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Abstract

One hundred and thirty-six core and cuttings sasifoten Upper Cretaceous—Eocene deposits that are
believed to include the most important source rackbe Sirte Basin have been subjected to Rock-
Eval pyrolysis, total organic carbon measurementd,palynofacies and microfacies analyses to
determine palaeoenvironments and the thermal ntetnoraistory of the succession. It is apparent that
the lower part of the Bahi Formation, the oldeskranit examined, reflects a basin margin
environment under the influence of freshwater infnallow marine, near-shore, inner shelf, suboxic—
anoxic conditions, which are first suggested byuppermost deposits of the Bahi Formation,
prevailed for much of the time during depositiortled younger Cretaceous Etel, Rachmat, Sirte and
Kalash formations. Shallow supratidal and inteftgléd-environments alternating with deeper
environments of shelf embayments associated witlas@amum rise in sea level are indicated by the
Paleocene Farrud Member of the Beda FormationZEten Formation consists of shallow intertidal
and lagoonal facies, and the overlying PaleoceneeiisoKheir Formation reflects relatively shallow
marine sedimentation in mid to outer shelf envirents alternating with short-lived, shallow,
intertidal-lagoonal to supratidal conditions. Th@@ content of the Upper Cretaceous samples
examined is mostly moderate (up to 2.04%), thermogaatter consisting of Types Il and 11/111

kerogen. Differences in hydrocarbon generationmi@kare linked to varying proportions of aquatic
versus terrigenous organic matter in the samplamaxed and hence to depositional conditions.
Combined geochemical and palynofacies data reflegosition mainly in weakly reducing to suboxic
settings and suggest that immature to early magaseprone source rocks are within the Etel, Rachmat
and some of the Sirte Formation, and mature oHfgase source rocks are within the Sirte and Kalash
formations.
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1. Introduction

The Sirte Basin is the youngest sedimentary basknbya (Fig. 1A), one of Africa’s most
productive petroleum basins, and the world’s 13tlgést petroleum province. The vast majority of
hydrocarbons recovered from Libya have been exait this basin, making it of great economic
importance and attracting the attention of manya@apion geologists and petroleum companies.

The present paper focuses on Concession 11 (FigwiAch is located in the Zallah Trough in
the west of the basin (Fig. 1B, C). This concessicfudes many giant oil fields. In order to impeov
our understanding of this area and to provide acsoock evaluation of the poorly studied Upper
Cretaceous—Eocene successions, sedimentary miesfacganic geochemical, palynological and
palynofacies analyses have been undertaken. Tagaper aims to (1) record the different kerogen
types and their thermal maturity, (2) determineapaknvironmental conditions, (3) define the
palynofacies associations of the sedimentary faonatstudied, and (4) assess the source rock
potential for hydrocarbon generation and the rélese units in charging the hydrocarbon resesvoir

in the study area.

2. Lithostratigraphy

Abadi et al. (2008) considered the sedimentaryessgion of the Sirte Basin to consist of three
depositional megacycles: pre-rift (Cambro—Ordowigiayn-rift [Upper Cretaceous—Eocene
(Ypresian)] and post-rift [Eocene (Lutetian)—MioegnThe pre- and post-rift deposits are dominated
by clastics, whereas the syn-rift (Cretaceous—E®ceediments are dominated by non-clastic
carbonates and evaporites (Fig. 2). The floor efttasin is delineated by a major unconformity. This
overlain by deposits of the Lower Cretaceous Nularr succession, above which is a thick sequence
of Upper Cretaceous—Recent sediments. We foculseosyh-rift deposits because of the availability of
samples and the economic importance of the suaceasia source and reservoir of hydrocarbons in
the study area.

The Palaeozoic megacycle begins with the Hofra Btion and ends with the Amal Formation:
both are of Cambrian—Ordovician age, overlain ufmwonably by Lower Cretaceous strata, and

underlain by basement where wells have penetrhtedntthe south-eastern part of the basin. The
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cores retrieved consist of metamorphic rocks (a@achist and phyllites) and crystalline granitiés).
2).

The Cretaceous rocks in the Sirte Basin are digsitio Lower and Upper Cretaceous parts.
No samples were available from the so-called NuBiarr Sandstone, so this is not discussed exoept t
note here that the basal Nubian Sandstone cons$iateell-defined and widespread stratigraphic unit
that is overlain by younger Cretaceous sedimentisdrwestern part of the basin (Barr and Weegar,
1972; Abadi et al., 2008).

The first (Upper Cretaceous) depositional cyclestsis of the following formations in
ascending order: (1) Bahi: a transgressive sequéckidam: carbonates, commonly represented by
dolomites; (3) Etel: a regressive sequence of catas, evaporites and shales; (4) Rachmat: shallow
marine deposits resulting from a second transgreséb) Sirte: deep marine sediments; and (6)
Kalash: limestone that accumulated under shalloveger conditions.

The Bahi Formation consists of interbedded sanéstianestone, siltstone and shale and is a
significant hydrocarbon reservoir in the Sirte Badihe sandstones usually consist of medium to
coarse, sub-angular to angular quartz grains witlayamatrix (Barr and Weegar, 1972). The formation
occurs in the north-western part of the basin arespecially well developed in the Bahi Field atesa.
thickness varies from a few metres to a maximumvef 122 m (400 ft: Barr and Weegar, 1972). In
the wells studied, LLL1 and AAL, it is 143 m and21# thick respectively. Much of the formation
appears to be of non-marine origin and may be edgriv to the Nubian Sandstone elsewhere.
However, the uppermost few metres of the successintain glauconite and are probably part of the
overlying marine cycle.

The overlying Lidam Formation (Fig. 2) is devoidfossils (Barr and Weegar, 1972), which
means that its age cannot be positively determided:ever, it may be constrained by the fact that it
occurs at the base of the marlygper Cretaceous succession and is often overnla@®@emomanian
sediments. As no samples were available from thmadton, it is not considered further.

The Rakb Group overlies the Lidam Formation ardivgled into, from base to top, the Etel,
Rachmat and Sirte formations (Fig. 2), which wegpasited during a marine transgression. They
thicken in the troughs and become thin on, and loeagbsent from, the platforms (Barr and Weegarr,
1972; Hallett, 2002).

The Etel Formation is a sequence of thinly bedd#drdites, anhydrites, shales and siltstones
that essentially comprise an alternation of carbemand evaporites in several of the troughs asutr

of Cenomanian—Turonian marine incursions (EI-Alat®i96). A sabkha/lagoonal environment is
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indicated with periods of very shallow, near-shar@ine deposition and more open marine carbonate
accumulation to the north and west. Sea levels wenghigh and anoxic conditions prevailed. The
formation has a sharp contact with the underlyirain Formation (Fig. 2), but the junction with the
overlying Rachmat Formation is gradational (Fig.IR)s widely distributed in the south-central paf
the basin, but is absent over the platforms. IQRE1, LLL1, AALl, FFF1 and GG1 wells it is 378,
299, 137, 360 and 192 m thick, respectively. Fesa# very rare and no age-diagnostic forms have
been recognized (Barr and Weegar, 1972). Its agenstrained to Turonian in areas where the
formation conformably overlies the Lidam Formatiand is overlain by Coniacian—Santonian beds of
the Rachmat Formation (Hallett, 2002).

The Rachmat Formation consists of shales interlgbdat®d minor limestones, sandstones and
dolomites. The shales are predominantly grey,légsislightly blocky, glauconitic and pyritic inany
locations. The dolomites are common in the basalgral characterized by being brown and
microcrystalline (Barr and Weegar, 1972; Abadilet2008). The formation contains common
foraminifera and ostracodes over much of the baghich indicate a Coniacian—Santonian age (Barr
and Weegar, 1972). It is present in the study bue@absent on the platform highs in the basina# &
maximum thickness of up to 600 m in the Ajdabiyaugh.

The Rachmat Formation is a significant petroleunrs®rock for the oil fields located along
the crest axis of the basement highs of the SiatsrB The shale also provides an excellent seal ove
the Etel Formation (El-Alami, 1996). The thicknedshe formation ranges from 207 m in the GG1
well to 128 m in the HHH1 well.

The overlying Sirte Formation (Fig. 2) is considkte be the main source rock in the basin. It
is widely distributed throughout the grabens. hsists of a dark-grey to brown shale succession wit
minor limestone interbeds. Occasionally, the siséalcareous, silty, sandy and glauconitic ortyri
with small phosphatic nodules in the lower parthef formation. Deposition was initially in shallow,
restricted marine conditions, but subsequentlyrapidly deepening environment (Abadi et al., 2008)
The formation has been dated as Campanian on #ie dfgplanktonic foraminifera (Barr and Weegatr,
1972). Its average thickness is about 82 m, hatdignificantly thicker in the troughs of the basind
thinner on the palaeo-highs (Barr and Weegar, 191##igknesses in the QQQ1, RRR40, AA1, FFF1,
GG1 and HHH1 wells considered herein are 253, 8%3, 149, 378 and 198 m, respectively.

The Kalash Formation, which conformably overlies 8irte Formation, occurs over most of
the Sirte Basin, and delineates the maximum extetiite Cretaceous marine transgression in this

region (Abadi et al., 2008). It consists mainlyaofillaceous limestone with dark grey calcareowsesh
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beds in association. The depositional environmahtated is open marine, probably neritic (Barr and
Weegar, 1972). The formation is up to 600 m thickhie northern part of the basin and covers both
troughs and submerged horsts with relatively lictiange in facies (Hallett, 2002; Abadi et al., 200

In the wells studied it is, however, much thinmanging from 88 m in the AA1 well to 94 m in the
FFF1 well.

The Paleocene deposits of the basin begin witlbdrean Hagfa Formation. This is followed
upwards by the Selandian Beda Formation and Tham&ahra, Zelten and lower Kheir formations.
As no samples were available for study from eitherHagfa or the Dahra formations, these are not
discussed here.

The Beda Formation consists mainly of various lmgelded limestone lithofacies with
subordinate dolomite and calcareous shale. Ithdisided into three members from base to top as
follows: Thalith, Farrud and Mabruk, of which orthe Farrud Member is considered here, samples not
being available from the other two. The base af thember consists of carbonate deposits that
accumulated during a regression, whereas the yggoecomprises fine grained sediments that grade
upwards into coarser-grained beds, which were diggbs shallow, agitated water (Barr and Weegar,
1972). The Beda Formation is 259, 357, 238, 380, 262, 250 and 286 m in the QQQ1, LLL1,
RRR45, RRR40, RRR1, GG1 and HHH1 wells, respegtivel

The Zelten Formation (originally Zelten Limestomensists of a weakly transgressive
sequence of limestone and shale intercalationshthat been dated as late Paleocene (Thanetian; Barr
and Weegar, 1972). It overlies the Dahra Formatioderlies the Kheir Formation, and is widely
distributed in western and central parts of therbdsforms the principal reservoir of the ZeltEreld,
and contains lesser reserves in several smalldsfi€he thickness on the shelves averages 100-122
m, and in the deeper-water facies reaches up taril@arr and Weegar, 1972). Its thickness in the
QQQ1, RRR1, GG1 and HHH1 wells is 76, 161, 1686ihch, respectively.

The Kheir Formation is predominantly shale with soctay, marl and limestone. The shale is
grey to dark-grey and green, fissile and calcarethesclay is grey, soft, and calcareous; the msarl
grey, soft and argillaceous; and the limestonegaag calcilutites containing pyrite and many f&ssi
(Barr and Weegar, 1972). In the subsurface thehiieand planktic foraminifera recovered indicate
that the formation straddles the Paleocene/EocEmangtian/Ypresian) boundary (Barr and Weegar,
1972). It is 219, 335 and 283 m thick in the QQ2A1 and RRR1 wells, respectively.



O 00 N o u b W N -

W W W N N N N N N N N NN R R R R R R
N P O O 00 N O Ul B W N B O O 0O N O L B W N =~ O©O

3. Structural framework

Tectonically, the Sirte Basin is one of the impottstructural features in northern Libya. It is
heavily fractured with major faults resulting imamber of NW-SE trending grabens (Fig. 1B). These
are, from the west to east: Hun, Zallah, Maradgtadiya and Hameimat. The platforms on the
intervening horst blocks in the same direction #addan, Al Bayda, Az Zahrah and Zaltan/Zelten
(Ahlbrandt, 2001)The basin is separated structurally by the Zeltatfd?m into western and eastern
sub-basins (Hallett, 2002), the former, in partacuhe Zallah Trough (Fig. 1B, C) in onshore north-
central Libya (Concession 11), being the focushf paper.

The North African region was subjected to diachusofting and subsequent post-Mesozoic
continental collision, which led to the developmenLibya of basins with complex origins. A number
of different tectonic domains existed, each hadngique history (Carr, 2003).

The Sirte Basin region is a major intracratonitsifstem on the north-central African plate.
The structural developments of this region throggblogical time have been discussed previously
(Massa and Delort, 1984). It was a positive featuri@ the latest Jurassic when the area gradually
subsided, probably for the first time since thelfeRalaeozoic. Subsidence resulted from extension
that led to the collapse of the pre-existing Siteh (Anketell, 1996). The area experienced stiagh
and down-faulting during the Cretaceous Periodgearcale subsidence and block faulting began in
the latest Jurassic/Early Cretaceous (Abadi e@08), creating a complex of horsts and grabehs. T
faults in the Sirte Basin were reactivated durimg tate Cretaceous, movement involving thermal
arching and repeated phases of rifting, espeaialiing this period and in the Paleocene—Eocenenwhe
subsidence of the basin reached a maximum (Gumatkanes, 1985; Abadi et al., 2008). Volcanic
activity resumed in post-Eocene times. This isdwed to have been concurrent with movement along
major basement fault zones situated outside thea€reus rift on the western side of the basin.

The sedimentary succession of the Sirte Basin alfueflects its tectonic and structural
evolution, which was closely related to the operohthe Atlantic Ocean and convergence of the
Tethys region during the Mesozoic and Cenozoic @aas and Thusu, 1998). According to El-Alami
(1996), the history of the basin during the Latet&ceous consisted of a gradual on-lap of the-fault
block topographypy marine sediments so that by the very end opéred almost all of the

topographic highs were buried.
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4. Material and methods

This paper focuses on 14 wells located in Concesklo western Sirte Basin (Fig. 1A; Table
1). One hundred and thirty-six samples (94 corelsd@nditch cuttings; Tables 2, 3) were available fo
study. These and basic data were kindly provideHd#rpuge Oil Operations (previously Veba Oil
Operations), Tripoli, Libya. The data for these lwstraddle Upper Cretaceous—Eocene deposits in
several oil fields, namely the Tagrifet, Daba, GHaarrud, Abeter, Mellugh, and Ed Dib (Fig.1A).

4.1 Organic geochemical analyses

Fifty-six Upper Cretaceous samples (14 cores ancLdtihgs) from 14 exploration wells
(QQQ1, LLL1, RRR45, RRR32, RRR29, RRR40, RRR28, RRARRRR76, AAl, RRR1, FFF1, GG1,
and HHH1) were analyzed (Fig. 1C; Table 1). NoRaltk-Eval analyses were carried out on the same
samples selected for palynofacies, petrographimaintbfacies studies, those chosen being regarsled a
representative of the prime source rocks in theesgion studied. Each sample was combusted in an
oxidation oven to obtain the weight percent ofdaai carbon and oxidized mineral carbon. The oven
temperature programme for pyrolysis was 300°C &mtial for 3 min followed by a 25°C/min ramping
from 300°C to 650°C. The oxidation programme wal°80isothermal for 30 s followed by a
25°C/min increasing from 300°C to 850°C, held igothal for 5 min at 850°C. The released
hydrocarbons were continuously detected with adlanization detector (FID), whereas CO and,CO
released during pyrolysis and oxidation of the dasyprere measured using online infrared cells (IR).
This was done to determine total organic carbonGY,@ydrogen index (HI), faxand other
parameters to screen the kerogen type, deposigmvalonment, maturity of the organic matter and
petroleum generative potential of the samplesoAthese analyses were carried out at the StratmChe

Laboratory, New Maadi, Cairo, and GeoMark Researiohted, Houston, Texas.

4.2 Palynofacies analysis

Eighty cuttings and core samples from the Uppeta€eous Bahi, Etel, Rachmat, Sirte and
Kalash formations, the Paleocene Zelten FormatnmhRarrud Member of the Beda Formation, and the
Paleocene—Eocene Kheir Formation encountered anseells (QQQ1, LLL1, RRR40, AA1, FFF1,
GG1 and HHH1: Fig. 1C, Table 3) were processegdbynofacies analysis in the Petroleum and

7
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Paleontology Laboratory, Department of Geology, 8tama University using standard extraction
techniques (El Beialy et al., 2016). The selectibthe samples investigated for palynofacies amalys
was based mostly on lithologies ranging from shatesmudstones to limestones, which yielded
different types and amounts of organic matter fewtpalynomorphs overall. Nearly 10 g of each
sample were crushed in a Pyrex mortar; carbonages thien removed by immersion in 35% HCl in a
glass beaker until effervescence ceased. Thisallasved by repeated dilution with distilled waterda
decanting until the samples were neutral. The vesidvere transferred to plastic pots to which 40%
HF was added for 3—7 days and stirred once a dayn@this period, some HF was decanted also
once a day and fresh acid added. The samples hememashed with distilled water, decanting daily
until they were neutral. Unwanted particles wengasated from these using 1@81 mesh brass and 10
um mesh nylon sieves to remove coarse and veryplngcles respectively. A small amount of each
residue was pipetted off, evenly spread on a glagsrslip and left to dry at about %0 followed by
mounting on a glass slide using Elvacite 2044 m®anting medium. Excess Elvacite was removed by
soap and water to make the slide clean and readdk&mination. Transmitted light microscopy was
used to scan the slides for their kerogen coniemb. slides were prepared from each sample and,
whenever possible, about 200 particles were pauahted in order to calculate relative abundances an
represent quantitatively the different kerogen gates: most of the samples were poorly fossilifisto
The amounts recorded were categorized as aburel2bi), frequent (16—35%), common (5-15%) or
rare (<5%) (Table 3). All slides were examinedyfulhder a 40x objective to check for the preserice o
any rare palynomorphs. Observations were made wmd@&ympus BX51 (E330-ADU1.2X)
transmitted light microscope and photomicrograjglien with an Olympus digital camera. All

microscope slides and residues are housed in tharDeent of Geology, Mansoura University.

4.3 Petrographic and microfacies examination

The samples selected for analysis were mainly liomes and dolomites: by contrast with the
palynofacies analysis no clastic deposits werestgated. In the succession studied, major reservoi
occur in the Upper Cretaceous—Eocene non-cladimgats, mainly in the Farrud and Mabruk
members of the Zelten Formation.

Thin sections of 80 rock samples were preparedyusiock saw and then ground flat before
being impregnated with epoxy resin, mounted onsgédisles, and ground and polished using carbide
grit until they were about 0.03 mm thick beforergecovered by glassoverslips. An Olympus BX51

8
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polarizing microscope was used for petrographidysmaand photomicrographs were taken digitally,

the aim being to determine facies distributionsval as the mineral and fossil content.

5. Results and discussion

5.1. TOC and Rock-Eval pyrolysis

Use of core and hand-picked cuttings samples niadesy to overcome contamination
problems resulting from drilling mud additives azal/ing from younger horizons when analyzing
TOC content and kerogen typing. This is apparettiénplot of Rock-Eval S(mg HC/g rock) versus
TOC (Fig. 3) in which all the hydrocarbons releaaeglindigenous (in situ) and there is no pos$ybili
of contamination (Mukhopadhyay et al., 1995; H11996).

The TOC content of the samples varies betweendhti®.04 wt%. Nearly half have TOC
contents of <1.0 wt%. These low values may be @tregdilution, which does not reduce the amount
of organic matter preserved, but does spread ierttonly through the rock. The samples analyzed are
mostly shales, but include some carbonates. THeshee strongly diluted, and facies changes from
carbonates to shales may also be associated wgih ddution effects (Waples, 1985; Bohacs et al.,
2000). An appropriate combination of maximum prdaurcof organic matter and minimal destruction
and dilution will enhance organic enrichment aratlléo the formation of potential source rocks
(Bohacs et al., 2000). Although the TOC contenhahy of the samples examined is low, at least it is
>1.0 wt% in the majority, and in one sample frora Kalash Formation in well FFF1.9 at depth 2380
m (Table 2) m it is 2.04 wt% and has elevatedeues (6.96 mg HC/g rock).

The Rock-Eval gvalues are <2.0 mg HC/g rock for almost all Eted achmat samples
(Table 2; Fig. 4). In addition, the low hydrogendizes of <150 mg HC/g TOC for these formations
indicate the absence of significant amounts ofenerative lipid materials and kerogen that is ihgain
Type lll or Type IV (Fig. 5). It is highly unususd encounter a rock in which the TOC is
approximately 0.5% and the hydrogen index is netdly, because the extensive oxidation indicated by
low TOC values almost always results in the loskyafrogen-rich material (Waples, 1985; El Diasty et
al., 2016a). On the other hand, the high hydrogdites of >150 mg HC/g TOC and oxygen-depleted
terrigenous organic matter (Table 2; between 180389 mg HC/g TOC) for the samples from the
Sirte and Kalash formations reflect Type 1l/1ll kgen (Fig. 5) and therefore indicate marginal to fa
potential for liquid hydrocarbons (Waples, 1985tdPeand Cassa, 1994). The increasing proportions
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of lipid-rich material, either from terrestrial orarine algal organic matter, for the samples frben t
Sirte Formation may indicate a higher proportiomibigenerative kerogen compared to the other rock
units (El Diasty et al., 2016b).

The Tyax values for the Upper Cretaceous section in theenesSirte Basin vary with kerogen
type and the mineralogy of the rock as well as nitgtiOur data suggest that most of the samples lie
within the early mature zone (Fig. 6) of hydrocarlyeneration (430-447°C; Espitalié et al., 1985).
Two samples from the Etel Formation in the AAL1 wW@lA1.10 and AA1.12) haveJx values of 425
and 424°C respectively (Table 2), which indicatt they are immature (Fig. 6).

5.2 Palynofacies and sedimentary facies

There are few palynofacies-orientated publicatmm&.ibyan Phanerozoic deposits. Thusu et
al. (1988) and Uwins and Batten (1988) evaluatedsdic to mid Cretaceous strata and facies in north
east Libya, and more recently Paris et al. (20&@drted on the palynology and palynofacies of the
Early Silurian Tanezzuft Formation in the eastemrliq Basin. There is a single report on the
palynology and palynofacies of Upper Cretaceoussiepin well C275-65 in the Sirte Basin (Bu-
Argoub, 1996) and, on a related matter, a desonpif a new dinocyst specigddontochitina
tabulata) from a late Santonian—early Campanian depositeth C3-65 in the basin (EI-Mehdawi,
1998).

The results of our palynofacies analysis of samfptea the Concession 11 wells are discussed

below in chronological order beginning with the edtiformation:

Bahi Formation: wells LLL1 and AA1, four and three samples respety: all are dominated
by terrigenous amorphous organic matter (AOMT) pingtoclasts. The AOMT has a gelified
appearance with no internal structure (Batten, 1888egovac and Kosti 2006). The percentage of
phytoclasts is between 68 and 71% in well AAL, 86dand 73% in well LLL1. The absence of
dinocysts and microforaminiferal test linings iraties a lack of marine influence, as has been itetica
previously for the lower part of the formation. $twonfirms Hallett’s (2002) observation that the
palynomorph content of the Bahi Formation in theS&sir Field suggests a non-marine depositional
setting. The upper part of the formation contaare palynomorphs assigned to the dinocyst
Senegalinium granulostriatum Jain & Millepied (Fig. 7A) associated with glauden which could be
part of the overlying marine cycle (Barr and Weed8i7?2).

10
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Etel Formation: 19 samples, wells QQQ1 (6 samples), LLL1 (5), ABY, FFF1 (2) and GG1
(2): all contain mainly phytoclasts and AOMT. Thergentage of phytoclasts in the QQQ1, LLL1,
AA1l, and GG1 samples is usually more than 50% efdtal particulate organic matter. They consist
mainly of pale brown to brown, well- to fairly wedkeserved structured terrestrial plant fragments:
mostly tracheids, cuticles and woody tissues (Ag).C).Pediastrumis the most common
palynomorph taxon in the LLL1 well, especially 853-2855 m (Fig. 7D). The stratigraphic range of
this colonial chlorococcalean green alga extendk bathe Lower Cretaceous (Evitt, 1963). It is
generally a good freshwater indicator (Batten 198éndonca Filho et al., 2010), and most abundant
in freshwater to low salinity tropical and subtrogdilakes (Tyson, 1995). When abundant it may also
indicate important source rocks in Cretaceous agmb&oic rift basins (Hutton, 1988; Batten, 1996). |
marine sediments, it can be used as an indicat@lative proximity to fluvio-deltaic source areas
reflect transport from these areas (Tyson, 199851Batten, 1996; Mendonga Filho et al., 2010). The
ternary plot (Fig. 8) indicates that the Etel saasgdhall mainly within the Il (kerogen Type Ill) and
(kerogen Type II) fields.

Rachmat Formation: wells GG1 and HHH1, four and two samples respebti all are again
dominated by phytoclasts and AOMT. The phytoclastjgonent comprises between 65 and 85% of
the particulate organic matter, with palynomorpbsamounting to more than 2%, the rest of the
organic matter being AOMT. All fall within field I(kerogen Type Ill) of the ternary plot, reflecting
deposition in a marginal dysoxic—anoxic basin (Big.Anoxic marine shales in the As Sarir Field on
the south-east margin of the Sirte Basin that ¢orftaronian—early Campanian palynomorphs are

probably equivalent to the Rachmat Formation (HialR002).

Srte Formation: 27 samples, wells QQQ1 (1 sample), RRR40 (7), AAL3), FFF1 (1), GG1
(9) and HHH1 (6). Phytoclast percentages in thasgses range from 12—75%, but AOM is the
dominant component of the majority. This is mosthgeterially degraded algal matter (AOMA,; Batten,
1996), AOMT (Fig. 7E) being generally subordin®alynomorphs never amount to more than 5% of
the assemblage (Fig. 7F). The phytoclasts congstlynof cuticles and wood fragments, including
tracheids, which are sometimes biodegraded. Tingular shapes reflect limited transportation. The
ternary diagram (Fig. 8) places the samples wifileids Il (marginal dysoxic—anoxic basin), IX (chst

suboxic—anoxic basin) and (one only) IV (shelf &sib transition). Kerogen types are Il and [I>hi§

11
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is in accordance with the findings of Hallett (2D®%o documented nearly 75 m of anoxic, marginal
marine shales containing abundant Campanian mpalyaomorphs from the same formation in the
As Sarir Field.

Microfacies analysis of the four core samples add from the AA1 and FFF1 wells indicates
deposition of laminated sandy mud biomicrite (Bi4) changing upward to pelagic foraminiferal mud
micrite (Fig. 9B), signifying deposition initially relatively shallow, moderate energy conditions
within an inner to mid shelf above base level dad by deeper environments as sea level continued

to rise.

Kalash Formation: AA1 and FFF1 wells, four and ten samples respelsti AOM amounts to
no less than 49% in all of the samples, phytoclastking up the bulk of the rest of the particulate
organic matter counted, with palynomorphs amountngo more than 7% (Fig. 7G, H). Although
generally rare, some of the palynomorphs are l@bgtaphically diagnostic (e.d?alaeocystodinium
australinium; Fig. 7F) and ecologically significant (e.ggsmanites; Fig. 7G).Palaeocystodinium
australinium is typical of Maastrichtian and Paleocene stratg.{ Schrank, 1984 and citations therein).
May (1980) reported Balaeocystodinium peak zone in New Jersey (USA) that was dated as
Maastrichtian. This dinoflagellate inhabited normlrine waters of a near-shore gulf environment
during the deposition of the Kalash Formation, whmok place during a marine regression. This is
closely comparable to palaeoenvironmental condsti@ported for #alaeocystodinium association in
Egypt (Schrank, 1984). The ternary plot shows thast samples fall within field IX (kerogen Type
[I>1), reflecting a distal suboxic—anoxic basintlsome are in field Il (kerogen Type Ill) indicagin
similar conditions but in a shelf environment (F8Y. This supports the conclusion of Barr and Weega
(1972) that the Kalash Formation was depositegpeananarine, probable neritic conditions during the
Maastrichtian.

Our microfacies analysis also indicates that dejoosof this formation took place during the
Maastrichtian on an outer shelf when sea level®wagh. The microfacies associations of five core
samples from the AA1 and FFF1wells are dominated pglagic foraminiferal biomicrite
association/foraminiferal packstone (Fig. 9C). Tikimainly composed of a microcrystalline micritic
matrix with a laminated structure, grain-suppodadd-sized allochems dominated by pelagic
foraminiferal chambers (rounded globigerinid$yymmulites, miliolids, bivalve fragments, gastropods

and black framboidal pyrites.

12
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Farrud Member of the Beda Formation: GG1 well, three samples, all dominated by aquatic
amorphous organic matter (AOMA); phytoclasts cosga maximum of 48% and palynomorphs 5%.
The AOMA has a fluffy or flakey granular textureiggiesting derivation from autotrophic or
heterotrophic phytoplankton or bacteria (Tyson,33cegovac and Kosti2006; Mendonca Filho et
al., 2010), which is equivalent to the bacterialggraded algal matter of Batten (1996). According t
Barr and Weegar (1972), the Farrud Member is coegho$ 45 m of intertidal dolomites that
accumulated in shallow water with moderate wavea@mekent activity in tropical conditions. This is
supported palynologically by the presence of mraniniferal test linings in the samples examined.
All three samples are located in field VI (kerogeype I, Fig. 8), indicating a proximal suboxic—
anoxic shelf (Tyson, 1993).

Microfacies data from 46 core samples indicate tiatdeposition of the Farrud Member began
in shallow supratidal and intertidal settings, dtdme and evaporite facies having been identifidtié
samples from the QQQ1, LLL1 and RRR45 wells (Fig).By contrast, those from wells GG1, RRR1
and RRR40 indicate deposition in an inner-sheliremvnent at a time of maximum sea-level rise.
During this period, laminated, ferruginous sandydsmwere deposited mainly in relatively quiet, low-

energy, inner shelf-lagoonal marine settings ().

Zelten Formation: Only two representative samples from the HHH1 \walle been examined.
Both contain a lot of AOMA (48-52 %) along with gbglasts (45-50%) and very much subordinate
palynomorphs (2—3%) (Fig. 71-L), most of which dmeocysts referable tGhatangiella sp. and
Dinogymnium sp. These are widely regarded as Upper Cretagratlers, although records of both
genera are known from Paleocene and even Eoceaxta Sraverse, 2007). The alleged Tertiary
occurrences are rare and sporadic, and the palgsdiireworking cannot be excluded. Both samples
are within field VI (kerogen Type lIl) of the teriygplot, suggesting deposition on a proximal subexic
anoxic shelf (Fig. 8). This is supported by theuwoence of th&€hatangiella, because it is an indicator
of relatively near-shore, inner-shelf environmgfisorn et al., 2009; Arai and Viviers 2013) in wiic
terrigenous input was significant. TBénogymnium occurrences probably indicate similar conditions
(Schrank, 1984).

Kheir Formation: well AA1, two samples, one of which (from 1728 imdominated by AOMA
(85%) and includes resin: the remainder of themzflgcies comprises 14% phytoclasts and 1%

palynomorphs including microforaminiferal test tigs (Fig. 7M—P), which supports deposition in a

13
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shallow marine setting (Stancliffe, 1989). The otbemple (from 1902 m) is also dominated by
AOMA (79%; Fig. 7P), the remainder mostly comprgsphytoclasts (20%: wood and cuticles), with
again only a very small number of palynomorphsssoaiation. The AOM contains an abundance of
pyrite crystals, resulting from the activity of Butreducing bacteria in stagnant (oxygen-depleted)
water at the site of deposition (Batten, 1983; Bosac and Kost, 2006). This sample falls within
field IX (Fig. 8) indicating a distal basin and Teyg>I kerogen, reflecting a restricted, oxygen-
deficient marine setting.

The microfacies associations in 13 core samplen thos formation indicate that deposition
took place during a period of oscillating sea lenalelatively low to high energy, shallow marine,
middle to outer shelf conditions interspersed sltbrt-lived, shallow intertidal-lagoonal to supdati
episodes. Toward the top of the formation therdratieations of deposition during a marked lowering
of sea level in the form of dolomite and evaporitismicrite (Fig. 9F) that accumulated in warm,
shallow, intertidal and supratidal conditions. Tisiggain supported palynologically by the presesfce

microforaminiferal test linings.

5.3 Palynofacies associations

Two palynofacies associations linked to keroger tgpd depositional environments have been
identified as follows:

Palynofacies association-A (PF-A): samples of Aggamn-A lie mainly within field 1l in the
ternary APP plot (Fig. 8). This indicates a marguhgsoxic—anoxic basin and Type lll, gas-prone
kerogen (Tyson, 1995). The association was recdrded 39 samples from four formations: Bahi (6),
Etel (15), Rachmat (6) and Sirte (12).

Palynofacies association-B (PF-B): Association-Bigies lie within palynofacies fields VI and
IX in the ternary plot, showing a clear transitioom a proximal suboxic—anoxic shelf and Type Il
kerogen to an oil-prone, distal suboxic—anoxic asorty-one samples are referable to this
association. These are from the Bahi (1), Etel$4)e (15), Kalash (14), Beda (Farrud Member) (3),
Zelten (2) and Kheir (2) formations.

Facies distributions are difficult to correlateweéen wells, which suggests that there was a
strong tectonic control on sediment depositionluding differential subsidence. Differing
stratigraphic positions and numbers of transgressegressive cycles in each well make formation-

wide correlation problematic (Swei, 2010). In ortieportray the depositional regime in the studyaar

14



O 00 N o u b W N

w W W N N N N N N N N NN R R R R R R R R R
N B, O W 00 N OO0 1 B W N P O O 0O N O U B W N +—» O

of Concession 11, we have constructed a conceptodé! for the sedimentary environment of the
Upper Cretaceous succession (Fig. 10A). This shbatsthe sediments concerned were initially
deposited in relatively shallow, moderate energyditions within an inner to mid shelf above base
level, followed by deeper environments as sea lmad. A similar reconstruction for the overlying
Paleocene—Eocene succession (Fig. 10B) showsvedlasihallow marine sedimentation in mid to
outer shelf environments alternating with shoretlyshallow, intertidal-lagoonal to supratidal
conditions.

5.4 Integration of palynofacies and organic geochemical results

Integration of palynofacies and geochemical datadge effective for assessing the
hydrocarbon potential of source rocks than relyingone or other method on its own (e.g., El Diasty
al., 2014). Our combined data from four formati¢gel, Rachmat, Sirte, and Kalash) in seven wells
(QQQ1, LLL1, RRR40, AAl, FFF1, GG1 and HHH1) aretf®d on Table 4 and enable the
recognition of two possible oil/gas and gas sowock horizons, as follows:

Immature to early mature gas-prone source rocksweggested to be within the Etel, Rachmat
and Sirte formations in the QQQ1, LLL1, AAl, FFRIdaGG1 wells. This is based on the dominance
of AOM (which is mostly terrestrially derived) wittbundant phytoclasts and opaque detritus in
association. The TOC of the Etel Formation is 0888 wt% with pyrolysis Syields of 0.31-0.84 mg
HC/g rock and an HI of 71.18-163.96 mg HC/g TOCe MOC of the Rachmat Formation is 0.77—
1.22%, pyrolysis pyields are 0.83-1.4 mg HC/g rock and the HI i¥%2129.53 mg HC/g TOC.
These results indicate biogenic gas to onset oikigeion for this part of the succession.

Mature oil/gas-prone source rocks are considereddar in the Sirte and Kalash formations
penetrated by the FFF1, HHH1, RRR40, QQQ1 and G@lk\{Table 4). These formations contain
deposits that range from yielding an average amofuotganic matter to being very organic-rich (TOC
0.57-1.72 wt % for the Sirte and 0.58-2.04 wt%ilher Kalash formations respectively). They have
fair potential to generate oil/gas: pyrolysisy&lds of 0.47-3.73 mg HC/g rock and an HI up 88.89
for the Sirte Formation, and pyrolysis Y¥elds of 1.11-6.96 mg HC/g rock and an HI of /29
341.17 mg HC/g TOC for Kalash Formation, both vagtynomorphs that indicate thermal maturity.

Peak oil generation is suggested for these formsitio
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6. Conclusions

The Upper Cretaceous—Eocene succession in the atadypegins with the Bahi Formation, the
lower part of which is comparable to the pre-Uppestaceous Nubian facies in having been deposited
mainly under a non-marine regressive phase, asatedl by the absence of dinocysts and
microforaminiferal test linings. By contrast, theper part reflects a marine setting.

Data on the Turonian Etel Formation indicate anxansabkha/lagoonal environment at a time
of high relative sea level. The Coniacian—SantoRanhmat Formation contains foraminifera and
ostracodes that imply a marine environment. Pafygioal evidence suggests deposition under
marginal marine, dysoxic—anoxic conditions.

The palynological and microfacies data obtainechftbe Campanian Sirte Formation indicate
deposition in a relatively shallow, fairly high eégg marine environment within inner to mid shelf
embayments above base level, but with continucadese| rise leading to deeper environments in a
marginal dysoxic—anoxic basin, and suboxic—anoh@fsconditions. Microfacies analysis indicates
that the Maastrichtian Kalash Formation accumulateaimarine shelf environment at a time of high
sea level. Palynological data confirm depositiodermproximal—distal suboxic—anoxic conditions, as
evidenced by the presence of the dinockstaeocystodinium andDinogymnium, both being
indicators of relatively near-shore, inner-shelfrima environments.

The lower Paleocene, Selandian, Farrud MembereoB#da Formation reflects deposition in
shallow supratidal and intertidal sub-environmeaitsrnating with deeper water conditions of shelf
embayments at a time of maximum sea-level rises iftterpretation is supported palynologically by
the presence of shallow marine microforaminifeesat tinings in the palynofacies. The Paleocene,
Thanetian, Zelten Formation was deposited in divelg deep marine environment despite being
associated with a remarkable lowering of sea |&Ralynological evidence indicates sedimentatioa in
proximal suboxic—anoxic shelf environment that fanea the preservation of the dinocysts
Chatangiella andDinogymnium. Facies of the uppermost Thanetian—Ypresian Kf@imation were
deposited under oscillating sea levels, relatigtlgllow mid- to outer-shelf conditions alternatimigh
those reflecting short-lived, shallow, intertidagbonal to supratidal situations, the continuing
regression being indicated by the accumulationotdrdite and evaporitic dismicrite in shallow marine
environments.

Two palynofacies associations linked to keroge tgpd depositional conditions have been

recognized. Association-A samples lie mainly witheid 1l in the APP ternary plot, indicating a
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marginal dysoxic—anoxic basin and Type lll, gasagr&erogen. Association-B samples fall within
palynofacies fields VI and IX showing a clear triéing from a proximal suboxic—anoxic shelf and
Type Il kerogen to an oil-prone, distal suboxic-éndasin.

The integration of the visual kerogen and orgamérhal maturity data led to the recognition of
two possible oil/gas and gas source-rock horizorike wells studied. Based on the dominance of
AOM (which is mostly terrestrially derived) and adolant phytoclasts and opaque detritus, immature to
early mature gas-prone source rocks are suggestazttr in the Etel and Rachmat formations leading
to biogenic gas and onset oil generation. Matufgas-prone source rocks are suggested to be within
the Sirte and Kalash formations. These formatiamdain average to large amounts of organic matter
and palynomorphs that indicate organic maturityplinmg fair potential to generate oil/gas and peak

oil generation.
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Figure and table captions

Fig. 1.A, Location map of the study area in Concessiowkstern Sirte Basin, northern Libya,
modified from El Diasty et al. (2016b) after Ahlindgt (2001);B, the main structural elements in the

Sirte BasinC, spatial distribution of kerogen particles recard®m the wells studied.

Fig. 2. Lithostratigraphic column for the Concession 1laaraodified by El Diasty et al. (2016b) after
Barr and Weegar (1972).

Fig. 3. Plot of § versus TOC, on which migrated or contaminatingrgdrbons can be distinguished

from indigenous hydrocarbons.

Fig. 4.Plot of TOC versus Sor the Upper Cretaceous source rock samples @ontession 11.

Fig. 5.Data on hydrogen and oxygen indices plotted oreagis-van Krevelen diagram (from Espitalié

et al., 1985) for the Upper Cretaceous source sachkples from Concession 11.

Fig. 6. Plot of hydrogen index (HI) versus,& for source rock samples from Concession 11.

Fig. 7.Bright field transmitted light photomicrographsseflected kerogen particles and palynomorphs
from rock units in the wells investigated. Well raand sample number combined (e.g., HHH1.3) and
corresponding depth (e.g., 2351-2353 m) followidleatification of each specimen. Sizes indicated by
scale bars on the images. negalinium granulostriatum Jain & Millepied 1973, Bahi Formation;
LLL1.8, LLL1, 3032—-3036 m. B, Woody matter showirggtangular cell structure, Etel Formation;
GG1.17, 3051 m. C, Cuticle, Etel Formation; LLL12853—-2855 m. DRediastrum, Etel Formation;
LLL1.3, LLL1 well, 2853-2855 m. E, AOMT containimguch pyrite (arrows), Sirte Formation;
HHH1.4, 2362-2365 m. BRalaeocystodinium australinium (Cookson) Lentin & Williams 1976,

Kalash Formation; FFF1.9, FFF1 well, 2380 mT@manites sp., Kalash Formation; FFF1.1, FFF1
well, 2372 m. H, AOMT with relict cellular strucei(arrows), Kalash Formation; FFF1.10, FFF1 well,
2382 m. |,.Dinogymnium sp., Zelten Formation; HHH1.2, HHH1 well, 1543 JnChatangiella sp.,

Zelten Formation; HHH1.2, HHH1 well, 1543 m. K, AO@dlue arrow), opaque matter (green arrow)
andPediastrum (red arrow), Zelten Formation; HHH1.2, HHH1 wdl§43 m. L, AOM (blue arrow),
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phytoclast (green arromRinogymnium (red arrow) and opaque matter (green arrow) fioenZelten
Formation; HHH1.2, HHH1 well, 1543 m. M, damag&alalusiella sp., Kheir Formation; AA1.2,
AAl well, 1902 m. N, Resin particle surrounded layepgrey AOM, Kheir Formation; AA1.1, AA1
well, 1728 m. O, Microforaminiferal test liningshkir Formation; AA1.1, AA1 well, 1728 m. P,
AOMA, Kheir Formation; AA1.2, AA1 well, 1902 m.

Fig. 8. Ternary APP kerogen plot of the samples from tb#astudied.

Fig. 9. A, Sirte Formation microfacies; bioclastic floaisé association: bivalve fragment (BI), algae
(AL), and oyster (OY), 3589 m, AA1 well. B, Sirt@ifnation microfacies; planktonic foraminiferal
wackstone: numerous pelagic foraminifera (PF) aagrhent of oyster shell (OY), 2821 m, AA1 well.
C, Kalash Formation microfacies; foraminiferal Bastic packstondNummulites (NU), 2727 m, AA1
well. D, Farrud Member microfacies; anhydrite doitenwackstone, 1652 m, QQQ1 well. E, Zelten
Formation microfacies; laminated ferruginous sasluigle association, 1543 m, HHH1 well. F, Kheir

Formation microfacies; dismicrite association, 1584RRR1 well.

Fig. 10. A,a conceptual model of the sedimentary environmgtiteoUpper Cretaceous succession in
Concession 11B, reconstruction of the main sedimentary facies ambditional environments of the

Paleocene to Eocene succession in Concession 11.

Table 1 List of the wells studied in the giant oilfieldSpncession 11.

Table 2 Results of TOC and Rock-Eval pyrolysis data aes@nd cuttings samples from wells in the
western Sirte Basif.OC: Total organic carbon, wt %&,: Free hydrocarbon content, mg HC/g rpck
S;: Remaining hydrocarbon generative potential, mggHGck Ss: Carbon dioxide yield, mg G4y

rock; HI : Hydrogen index = £&100/ TOC, mg HC/g TOQOI: Oxygen index =$100/ TOC, mg

CO./g TOG Tmax Temperature at maximum of Beak Pl: Production index = H$+S).

Table 3. Quantitative distribution of palynofacies pasiglrecorded from the formations studied.

Table 4 Summary of geochemical and palynofacies parasé&ethe samples studied.
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Table 1

Coordinates

Well Field Pay zone Age Total depth
name Latitude (N) Longitude (E) (m)
QQQ1 Tagrifet 29° 125’ 17° 2352’ Farrud Paleocene 2892
LLL1 Daba 29° 1510’ 17° 28 06" Farrud Paleocene 3158
RRR45 Ghani 29° 8B4" 17° 27 14" Farrud Paleocene 1920
RRR40 Ghani 28° 388" 17° 2837 Farrud Paleocene 2530
AAl Abeter 28° 5815’ 17° 23 31" Gir (Facha) Eocene 3826
RRR1 Ghani 28° 541" 17° 28 00’ Farrud Paleocene 1877
HHH1 Mellugh 28° 5113’ 17° 28 28’ Gir (Facha) Eocene 2865
FFF1 Ed Dib 28° 5730’ 17° 30 10’ Gir (Facha) Eocene 3145
GG1 Ed Dib 28° 5934" 17° 3408’ Gir (Facha) Eocene 3349
RRR32 Ghani 29° 0®B7" 17° 27 02’ Farrud Paleocene 1876
RRR29 Ghani 29° 0@3’ 17° 2700’ Farrud—Facha Paleocene—Eocene 1820
RRR28 Ghani 28° 392’ 17° 28 56" Farrud Paleocene 1832
RRR25 Ghani 28° 392’ 17° 27 48’ Farrud Paleocene 1827
RRR76 Ghani 28° 386" 17° 28 05’ Farrud Paleocene 1900




Table 2

HI

Ol

Well . Sample Depth TOC S S S Trax S S.+S
name  Fomation  To (m) we) (mglg) (mglg) (mgl) (o TN (TECO e P (meld)
AA1.3 Kalash Core 2720 0.31 - - - - - - - - -
AAl4 Kalash Core 2723 0.41 - - - - - - - - -
AAl1.5 Kalash Core 2725 0.38 - - - - - - - - -
AALl.6 Kalash Core 2730 0.29 - - - - - - - - -
FFF1.1 Kalash Core 2372 0.58 0.21 1.11 0.76 437 191 130.58 36.08 0.15 1.32
FFF1.2 Kalash Core 2374 0.37 - - - - - - - - -
FFF1.3 Kalash Core 2375 0.42 - - - - - - - - -
FFF1.5 Kalash Core 2375 0.63 0.16 1.29 0.7 439 4204. 110.93 2535 0.11 1.45
FFF1.6 Kalash Core 2377 0.33 - - - - - - - - -
FFF1.7 Kalash Core 2378 0.19 - - - - - - - - -
FFF1.8 Kalash Core 2379 0.31 - - - - - - - - -
FFF1.9 Kalash Core 2380 2.04 0.33 6.96 1.01 440 1341 49.50 16.17 0.04 7.29
FFF1.10 Kalash Core 2382 0.47 0.26 1.07 1.12 437 6.682 237.28 55.08 0.19 1.33
QQQ1.1 Sirte Cuttings 2431-2432 0.57 0.08 0.47 605 435 82.89 98.76 1410 0.14 0.55
GG1l.4 Sirte Cuttings 2658-2661 1.01 0.35 1.22 0.99435 120.79 98.01 34.65 0.22 1.57
GG1.5 Sirte Cuttings 2667-2670 1.01 0.30 1.22 1.26438 122.24 126.25 30.06 0.19 1.52
GG1.7 Sirte Cuttings 2676-2679 1.70 0.60 2.04 1.04447 120.00 61.17 3529 022 264
GG1.8 Sirte Cuttings 2719-2721 1.28 0.54 1.4 1.22 36 4 109.37 95.31 42.18 0.27 1.94



GG1.9
GG1.10
GG1.11
GG1.12
HHH1.3
HHH1.4
HHH1.5
HHH1.6
HHH1.7
HHH1.8
AA1.9
FFF1.11
RRR40.1
RRR40.2
RRR40.3
RRR40.4
RRR40.5
RRR40.6
RRR40.7
RRR40.8

GG1.13

Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte
Sirte

Rachmat

Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Core
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings
Cuttings

Cuttings

Cuttings

2728-2731

2746-2749

2761-2764

2780-2783

2351-2354

2362-2365

2374-2377

2380-2383

2386-2389

2399-2402

3630-3633

2402

2399

2402-2405

2414-2417

2417-2420

2429-2432

2472-2475

2475-2478

2511-2515

2798-2801

1.39
1.20
1.04
0.89
1.02
1.11
1.36
1.25
1.25
0.89
0.61
1.15
1.64
1.72
1.43
1.52
1.45
1.14
1.15
0.86

0.91

0.57

0.51

0.32

0.31

0.48

0.40

0.48

0.51

0.50

0.36

0.24

0.25

0.30

0.41

0.30

0.34

0.33

0.36

0.27

0.19

0.35

1.63

1.66

0.92

0.74

2.12

2.44

2.97

2.62

2.55

1.69

0.65

3.32

4.43

4.73

3.71

4.3

3.82

2.6

2.25

1.23

0.84

1.06439

0.84437

1.00432

0.99433

0.8 436

0.75438

0.84438

0.78438

0.71438

0.76 435

0.70 430

1.05

0.96

50.9 439

30.7 440

0.74439

6 0.7 440

0.63442

30.9 440

4 0.9 439

8 0. 434

117.26

138.33

88.46

82.95

207.84

219.81

218.38

209.60

439 .6288

440 270.12

275.00

259.44

282.89

263.44

228.07

195.65

142.36

92.71

76.25

70.00

96.15

110.98

78.43

67.56

61.76

62.40

56.80

84.72

113.82

91.30

58.53

55.23

51.04

48.68

52.41

55.26

80.86

108.79

88.30

41.00

42.50

30.76

34.75

47.05

36.03

35.29

40.80

40.00

40.13

39.02

21.73

18.29

23.83

20.97

22.36

22.75

31.57

23.47

21.99

38.63

0.25

0.23

0.25

0.29

0.18

0.14

0.13

0.16

0.16

0.17

0.26

0.07

0.06

0.07

0.07

0.07

0.07

0.12

0.10

0.13

0.29

202

2.17

1.24

1.05

2.6

2.84

3.45

3.13

3.05

2.05

0.89

3.57

4.73

5.14

4.01

4.64

4.15

2.96

2.52

1.42

1.19



GGl.14 Rachmat Cuttings 2813-2816 1.08 0.44 1.11 .77 0 435 102.77 71.29 40.74 0.28 1.55
GG1.15 Rachmat Cuttings 2822-2825 1.22 0.45 140 78 0. 436 114.75 63.93 36.88 0.24 1.85
HHH1.9 Rachmat Cuttings 2411-2414 0.77 0.22 1.00 740. 435 129.53 95.85 28.49 0.18 1.22
HHH1.10 Rachmat Cuttings 2432-2435 0.77 0.23 0.83 660 433 108.49 86.27 30.06 0.21 1.06
QQQ1.2 Etel Cuttings 2792-2795 0.62 0.08 0.55 0.62434 89.28 100.65 1298 0.12 1.35
QQQ1.3 Etel Cuttings 2798-2801 0.61 0.09 0.62 0.56435 100.97 91.20 1465 0.12 0.71
QQQ1.4 Etel Cuttings 2804-2807 0.36 0.08 0.31 0.6 431 86.35 167.13 22.28 0.20 0.39
QQQ1.6 Etel Cuttings 2841-2844 0.52 0.10 0.31 0.85431 59.84 164.09 19.30 024 041
QQQ1.7 Etel Cuttings 2862-2865 0.62 0.10 0.73 0.63432 118.50 102.27 16.23 0.12 0.83
AA1.10 Etel Cuttings 3676-3679 0.51 0.19 0.48 0.78 425 94.30 153.24 37.32 0.28 0.67
AAl1.12 Etel Cuttings 3709-3712 0.58 0.16 0.41 0.69 424 71.18 119.79 2777 0.28 0.57
LLL1.1 Etel Cuttings 2774-2777 0.53 0.12 0.51 0.82 431 96.77 155.59 2277 0.19 0.63
LLL1.2 Etel Cuttings 2822-2825 0.36 - - - - - - - -
LLL1.3 Etel Cuttings 2853-2856 0.53 0.14 0.57 0.63 437 107.75 119.09 26.46 0.19 0.71
LLL1.5 Etel Cuttings 2932-2935 0.56 0.16 0.91 0.53 437 163.96 95.49 28.82 0.14 0.07
FFF1.12 Etel Cuttings 2871-2874 0.86 0.21 0.84 1.12432 97.67 130.23 2441 020 1.05
FFF1.14 Etel Cuttings 2938-2941 0.89 0.15 0.92 1.20438 103.83 135.44 1693 0.14 1.07




Table 3

Sample well Depth Age Rock unit Facies % AOM % Phyto % Palyno
no. name (m)
AAl.1 AAl 1728 Paleocene-Eocene  Kheir Formation aRunferal biomicrite 85 14 1
AAl1.2 AAl 1902 Paleocene-Eocene  Kheir Formation aRunferal biomicrite 79 20 1
HHHL11  HHH1 1540 Paleocene o Formation  -@minated ferruginous 52 45 3
(Thanetian) sandy shale
HHH1.2  HHH1 1543 Paleocene ;oo Formation  -aMinated ferruginous 48 50 2
(Thanetian) sandy shale
GG1.1 GG1 1741 Paleo_cene Farrud Member Foraminiferal biomicrite 75 20 5
(Danian)
GG1.2 GG1 1744 Paleocene o1\ Member Ostracodal biomicrite 60 36 4
(Danian)
GG1.3 GG1 1767 Paleocene Farrud Member Micritized biodolomite 50 48 2
(Danian)
FFF1.1  FFF1 2372 Upper Cretaceous ..o Formation - €/adic foraminferal 62 36 2
(Maastrichtian) biomicrite
FFF1.2  FFF1 2374 Upper Cretaceous s Formation  Micritic limestone 70 28 2
(Maastrichtian)
FFF1.3  FFF1 2375 Upper Cretaceous \ 1-sh Formation  Micritic limestone 72 25 3
(Maastrichtian)
FFF1.4 FFF1 2376 Upper Cr_eta_ceous Kalash Formation Micritic limestone 76 18 6
(Maastrichtian)
FFF15  FFF1 2377 Upper Cretaceous .. Formation | o12dic foraminiferal 86 9 5
(Maastrichtian) biomicrite
FFF1.6  FFF1 23775  UpperCretaceous \ o Formation - elagic foraminiferal 70 24 6
(Maastrichtian) biomicrite
FFF1.7 FFF1 2378 Upper Cr_eta_ceous Kalash Formation Micritic limestone 77 20 3
(Maastrichtian)
FFF1.8  FFF1 2379 Upper Cretaceous .. Formation | e12dic foraminiferal 75 21 4
(Maastrichtian) biomicrite
FFF1.9  FFF1 2380 Upper Cretaceous \ -1osh Formation  Micritic limestone 80 13 7
(Maastrichtian)
FFF1.10  FFF1 2382 Upper Cretaceous  ..oh Formation  Micritic limestone 77 17 6

(Maastrichtian)



AAl1.3
AAl.4
AAL.5
AAl.6
HHH1.3
HHH1.4
HHH1.5
HHH1.6
HHH1.7
HHH1.8
FFF1.11
RRR40.1
RRR40.2
RRR40.3
RRR40.4
RRR40.5
RRR40.6
RRR40.7

QQQ1L1

GG14

HHH1
HHH1
HHH1
HHH1
HHH1
HHH1
FFF1
RRR40
RRR40
RRR40
RRR40
RRR40
RRR40
RRR40

QQQ1

GG1

2720

2723

2725

2730

2351-2353

2362-2365

2374-2377

2380-2383

2386-2389

2399-2401

2401

2399

2402-2405

2414-2417

2417-2420

2429-2432

2472-2475

2475-2478

2431-2432

2658-2661

Upper Cretaceous
(Maastrichtian)
Upper Cretaceous
(Maastrichtian)
Upper Cretaceous
(Maastrichtian)
Upper Cretaceous
(Maastrichtian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)

Kalash Formation

Kalash Formation

Kalash Formation

Kalash Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sandy limestone and

dolomite 50
Micritic limestone 49

Pelagic foraminiferal
I 68

biomicrite
Micritic limestone 65
Shale 79
Shale 60
Shale 76
Shale 68
Shale 71
Shale 28

Pelagic foraminiferal

argillaceous micrite 88
Shale 73
Shale 73
Shale 74
Shale 76
Shale 72
Shale 75
Shale 70
Shale 35
Shale 85

48

50

30

33

19

39

22

30

28

70

11

23

24

21

22

24

22
29

61

12



GG1.5

GG1.6

GG1.9

GG1.7

GG1.8

GG1.10

GG1l.11

GG1.12

AAl.7

AA1.8

AAl1.9

HHH1.9

HHH1.10

GG1.13

GG1.14

GG1.15

GG1.16

GG1

GG1

GG1

GG1

GG1

GG1

GG1

GG1

AAl

AAl

HHH1

HHH1

GG1

GG1

GG1

GG1

2667-2670

2685-2688

2706-2709

2719-2722

2728-2731

2746-2749

2761-2764

2780-2783

3582

3589

3630-3633

2410-2414

2432-2435

2798-2801

2813-2816

2822-2825

2831-2835

Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Campanian)
Upper Cretaceous
(Coniacian-
Santonian)
Upper Cretaceous
(Coniacian-
Santonian)
Upper Cretaceous
(Coniacian-
Santonian)
Upper Cretaceous
(Coniacian-
Santonian)
Upper Cretaceous
(Coniacian-
Santonian)
Upper Cretaceous
(Coniacian-
Santonian)

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Sirte Formation

Rachmat Formation

Rachmat Formation

Rachmat Formation

Rachmat Formation

Rachmat Formation

Rachmat Formation

Shale
Shale
Shale
Shale
Shale
Shale
Shale

Shale

Laminated calcareous
sandy shale
Laminated sandy mud
biomicrite

Shale

Shale with thin limestone
and dolomite streaks

Shale with thin limestone
and dolomite streaks

Shale with thin limestone
and dolomite streaks

Shale with thin limestone
and dolomite streaks

Shale with thin limestone
and dolomite streaks

Shale with thin limestone
and dolomite streaks

27

55

29

28

24

38

28

31

28

21

18

33

31

14

19

20

25

72

43

70

70

75

60

69

67

70

77

80

65

67

85

80

79

73



LLL1.1
LLL1.2
LLL1.3
LLL1.4

LLL1.5

QQQ1.2
QQQ1.3
QQQ1.4
QQQL5
QQQ1.6
QQQ1L.7

FFF1.12
FFF1.14
GG1.17
AA1.10
AA1.11
AA1.12
AA1.13
AA1.14

LLL1.6

LLL1
LLL1
LLL1
LLL1

LLL1

QQQ1
QQQ1
QQQ1
QQQ1
QQQ1
QQQ1

FFF1

FFF1

GG1
AAl
AAl
AAl
AAl
AAl

LLL1

27742777

2822-2825

2853-2856

2889-2892

2932-2935

2792-2795

2798-2801

2804-2807

2822-2825

2841-2844

2862-2865

2871-2874

2938-2941

3051

3676-3679

3697-3700

3709-3712

3725-3728

3731-3734

2996-2999

Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian))
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Turonian)
Upper Cretaceous
(Cenomanian)

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Etel Formation

Bahi Formation

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Dolomitic limestone

Sandy limestone and
dolomite

18

39

27

23

26

30

31

35

40

32

30

21

34

31

21

34

28

42

39

29

73

55

66

69

70

65

66

60

55

66

67

76

63

68

78

65

70

55

60

70



LLL1.7

LLL1.8

LLL1.9

AA1.15

AAl1.16

AA1-17

LLL1

LLL1

LLL1

AAl

AAl

3017-3020

3033-3036

3036-3039

3779-3782

3813-3816

3819-3822

Upper Cretaceous
(Cenomanian)
Upper Cretaceous
(Cenomanian)
Upper Cretaceous
(Cenomanian)
Upper Cretaceous
(Cenomanian)
Upper Cretaceous
(Cenomanian)
Upper Cretaceous
(Cenomanian)

Bahi Formation

Bahi Formation

Bahi Formation

Bahi Formation

Bahi Formation

Bahi Formation

Sandy limestone and
dolomite
Sandy limestone and
dolomite
Sandy limestone and
dolomite
Sandy limestone and
dolomite
Sandy limestone and
dolomite
Sandy limestone and
dolomite

26

39

43

26

30

28

73

60

56

70

68

71




Table 4

Palynofacies data

Organic geochemistry data

Interpreted kerogen type

Sample Depth .
no. (m) Formation % % % Toc St S2 T HI Palynofacies Rock-Eval
AOM _ Phyto. Palyno. (wt%?) (mg/g) (mg/g) (°C) (mglg)
FFF1.1 2372 Kalash 62 36 2 0.58 0.21 1.11 437 190.72 1l (Gas-prone) Il (Gas-prone)
FFF1.5 2375 Kalash 86 9 5 0.63 0.16 1.29 439 204.43 1l (Oil-prone) /111 (Mixed)
FFF1.9 2380 Kalash 80 13 7 2.04 0.33 6.96 440 341.17 1l (Oil-prone) Il (Oil-prone)
FFF1.10 2382 Kalash 77 17 6 0.47 0.26 1.07 437 226.69 Il (Oil-prone) /111 (Mixed)
HHH1.3 2351-2353 Sirte 79 19 2 1.02 0.48 2.12 436 207.84 1l (Qil-prone) [1/111 (Mixed)
HHH1.4 2362-2365 Sirte 60 39 1 1.11 0.40 2.44 438 219.81 |l (Qil-prone) [/ (Mixed)
HHH1.5 2374-2377 Sirte 76 22 2 1.36 0.48 2.97 438 218.38 Il (Oil-prone) [1/111 (Mixed)
HHH1.6 2380-2383 Sirte 68 30 2 1.25 0.51 2.62 438 209.60 Il (Qil-prone) /111 (Mixed)
HHH1.7 2386—2389 Sirte 71 28 1 1.25 0.5 2.55 438 204.00 1l (Oil-prone) [1/111 (Mixed)
HHH1.8 2399-2401 Sirte 28 70 2 0.89 0.36 1.69 435 188.40 Il (Gas-prone) Il (Gas-prone)
RRR40.1 2399 Sirte 73 23 4 1.64 0.30 4.43 440 270.12 1l (Qil-prone) /111 (Mixed)
RRR40.2  2402-2405 Sirte 73 24 3 1.72 0.41 4.73 439 275.00 1l (Oil-prone) [1/111 (Mixed)
RRR40.3  2414-2417 Sirte 74 21 5 1.43 0.30 3.71 440 259.44 |l (Qil-prone) /111 (Mixed)
RRR40.4  2417-2420 Sirte 76 22 2 1.52 0.34 4.30 439 282.89 Il (Oil-prone) [1/111 (Mixed)
RRR40.5  2429-2432 Sirte 72 24 4 1.45 0.33 3.82 440 263.44 1l (Qil-prone) /111 (Mixed)
RRR40.6  2472-2475 Sirte 75 22 3 1.14 0.36 2.60 442 228.07 1l (Oil-prone) [1/111 (Mixed)
RRR40.7 2475-2478 Sirte 68 31 1 1.15 0.27 2.25 440 195.65 1l (Oil-prone) Il (Gas-prone)
QQQ1.1  2431-2434 Sirte 35 61 4 0.56 0.08 0.47 435 82.89 Il (Gas-prone) Il (Gas-prone)
GGl.4 2658-2661 Sirte 85 12 3 1.01 0.35 1.22 435 120.79 1l (Qil-prone) Il (Gas-prone)
GG1.5 2667-2670 Sirte 27 72 1 0.99 0.30 1.22 438 122.24 |ll ( Gas-prone) 1l (Gas-prone)
GG1.7 2685-2688 Sirte 28 70 2 1.70 0.60 2.04 447 120.00 Il (Gas-prone) Il (Gas-prone)
GG1.8 2706-2709 Sirte 24 75 1 1.28 0.54 1.40 436 109.37 1l (Gas-prone) 1l (Gas-prone)
GG1.9 2719-2722 Sirte 29 70 1 1.39 0.57 1.63 439 117.26 1l (Gas-prone) 1l (Gas-prone)
GG1.10 2728-2731 Sirte 38 60 2 1.20 0.51 1.66 437 138.33 Il (Gas-prone) Il (Gas-prone)
GG1.11 2746-2749 Sirte 28 69 3 1.04 0.32 0.92 432 88.46 Il (Gas-prone) Il (Gas-prone)
GG1.12 2761-2764 Sirte 31 67 2 0.89 0.31 0.74 433 82.95 Il (Gas-prone) Il (Gas-prone)
FFF1.11 2401 Sirte 88 11 1 1.15 0.25 3.32 439 288.69 Il (Oil-prone) [1/111 (Mixed)



AAl1.9
HHH1.9
HHH1.10
GG1.13
GGl.14
GG1.15

QQQ1.2
QQQ1.3
QQQ1.4
QQQ1.6

QQQ1L.7
FFF1.12

FFF1.14
AA1.10
AA1.12
LLL1.1
LLL1.3
LLL1.5

3630-3633
2411-2414
2432-2435
2798-2801
2813-2816
2822-2825
2792-2795
2798-2801
2804-2807
2822-2825
2841-2844
2871-2874
2938-2941
3676-3679
3709-3712
2774-2777
2853-2856
2932-2935

Sirte
Rachmat
Rachmat
Rachmat
Rachmat
Rachmat

Etel

Etel

Etel

Etel

Etel

Etel

Etel

Etel

Etel

Etel

Etel

Etel

18
33
31
14
19
20
30
31
35
32
30
21
34
21
28
18
27
26

80
65
67
85
80
79
65
66
60
66
67
76
63
78
70
73
66
70
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0.61
0.77
0.76
0.90
1.08
1.22
0.61
0.61
0.35
0.51
0.61
0.86
0.88
0.50
0.57
0.52
0.52
0.55

0.24
0.22
0.23
0.35
0.44
0.45
0.08
0.09
0.08
0.10
0.10
0.21
0.15
0.19
0.16
0.12
0.14
0.16

0.65
1.00
0.83
0.84
1.11
1.40
0.55
0.62
0.31
0.31
0.73
0.84
0.92
0.48
0.41
0.51
0.57
0.91

430
435
433
434
435
436
434
435
431
431
432
432
438
425
424
431
437
437

105.69
129.53
108.49
92.71
102.77
114.75
89.28
100.97
86.35
59.84
118.50
97.67
103.83
94.30
71.18
96.77
107.75
163.96

11l (Gas-prone)
Il (Gas-prone)
Il (Gas -prone)
Il (Gas-prone)
11l (Gas-prone)
11l (Gas-prone)
Il (Gas-prone)
Il (Gas-prone)
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Il (Gas-prone)
Il (Gas-prone)
11l (Gas-prone)
Il (Gas-prone)
Il (Gas-prone)
Il (Gas-prone)
11l (Gas-prone)
Il (Gas-prone)
Il (Gas-prone)

11l (Gas-prone)
Il (Gas-prone)
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Il (Gas-prone)
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Il (Gas-prone)
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Figure 3
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Figure 4
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Figures
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Figure 6
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Figure 7




Figure 8
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Figure 9




Figure 10
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Highlights

= Upper Cretaceous—-Eocene rocks, western Sirte Basin, sea levels and tectonic activity

= Facies, palaeoenvironments, source potential for hydrocarbons

* The Cretaceous samples contain mostly moderate amounts of Types-Il and I/111 kerogen

* Geochemical and palynofacies data reflect deposition mainly in reducing, suboxic settings

= Bothimmature to early mature gas-prone and mature oil/gas-prone source rocks recorded



