. The oils were divided irgarfgroups according to thermal
maturity.

The oils from group A and B have similar organioggemical characteristics and
are classified as from similar source rocks butfed#int facies. Group C is
characterized by relatively high maturity. Groupils are unlike any of the other oil
groups. No oil source-rock correlation could besd®ined for groups C and D due to
lack of source rocks samples, but based on biomataracteristics for these oils, the
hydrocarbon source rock is likely thermally hightyature shale. The shallowest
reservoir showed very slight biodegradation whéee ri-alkanes have been removed
with no affect in the hopane and steranes. A pasitiorrelation can be observed
between source rock in the south part of Maradaigtr with the oils of Group A and
B. Source rock and the oils of these groups showlasi a distribution of biomarkers

and their absolute concentrations.
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Appendices

Appendix |. Sedimentary Organic Matter
Definition

Organic matter is produced by plants, microbes aflder organisms and
accumulates in aqueous environments. The natumrgznic matter is different in
continental and marine environments. Continentalirenments are dominated by
land plants that accumulate in coastal plain emvitents and by freshwater algae
which accumulate in lakes. Marine environments doeinated by phytoplankton.
When organic matter accumulates, it undergoesadiiber through many mechanisms.
These mechanisms include anaerobic microbial &esvithat form methane and
purely physical or chemical processes like dehyoinaand oxidation (Tissot and

Welte, 1984; Hunt, 1996).

In the sedimentary record, organic matter is tHal snaterial containing organic
carbon. Most of the organic matter in sedimentacks is animal remains and plants
which lived at the time the sediment was depositn though they are derived
from organic matter, crude oil and natural gas raoé included in this definition

(Taylor et al., 1998).

Organic Matter in the Ocean

Phytoplankton are the main source of organic mattenarine environments. The
main groups of phytoplankton include diatoms, dagéllates, and coccolithophora
(Tissot and Welte, 1984). These account for 95%maifrine primary production
(Killops and Killops, 2005). In the ocean, bactesee considered an important

producer of organic matter in addition to phytojkam. Bacterial production of

Note: Reference list of Appendix | is included in main reference list of
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organic matter is less than that of phytoplankBacteria decompose the dead organic
matter and convert it into forms which can be ubgdaquatic plants and aquatic
animals which also use bacteria as food. In thewssar, bacteria can be attached to
phytoplankton and other particles suspended iner. It can be also found on the
sea floor, and in the top layer of sediment inlsato moderate water depths (Tissot

and Welte, 1984).

Factors controlling primary productivity:

Since phytoplankton are primary producers, theyttaeebase of the food chain and
the foundation of life in the ocean. The factorsitoolling levels of productivity in
surface water are related to the life of phytoptank Photosynthesis is an important
process in primary production of organic matterribgi this process plants, algae and
photosynthetic bacteria use light energy to symdeesorganic compounds.
Photosynthesis starts with the assimilation of, @@m the atmosphere by primary
photosynthesizers, such as phytoplankton in aquaticironments (Killops and

Killops, 2005).

Ocean productivity is primarily controlled by lighavailability, nutrient
concentrations and temperature. Photosynthesisoisght to be the most important
form of primary production for at least the padi Billion years (Schidlowski, 1988).
Through photosynthesis, GOand water is transformed into high energy

carbohydrates:

CO, + HO — CH,0 (organic matter) + ©
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The production of organic matter is not only linditby CQ or water in aquatic
environments but also by nutrient availability. Bpleorus and nitrogen are the most

important nutrients.

Light is a most important factor in primary prodoat Light affects the rate of
photosynthesis and therefore, primary production.géneral, photosynthesis and
growth of phytoplankton are limited by the depthtloé photic zone. The photic zone
is the layer that is exposed to suitable sunlightphotosynthesis to occur. However,
in the Polar Regions, the depth in the open oceantarbid coastal water effect the
penetration of the light. The depth of the photane can be greatly affected by
seasonal turbidity. The photic zone in clear oceardter is generally located at 200 m
of the ocean (Killops and Killops, 2005). In somstuaries the light may only
penetrate a few centimeters because of the largeumnof suspended materials
(Killops and Killops, 2005). However, the uppert®®B0 m of the water column is the
main zone of organic matter production (Tissot #elte, 1984). In tropical oceans,
photic zones generally contain very low concentrediof nutrients because nutrients
are consumed by the phytoplankton. Phytoplanktardymction can only occur if
nutrients are supplied to the photic zone fromkb#om by vertical mixing that can
be happened by either turbulence or upwelling. ddrgers of the mid-latitude oceans
have low production rates because the warm suttagrs are separated from the
deep layers all the time. In these locations, aeats are only driven by wingillops
and Killops, 2005). In equatorial regions, the raie production is moderate
throughout the year; the drive mechanism of nutsies upwelling from shallow

depths. In high latitudes, high production occumstlte summer and spring when the

199



photic zone becomes thick and the surface laygresxto the sun’s heat (Pedersen

and Calvert, 1990).

The temperature of ocean water is interrelated iNitmination and water mixing.
The temperature has a great effect on primary mtodty. There is certain
temperature for various phytoplankton species. é&@mple, dinoflagellates live in
warm tropical waters with temperature of 25°C orenwhile siliceous diatoms prefer

the cold water of 5°C to 15°C (Tissot and Welte84)9

Settling of Organic Matter

Dead phytoplankton and animals in the ocean sugpglyrganic matter which will
sink down into deeper water and the ocean flooe dilganic matter undergoes many
processes and changes during settling. These gexceary from place to place in the
ocean depending on the water depth, level of pitomlucavailability of oxidants and
sedimentation rate (Bjarlykke, 2010). Part of thiganic matter is oxidized during
settling and another part is used as food by agtgainisms such as benthic organisms.
Also, some of it undergoes degradation in sedimdrgre the remaining part is buried

and some is chemically converted to crude oil (Bjde, 2010).

Breakdown of Organic Matter

Most of the organic matter is oxidized in the watelumn or on the ocean floor
and the nutrients are released into the water @&tdrbe available for new organic
production (Figure 1). The organic matter that i®doiced in the oceans by

phytoplankton is broken down through direct oxidatior by microbiological
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processes (Bjagrlykke, 2010). In the presence ofgenry it will break down in a

manner as indicated below:

CH,0 + Oy — CO, + HO

If oxygen is available, organic matter is rapidlyidized. As organisms die,
organic material suspended in seawater falls thrahg water column and consumes
dissolved oxygen. If water circulation is limitelgdet dissolved oxygen supply will be
absent or limited. In this case, sulphate-redudiagteria, which decompose organic
material in an anoxic environment will use the axydound in sulphates or nitrates.
The few centimeters directly below the sea floa asually oxidizing, while depths
5-30 cm below the sea floor may have reducing ¢mmdi. Below this redox
boundary which is characterized by absence of axygaphate-reducing bacteria and

organic matter react in the following way (Bjarlykk2010):

NH3 + H+ + SQ — NOs + H,S + HO

2CHO + 2H+ + S@- - — H,S + 2CQ + 2H,0
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Preserved organic matter in sediment

Figure 1. Formation of source rocks. Only a small fraction of the organic matter is preserved.
The formation organic-rich source rocks require restricted water circulation and oxygen

supply (Bjerlykke, 2010).
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Preservation of Organic Matter

Pederson and Calvert, (1990) and Calvert and Ped¢t992) suggested that organic
productivity is more important than anoxia and hmajor control on the high

accumulations of organic matter in marine sedimehterefore, environment with a
very high rate of productivity is more likely toqa@tuce sediment having rich organic

matter than one where the rate of productivity l@asor limited.

Figure (2) shows that there is no great differdoeveen two sediments that have
similar texture and were deposited under oxic avxanconditions in fine grained
bottom sediment. However, productivity and presgowa are important in the

formation of organic-rich rocks (Philp, 2007).

The abundance of organic matter is also contrdiiededimentary environment.
The environment of deposition of the organic matiave a big influence on the
characteristic of the hydrocarbon generation fromanic matter in the sediment,
because the environmental processes modify theitcomsl to be favorable for
organisms to grow and partly because the domindysip-chemical conditions
modify the organic material during and directlyeaftieposition (Bissada et al., 1993).
According to Bohacs et al. (2005), the accumulatborganic matter in depositional
environments is controlled by three main variablases of production, destruction,
and dilution. The preservation or destruction ofjamic matter in sedimentary
environments is also controlled by three factdrs: dxygen supply, microbial activity,
and the accumulation rate of the sediment (Demaswh Moore, 1980). Partial
preservation requires that the processes of decsitigpo and oxidation do not

eliminate all organic matter before some parts loarpreserved in the sediments. In
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other words, the rate of organic matter preservedtraxceed the rate of destruction
(Taylor et al., 1998). The formation of deposithrin organic matter with high TOC
values is controlled by subaquatic depositional iremments (Tourtelot, 1979).
Therefore, the preservation of organic matter ddpdioth on the organic matter and

the depositional environment conditions.

The anoxic aquatic environment is a water body withiery low or absence of
oxygen content so all microbial activities are tiedi or terminated. Anoxic conditions
occur where the demand of oxygen in the water colusnmore than the supply
(Figure 3). Demand for oxygen depends on the prdtycof the water surface and
oxygen supply mainly depends on water circulatihjch is controlled by global
climatic changes (Demaison and Moore, 1980). Umadteoxic water column, aerobic
bacteria and other organisms consume organic msgtdng from the photic zone
while under anoxic, or suboxic water (less than @R oxygen/l water), aerobic

degradation of organic matter is reduced (Peteat ,2005).

Sedimentation rate and grain size are of the sedimee also important in the
preservation of organic matter. Organic matter avofably deposited in low
permeability fine-grained mud. Fine-grained sediteesuch as mud exclude rapidly
oxygenated water below the sediment water inteyfaceating anoxic conditions
during depositions (Peters et al., 2005). Organatten that is deposited in a highly
reducing environment and rapid sedimentation rate & greater chance of being
preserved than in oxic conditions (Philp, 2007)ed@rvation of organic matter in
anoxic settings is increased compared with oxitrggt when they have the same

sedimentation rate (Yensepbayev, 2010).
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Figure 2. Distribution of two organic carbons with similar texture deposited in different
conditions (Pederson and Calvert, 1990).
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Figure 3. Oxic (left) and anoxic (right) depositional environments generally result in poor and
good preservation of deposited organic matter, respectively (modified by Peters et al., 2005

after Demaison and Moore, 1980).
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Types of Organic Matter

Most organic matter in sediment may be classified two major types, sapropelic
and humic. The term sapropelic refers to the deacmitipn and polymerization
products of fatty, lipid-rich organic materials Buas amorphous organic matter, and
planktonic algae deposited in subaquatic muds mainl marine or lacustrine
environments under reducing conditions. The termmiburefers to products of peat
formation which are mainly land plant material dgiped usually in swamps under

oxic conditions (Hunt, 1996).

Organic matter can be classified into more detadeoups using microscopic
analysis. For example, coal can be divided integ¢hmaceral groups (vitrinite, liptinite
and inertinite). Each group is divided into subgre®wf macerals where each maceral
represents a specific source. For example, vigriisita maceral commonly associated
with a higher land plant input, while alginite aerinite are associated with an algal

input (Stach et al., 1982; Tissot and Welte 198Idr et al., 1998).

Kerogen

Kerogen is a very heterogeneous agglomerate ofnalac&he complexities of its
macerals cause variations in its structures ovktively small distances within a
source facies (Philp 2007). The term kerogen retersorganic matter in the
sedimentary rocks that is insoluble in the commoganic solvents which make it
different from the extractable organic matter (Dwtal980; Tissot and Welt, 1984).
Kerogen is considered the most abundant organigooent on Earth (Brooks et al.,

1987). Kerogen is believed to be economically thestmimportant organic matter
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because it is a major source for oil and gas. Qudiagenesis, most organic matter in
the sediments is converted by microbiological psses into kerogen. One of the
schemes which illustrated the mechanism for kerdganation is shown in Figure 4.

The processes of thermal maturation affect and gihdime kerogen composition. The
subsurface temperature causes chemical reactiahbrbak down small fragments of
the kerogen to form oil or gas molecules (Wapleé¥35). Oil is mainly generated

during catagenesis when kerogen is thermally crkhdkehydrocarbons and other
compounds such as nitrogen, sulfur and oxygen camgs Tissot and Welte (1984)

summarize the classification of organic matteradisents (Figure 5).
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Figure 5. A geochemical fractionation of organic matter (Hantschel and Kauerauf, 2009).

210



Kerogen Type

Kerogen is subdivided into four main maceral typader the microscope based
on optical characterization such as color, fluoeese, and reflectance (Stach et al.,
1982; Tissot and Welte, 1984; Hunt 1996; Taylorakt 1998). The main maceral
groups are liptinite, exinite, vitrinite, and inerte. These classifications of kerogen
allow geochemists to identify the depositional eowment of organic matter.
Occurrence of each kerogen type is dependent ontyjpes of organic matter

preserved in a specific sedimentary environment.

Type |: Liptinite fluoresces under UV light and is derivenainly from an algal
source, which is rich in lipids formed in lacustrior lagoonal environments. It is oil-
prone and has a high hydrogen index (HI) and adeygen index (Ol). This type of

kerogen is relatively rare compared to the othpesy

Type II: Exinite also fluoresces under UV light and is thest abundant among
kerogen types. Its source is mainly plant mater{gisores, pollen, and cuticle),
phytoplankton and bacterial microorganisms in measadiments. This type is oil and

gas-prone and has intermediate HI and Ol.

Type Il : Vitrinite has a low HI and high Ol, thereforeniainly generates gas. The
primary source is higher plant materials. Vitrinitees not fluoresce under UV light.
Therefore, it is increasingly reflective at highevels of maturity. Therefore, vitrinite

maceral is widely used as an indicator of souroi-roaturity.
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Type IV: Inertinite does not fluoresce. It is high in camband very low in hydrogen
and does not have any effective potential to y@ldor gas. Inertinite is usually

considered as dead-carbon (Brooks et al., 1987).

Kerogen can also be divided into the same fourdygsesed on chemical analysis.
The early method used to characterize kerogen wased on the elemental
composition of the kerogen (Tissot and Welte, 1984)s method is a plot of the
atomic H/C versus atomic O/C on Van Krevelen diaggdFigure 6, left). After the
development of the Rock-Eval Pyrolysis system, @swound that the HI and Ol
indices are directly proportional to the H/C andCQétios. Therefore, the plot of HI
vs. Ol replaced the H/C and O/C values on the (plont, 1996). Now, the diagram is

known as modified Van Krevelen diagram (Figureight).
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Figure 6. Classification of kerogen to four types based on chemical analysis (Hunt, 1996).
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Organic Matter Content within Sequence Stratigraphy

Sequence stratigraphy is a study of geneticallgtedl sedimentary facies within a
framework of chronostratigraphically significantrieices within relative sea level
changes (van Wagoner et al., 1987 and 1990). Sequstnatigraphy differs from
lithostratigraphy in the sense that it takes roakfexes as laterally continuous and
correlative time intervals, rather than lithologitervals. These intervals are deposited
in relative sea-level cycles over geological tivhen they are correctly defined, they
allow prediction of stratigraphic patterns fromréstrial to deep marine environments,
and more importantly, facies, hydrocarbon soureal socks, and reservoir (Slatt,
2006). The fundamental unit of sequence stratlgrap bound by unconformities and
their correlative conformities (van Wagoner et 4B87). These sequences are also
subdivided into systems tracts, and then to patesexgs which are bound by marine
flooding surfaces. Parasequences are stacked e#lgi@nd form parasequence sets
with distinctive patterns bounded by major mariteding surfaces. Geochemical
data integrated into sequence stratigraphy is neddeto as geochemical sequence
stratigraphy (Pesters et al., 2000) and deals lath the geochemical characterization
and distribution of source rocks relative to seeellechanges within a sequence

stratigraphy framework.
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Lowstand Systems Tracts

Shales occur in systems tracts which can be idedtiby their predictable
characteristics (Schutter, 1998). Lowstand fanesklgposits form during the waning
period of proximal fan deposition. It includes albhonous, waning, turbidite-fine
grained sediment and autochthonous hemiplegic ssdigschutter, 1998). Shale in
lowstand fans can be rich or poor in organic mattertent depending on the oxygen
level. Since these shales of lowstand fans arebedeled with coarse clasts or
carbonate, this shale can be good seal rock. Howémestand wedge shales are
relatively high in mud and terrestrial organic reattompared with lowstand fan

shales (Schutter, 1998).

Transgressive Systems Tracts

Shales of transgressive systems tracts vary itkrnibgs and continuity depending
upon the rate of relative sea level rise. Thin drsttontinuous shales are associated
with rapid relative sea level rise while thick stmlare deposited under slow relative
sea level (Schutter, 1998). On a larger scale stra@ssive tracts represent upward

fining successions leading to condensed sectiorc@Maker et al., 1998).

Highstand Systems Tracts

Highstand systems tracts represent coarsening dpsuacessions. Shales in these
systems tracts will be non-calcareous shales wdmiehassociated with high amount of
a siliciclastic component; carbonates are assatmith calcareous shales (Schultter,
1998). The organic matter in highstand shaleshllow and diluted with siliciclastic

input.
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Condensed Section

Condensed sections are associated with maximundifigosurfaces and are
deposited during rising sea level and cover a lages of the basin. Condensed
sections accumulate during the late transgresgiste®s tracts (TST), and therefore,
they act as a boundary between TST and HST (Schd@68). Condensed sections
are widespread and are low-energy deposits reguitom relatively constant, low
sedimentation rates. Condensed sections commonigeotrate and preserve organic
matter (Creaney and Passey, 1993). The sedimemtBnar grained and lack coarse
terrigenous particles. They usually contain skéletanains of pelagic organisms

which may be used to estimate the age of the sexdénfeoutit et al., 1988).

Geochemical Sequence Stratigraphy Parameters

Integrated with sequence stratigraphy, organic lgemestry can be used to study
the source rock potential within a sequence staigc framework and predict the
hydrocarbon characters of reservoirs. Thereforntbe directly applied in petroleum
geochemistry studies. There are many parametetsctra be used as proxies to

investigate the characterics of organic matter iwighsedimentary sequence.

Organic Matter Content and Type

Organic matter is usually characterized by thel tmtganic carbon content (TOC)
and reflects changes of sea level within a sequetraigraphic framework. The
maximum total organic carbon in a vertical marieguence likely correlates with the
maximum flooding surface (Bohacs and Isaksen, 1@€9&aney and Passey, 1993).

Low oxygen conditions at the sediment/water intgfaate of degradation of organic
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matter, and sedimentation rate are the principahtrols on organic matter
accumulation (Creaney and Passey, 1993). TOC assseabove the maximum
flooding surface due to increasing sediment dilutituring high-stand progradation.
In addition to this, TOC also decreases below marinflooding surface with the
higher sedimentation rate of the older transgressiystems tracts (Meijun, et al.,
2003). However, potential source rocks can be foaradl three systems tracts, but the
richest source rock are generally found in the eosdd section within transgressive
systems tracts (Philp, 2007).

Creaney and Passey (1993) explain recurrent patiertime vertical distribution of
TOC in marine source rocks using sequence stratigraconcepts. The highest TOC
content in a shale sequence will be at the maxinflomding surfaces (condensed
section) and the organic material will be increghiroil prone. The LST sediments
have lower TOC contents than TST/CS. The organitemég relatively enriched in
terrestrial (Type IIl) or type IV constituents (Laert et al., 1993). Therefore, organic

matter of LST will be gas prone.

Relative Hydrocarbon Potential

The relative hydrocarbon potential parameter (RW&3 proposed by Fang et al.,
(1993). RHP is calculated as (S1 + S2)/TOC, whdreS2 and TOC can be obtained
from Rock-Eval. TOC = measure of the rock’s rict;yeé81= measure of the amount
of free hydrocarbons present in the rocks. S1 iasmed during the first stage of
pyrolysis at the fixed temperature of 300° C; a@d=Smeasure of the hydrocarbons

formed by cracking the kerogen at higher tempeeatur
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RHP reflects oxygenation conditions in the deposdi environment (Fang et al.,
1993; Slatt and Rodriguez, 2011). It can be relatecklative sea level fluctuations
within a sequence stratigraphic framework (Slatl &odriguez, 2011). Therefore,
sequence stratigraphy of shales provide a pow&stilinot only for regional-to-local
stratigraphic correlations but also for high-gradistratigraphic intervals most
favorable for preservation of organic matter (degtigas storage, and hydraulic
fracturing (organic-poor, relatively brittle; Slathd Rodriguez, 2011). RHP represents
the variation in organic facies within the sedinsepntsequence. High RHP indicates
anoxic conditions with high hydrogen content andially associated with TST.
However, low RHP refers to oxic conditions with Idwdrogen content is usually
associated with LST. It was reported that theatamns in the degree of oxic to anoxic
conditions as recorded by the RHP data trend dateceto relative sea level changes
and sequence stratigraphic interpretation. The RHIP intervals are associated with
maximum flooding surfaces where the intervals i highest oxygenation correlate
with the interpreted position of the sequence bamp@Singh, 2008). Increasing RHP
indicates that more organic matter is preservednder anoxic conditions in the

stratigraphic sequence (Slatt et al., 2009).
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Appendix Il. Total Organic Carbon and Rock Eval Pyrolysis Results for

Source Rock Samples.
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Appendix Il. (continued)
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Appendix Il Source Rock Geochemical Data

Depth (ft)| Pr/Ph | PriCy; | PhiCys | Cui/Ciz CPI
10465 0.89 0.54 0.56 0.08 117
10705 | 1.40 0.52 0.55 0.08 1.04
10765 1.62 0.49 0.50 0.05 114
10825 | 1.45 0.47 0.49 0.09 1.26
10885 | 1.37 0.47 0.49 0.08 1.01
10945 | 1.42 0.53 0.51 0.08 1.19
11005 1.44 0.52 0.54 0.12 1.19
11065 | 1.23 0.49 0.52 0.10 1.17
11095 | 1.42 0.55 0.56 0.17 1.19
11185 | 1.34 0.47 0.48 0.14 1.23
11335 1.27 0.47 0.47 0.18 1.20
11425 | 1.26 0.54 0.51 0.78 1.02

Pr/Ph = pristane/phytane; Pg/C= pristane/n-heptadecane; PG phytane/n-octadecane; CPl = Carbon
Preference Index ; 1&C,; = n-heptadecanefenormal alkane.
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Appendix Il (continued)
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Appendix Il (continued)
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Appendix IV Crude Oil Geochemical Data

Sample Form. Pr/Ph Pr/C47 Ph/Cyg C17/C»7 CPI

C65 Gialo 1.66 2.33 1.67 476

1B2-6 1.61 98.34 395

C98-6 1.53 0.54 0.4 5.34 1.15

412-6 1.48 0.59 0.46 4,90 1.09

C229-6 1.35 0.59 0.48 3.85 1.08

J3-6 1.53 0.74 0.56 3.51 1.1
Zaltan

41G1-6 1.47 0.59 0.46 4.04 1.09

4)2-6 1.76 0.49 0.35 4.04 1.1

B5-47 Bayda 1.45 0.7 0.55 3.74 1.13

41B1-6 1.44 0.55 0.44 3.80 1.12
Waha

2D12-6 1.45 0.54 0.42 6.51 1.15

C35-47 1.24 0.76 0.72 4.07 1.13
Kalash

B3-93 1.49 0.76 0.61 4.29 1.13

S9-47 Tagrifet 1.3 0.57 0.51 491 1.13

4R1-6 2.12 0.4 0.24 1.15

3M2A-6 1.76 0.42 0.28 4.07 1.08
Gargaf

2F16-6 1.68 0.11 0.07 4.54 1.13

2U9A-6 1.71 0.38 0.26 5.79 1.12

Pr/Ph = pristane/phytane; Pg/C= pristane/n-heptadecane; PG phytane/n-octadecane; CPl = Carbon
Preference Index ; 1&C,; = n-heptadecanejenormal alkane.
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Appendix IV (continued)
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Appendix IV (continued)
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Appendix IV (continued)

Table shows Stable carbon and hydrogen isotopesaltioil samples.

Sample | Form. 8tc 3D %Csar | 8%%C arom.
C65 Gialo -27.34 -124.8
41B2-6 -27.16 -126.6
C98-6 -27.72 -117.6
412-6 -27.81 -131.9
C229-6 -27.83 -131.6 -28.33 -26.9
J3-6 -27.81 -127.9
Zaltan
1G1-6 -27.68 -132.7
4J2-6 -27.37 -123.2
B5-47 Bayda -28.54 -133.6
41B1-6 -27.88 -135.8 -28.1 -26.75
Waha
2D12-6 -28.05 -98.4
C35-47 -28.93 -126.8
Kalash
B3-93 -28.87 -134.7
S9-47 Tagrifet -28.6 -120.6 -28.73 -26.96
41R1-6 -27.5 -99.5 -27.63 -26.02
3M2A-6 -28.06 -110.2 -27.9 -26.43
Gargaf
2F16-6 -29.37 -86.1 -29.35 -27.9
2U9A-6 -27.45 -92.8 -27.46 -25.91
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Appendix V. Absolute Concentration Of Source Rock 8mples Normalized to

Saturate Fraction (ug/g)
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Appendix V. (continued)
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Appendix VI. Absolute Concentration of Crude Oil Sanples Normalized to

Saturate Fraction (ug/g)
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Appendix VI. (continued)

0 0 0 0 0 S v S 9-¥6NZ
0 1 T 1 T 1 1 r4 T z . 9-9T4¢
0 0 0 0 0 0 0 z 9-VZINE
0 0 0 0 0 0 0 0 0 T 9-THY
8 0T 12 Ly ge €5 69 /8 € vzT | 19bel Lv-6S
8T zT vT Sz vz o€ o o 1€ 99 usepey £6-€9
L 8z o€ 0S 8Y zL 69 €6 1S veT L¥-GED
eC 8T €z ov 2% 65 89 98 ov 6TT euem 9-z1az
6T 6T 12 8g zs Ly 09 vL 9z 26 o-1av
9z 12 9z 8 v €9 19 8 Gg ¥0T epheg Lv-S9
12 9T 6T o€ g 0S €5 1L o€ 18 9-2rY]
0s ov o zZ8 8. ITT zel LST 69 z6T ueyez 9-19v
6€ 8z o€ oL ¥9 6 ¥0T vET 8 GzT 9-€r
0 0z 9z a4 a4 99 zL 06 o vIT 9-6220
€5 6 0S 6. 19 201 ST 0sT 96 69T 9-2Iy]
a4 €e o 6. G8 9z1 €eT goT 29 ¥0z 9-862
0z 0z 6T o€ i) 8 15 ¥9 8z 08 ofe5 9-zav
1€ Iz o€ 19 g 98 6 zet 14 ¥ST 590
4% o) 4% e hGe} 5o} Shate) 4% s%o 9%y 4% | ‘wiod | sjdwes

235



Appendix VI. (continued)
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Appendix VII Principal Component Analysis (PCA)

Factor loadings:

F1 F2 F3 F4 F5

Ts/ (Ts+Tm) 0.102 -0.508 -0.667 0.235 -0.372
225/ (22S+22R) 0.631 0.136 0.443 0.591 0.066
CosTrilC3003 0.890 -0.377 0.243 0.014 -0.020
C,d/Cao 0.711 -0.144 0.566 -0.042 0.336
CoaTril CyaTri 0.300 0.881 -0.015 0.195 -0.111
20S/ (20S+20R) 0.446 -0.432 0.497 -0.314 -0.331
BB/ (BBP+act) 0.696 -0.373 -0.290 0.468 -0.192
Dia/27R 0.723 -0.479 0.224 0.430 0.039
Pre/27R 0.914 -0.350 0.077 -0.078 -0.096
27R/29R 0.902 -0.244 -0.059 -0.323 -0.097
28R/29R 0.812 -0.072 0.332 -0.247 -0.358
%27R 0.845 -0.312 -0.219 -0.296 0.119
%28R -0.242 0.379 0.682 0.263 -0.440
%29R -0.926 0.166 -0.043 0.299 0.076
1/(1+11) Mono 0.972 0.103 -0.187 0.013 0.012
1/(1+11) Tri 0.931 -0.262 -0.128 0.099 0.131
MPI1 0.675 0.696 -0.185 -0.043 0.029
MPI2 0.740 0.624 -0.218 -0.012 0.044
MPI3 0.719 0.563 -0.231 -0.229 -0.121
MPR 0.800 0.496 -0.235 -0.061 -0.033
DBT/P -0.497 -0.311 0.286 -0.124 0.474
MDBT/MP -0.555 -0.242 -0.066 -0.110 -0.012
Rc(rw)1.35 0.943 -0.167 0.112 0.104 0.169
Rc(b)1.7 0.972 0.048 0.051 0.086 0.133
s2C 0.061 -0.657 -0.519 0.179 0.095
3D 0.727 0.435 -0.084 0.072 0.348
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Appendix VII. (continued)

Contribution of the variables (%):

F1 F2 F3 F4 F5

Ts/ (Ts+Tm) 0.075 5.678  16.755 3.640  11.425
22S/ (225+22R) 2.874 0.409 7.377  23.044 0.363
CosTrilC3003 5.728 3.118 2.228 0.014 0.034
C,d/Cao 3.655 0.454  12.058 0.119 9.297
CoaTril CyaTri 0.651  17.082 0.008 2.518 1.022
20S/ (20S+20R) 1.439 4.103 9.301 6.524 9.040
BB/ (BRB+ac) 3.499 3.056 3.175  14.429 3.025
Dia/27R 3.777 5.038 1.894  12.195 0.123
Pre/27R 6.040 2.698 0.222 0.398 0.763
27R/29R 5.886 1.312 0.131 6.888 0.769
28R/29R 4.767 0.114 4.154 4.034  10.567
%27R 5.161 2.141 1.810 5.797 1.170
%28R 0.423 3.152  17.492 4550  15.935
%29R 6.192 0.602 0.069 5.883 0.471
1/(1+11) Mono 6.836 0.235 1.313 0.010 0.011
1/(1+11) Tri 6.263 1.504 0.614 0.641 1.424
MPI1 3.290  10.639 1.294 0.123 0.069
MPI2 3.955 8.554 1.792 0.009 0.160
MPI3 3.742 6.978 2.016 3.469 1.203
MPR 4.625 5.408 2.076 0.245 0.088
DBT/P 1.789 2.130 3.083 1.022  18.496
MDBT/MP 2.227 1.286 0.166 0.803 0.011
Rc(rw)1.35 6.430 0.613 0.473 0.714 2.360
Rc(b)1.7 6.829 0.051 0.099 0.484 1.457
3C 0.027 9.489 10.135 2.105 0.742
3D 3.823 4.156 0.264 0.342 9.973
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Appendix VII. (continued)

Squared cosines of the variables:

F1 F2 F3 F4 F5
Ts/ (Ts+Tm) 0.010 0.258  0.445 0.055 0.139

22S/ (225+22R) 0.398 0.019 0.196 0.349 0.004
CoaTri/Ca0 0.793 0.142 0.059 0.000 0.000
C,o/Cag 0.506 0.021 0.320 0.002 0.113
CoaTril CyqTri 0.090 0.777 0.000 0.038 0.012
20S/ (20S+20R) 0.199 0.187 0.247 0.099 0.110

BB/ (BPP+ac) 0.484 0.139 0.084 0.219 0.037
Dia/27R 0.523 0.229 0.050 0.185 0.001
Pre/27R 0.836 0.123 0.006 0.006 0.009
27R/29R 0.814 0.060 0.003 0.104 0.009
28R/29R 0.660 0.005 0.110 0.061 0.128
%27R 0.714 0.097 0.048 0.088 0.014
%28R 0.059 0.143  0.465 0.069 0.193

%29R 0.857 0.027 0.002 0.089 0.006
1/(1+11) Mono 0.946 0.011 0.035 0.000 0.000
1/(1+11) Tri 0.866 0.068 0.016 0.010 0.017
MPI1 0.455 0.484 0.034 0.002 0.001
MPI2 0.547 0.389 0.048 0.000 0.002
MPI3 0.518 0.317 0.054 0.053 0.015
MPR 0.640 0.246 0.055 0.004 0.001
DBT/P 0.247 0.097 0.082 0.015 0.224
MDBT/MP 0.308 0.058 0.004 0.012 0.000
Rc(rw)1.35 0.890 0.028 0.013 0.011 0.029
Rc(b)1.7 0.945 0.002 0.003 0.007 0.018
3C 0.004 0.432 0.269 0.032 0.009
3D 0.529 0.189 0.007 0.005 0.121

Values in bold correspond for each variable tofidagtor for which the squared cosine is the
largest
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Factor scores:

Appendix VII. (continued)

Observation F1 F2 F3 F4 F5

C65 -1.091 -0.879 -1.426 -0.540 0.766
4B2-6 -1.870 -0.805 0.043 0.067 -0.545
C98-6 -1.258 -0.434 -0.977 0.599 -0.800
412-6 -1.737 -0.381 -0.470 2.679 -2.153
C229-6 -2.103 -0.074 -0.058 0.225 -0.267
J3-6 -2.610 0.331 0.565 0.613 0.741
4G1-6 -2.434 -0.922 -0.881 -0.316 -0.088
4J2-6 -1.714 -1.136 -0.804 0.238 1.635
B5-47 -2.152 0.095 0.362 -0.488 -0.362
4B1-6 -1.595 -1.015 -1.842 0.232 -1.204
2D12-6 -1.418 0.793 1.092 -0.051 1.170
C35-47 -2.691 0.562 2.512 -1.906 0.791
B3-93 -2.248 0.359 2.018 -1.639 -0.668
S9-47 -1.748 0.122 -0.155 -0.375 0.182
4R1-6 8.996 -0.619 -2.135 -2.810 -1.360
3M2A-6 8.336 -3.103 4.259 1.416 -0.247
2F16-6 3.930 8.051 0.143 0.809 -0.121
2U9A-6 5.408 -0.946 -2.245 1.245 2.532
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