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An oil-oil and oil-source rock correlation study was carried out using chemometric methods
applied to geochemical data for 123 Upper Cretaceous—Lower Miocene putative source
rock and 46 crude oil samples from the Gulf of Suez Rift basin. The Gulf of Suez has many
organic-rich intervals. The pre-rift source units, such as the Brown Limestone and Thebes
formations, contain very good-to-excellent organic content, whereas the Miocene rocks are
rated fair to good. HI and T ,,.x pyrolysis data indicate variable kerogen type and maturation
histories where most of the analyzed samples occur along the Type II and Type II/III
kerogen pathways from immature to the main stage of oil window with %R, < 0.9. Carbon
isotope ratios’ biomarker data for the bitumen samples indicate predominantly anoxic source
rock depositional conditions with substantial algal/bacterial marine and a minor terrigenous
organic matter. The Gulf of Suez oils exhibit a wide range of chemical composition from
heavy-to-medium gravity and moderate-to-high sulfur content. These oils originated from
carbonate/marl source rocks rich in lipids from phytoplankton/benthic algae and bacteria
with less contribution of terrigenous organic debris, deposited under anoxic conditions with
different thermal maturity histories equivalent to at least the early oil window. Chemo-
metrics using 16 source-related biomarker and isotope ratios identifies six genetic families in
the Gulf of Suez. The oil families share common characteristics where the precursor organic
matter was deposited in a restricted marine environment with limited land-derived organic
matter. The major factor that greatly modifies oil composition in the Gulf of Suez is thermal
maturation. However, migration history and spatial and temporal organofacies’ variations of
the presumed source rocks are also important. The overall geochemical similarity of the Gulf
of Suez oils confirms the mixed nature of these fluids and suggests that no single source rock
horizon is likely to have sourced the oil in this promising province. Based on oil-source
correlation data and a decision tree chemometric model, the Brown Limestone, Esna,
Thebes, and Nukhul formations are the effective source rocks for oil families III, IV, and V,
whereas none of the source rock extracts has been assigned for Family I or VI oils.
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views of rift basins (e.g., Bosworth 1985; Steckler
1985; Moretti and Chénet 1987; Patton et al. 1994;
Schiitz 1994; Bosworth and McClay 2001; Moustafa
2002; Alsharhan 2003; Khalil and McClay 2016).
Recent hydrocarbon exploration and superb rift
margin exposures in the Eastern Desert and Sinai
and on both sides of the modern Gulf of Suez have
enabled comprehensive reviews, synthesis and orig-
inal data on rift tectonostratigraphy (Schiitz 1994;
Lambaise and Bosworth 1995; Bosworth and
McClay 2001), the dynamic tectonic evolution and
rift geometry (Moustafa 1976; Angelier 1985; Mor-
etti and Colletta 1987; Colletta et al. 1988; Bosworth
1995; Bosworth and Durocher 2017), pre-rift control
on fault linkage (McClay et al. 1998; Younes and
McClay 2002), carbonate platform development
(Bosence 2012), and sedimentation in the rift system
(Richardson and Arthur 1988; Darwish and El-
Araby 1993; Patton et al. 1994; Alsharhan and Salah
1995; Moustafa and Khalil 1995; Purser and Bosence
1998; Peijs et al. 2012).

Many, but not all, rift basins contain excellent
petroleum source rocks in addition to an unpre-
dictable amount of hydrocarbons based on their area
and sediment volume (Katz, 1995). The geochemical
characteristics of oils and source rocks from the Gulf
of Suez Province have been studied by many work-
ers, including Rohrback (1983), Elzarka and Mos-
tafa (1988), Mostafa (1993), Alsharhan and Salah
(1995, 1997), Robison (1995), Barakat et al. (1997),
Khavari-Khorasani et al. (1998), Mostafa (1999),
Wever (2000), Bakr and Wilkes (2002), Alsharhan
(2003), Younes (2003), Barakat et al. (2005), Younes
and Philp (2005), Sharaf et al. (2007), El Atfy et al.
(2014), El Diasty and Peters (2014), and El Diasty
et al. (2014, 2015a, b). Most of these syntheses are
case studies, and their findings focused on geo-
chemical character and the origin of reservoired
hydrocarbons without definitive oil-source correla-
tions. This is may be a consequence of the lack of the
proper source rock sampling or inappropriate geo-
chemical data.

Chemometric methods, such as principal com-
ponent analysis (PCA), hierarchical cluster analysis
(HCA), and soft independent modeling of class
analogy (SIMCA), can be used to determine reliable
oil-source and oil-oil relationships (Zumberge et al.
2005; Peters et al. 2005, 2007, 2013, 2016; El Diasty
et al. 2016, 2017a, 2018, 2019a; Wang et al. 2016,
2018; Alizadeh et al. 2017). The efficiency of
chemometrics over most conventional diagrams,
such as bivariate plots, results from the capacity to

reduce the dimensionality of multivariate data to
into few key parameters or principal components
(Peters et al. 2016; Wang et al. 2018).

This study aims to improve understanding of
the genetic relationships among crude oils and
source rocks in the Gulf of Suez Basin using multiple
approaches, e.g., stable carbon isotope compositions,
and saturated and aromatic biomarker signatures. In
addition, we differentiate genetic oil families using a
chemometric decision tree and principal component
analysis (Pirouette®) and InStep™ software (In-
fometrix®) to infer the source rocks for the families.

GEOLOGIC SETTING

The Gulf of Suez basin is about 19-32 km (12—
20 miles) wide and 314 km (195 miles) long from its
head at the city of Suez to the south at Ras Mo-
hammed near the junction with the northern Red
Sea (Fig. 1). The basin is an aborted continental rift
that originated from Afar (Afro-Arabian Rift Sys-
tem) plume-related events. The NW-SE Clysmic rift
trend, the northwestern extension of the Red Sea,
generally formed as a result of rupturing of the
continental lithosphere associated with upwelling
from asthenosphere, which resulted in geological
conditions favorable for hydrocarbon generation
and accumulation. The Suez Rift, in addition to the
left lateral Aqaba transform, is classified with those
where no oceanic crust formed (Sellwood and
Netherwood 1984; Bosworth 1985; Steckler 1985;
Colletta et al. 1988). The dying out of the Suez Rift
and activation of the Aqgaba transform can be ex-
plained by the presence of stronger Mediterranean
oceanic lithosphere to the north of the Gulf of Suez,
which precludes northward propagation and leads to
the transfer of motion along the Aqaba rift belt
(Colletta et al. 1988). These two rift systems seem to
be contemporaneous and initiated during Late Oli-
gocene-Early Miocene time (“°Ar/*’Ar ~ 24—
22 Ma; Garfunkel and Bartov 1977; Bosworth and
Stockli 2016). As in many intra-cratonic rifts,
extension within the Suez Rift was accommodated
through displacement on low-angle normal faults
that define a series of horsts and large-scale half-
grabens (tilted blocks) that run subparallel to the
border faults and were buried by Upper Miocene
and Pliocene sediments (Moustafa 1976, 2002; Bos-
worth 1995, 2015; Bosworth and Durocher 2017).

The dip direction changes twice from north to
south along the Suez Rift based on changes in half-
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Fig. 1. Location map of the Gulf of Suez shows locations of the studied oilfields.
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grabens and fault location or polarity. It is believed
that these changes in dip polarity along strike are
related to initial reactivation of preexisting regional
Precambrian shear zones by Late Oligocene—Early
Miocene extension. The region separating opposing-
dip domains is called an accommodation zone, or
twist zone without any transverse faults, or hinge
zone (Moustafa 1976; Bosworth 1985; Morley et al.
1990; Patton et al. 1994; Younes and McClay 2002).
Consequently, three major tectonic domains are
evident in the Gulf of Suez, including the northern
Darag basin, the central Belayim Province, and the
southern Zeit Province (Fig. 2). The northern Darag
basin looks like the southern basin, although it is
much narrower. The southern Zeit Province, with its
main NE-dipping basin-bounding fault, thickens to-
ward the SW in each rotated fault block (Bosworth
and Durocher 2017). Alternatively, in the central
Belayim Province the geometry is reversed, with
strata dipping to the NE and the bounding fault
dipping to the SW (Fig. 2).

Although it appears simple with closely sym-
metrical shoulders, the inner structure of the Suez
Rift has asymmetrical fault blocks (Fig. 3). When
two opposite-dipping bounding faults merge and
cross at depth, one of them becomes locked. Such
locking prevents the simultaneous propagation of
opposite-dipping faults and the formation of sym-
metrical grabens (Moretti and Colletta 1987; Col-
letta et al. 1988; Khalil and McClay 2001). However,
the overall variation in extension along the Suez Rift
is variable; for instance, the higher the extension, the
smaller the block size, and the greater the tilt angle.
The fault block size is 50 km wide in the Darag
Basin, 20 km in the central Belayim Province, and
only 15 km in the southern Zeit Province (Colletta
et al. 1988). The Gulf of Suez opened in a scissor-
like movement (differential extension), and the
structure of the Suez Rift varies from south to north
(Fig. 3). The differential extension of the rift varies
from about 20 km in the southern basin (Gebel El
Zeit area) to 4-5 km in the north (Darag Basin).
The southward widening of the rift mainly results
from the counterclockwise rotation of the Sinai plate
in relation to the African plate (Angelier 1985).

The complete stratigraphic section of the Gulf
of Suez can be divided into three mega-sequences:
pre-rift, syn-rift and post-rift (Fig. 4; Garfunkel and
Bartov 1977; Darwish and El-Araby 1993; Patton
et al. 1994; Bosworth et al. 1998; Khalil and McClay
2001).

El Diasty, El Beialy, Mostafa, Abo Ghonaim, and Peters

Fig. 2. Interpretation of major faults and shear zones in the
Gulf of Suez area. ZAZ, Zaafarana accommodation zone;
MAZ, Morgan accommodation zone (modified after
Bosworth and McClay 2001).

The pre-rift mega-sequence sedimentary record
above the Precambrian crystalline basement ranges
in age from Cambrian to Oligocene (Fig. 4). The
Neoproterozoic crystalline basement is uncon-
formably overlain by a thick series of Paleozoic to
Lower Cretaceous shallow marine to continental
non-fossiliferous sandstones (informally known as
the ““Nubian Sandstones’’). These sandstones consist
of four units arranged in ascending order: Nubia-D
and Nubia-C, Araba and Naqus (Early Paleozoic
Cambrian—-Ordovician), Nubia-B Um Bogma, Abu
Durba and Rod El Hamal (Carboniferous-Per-
mian), and Nubia-A Qiseib and Malha formations
(Triassic-Lower Cretaceous). In addition, these
units are medium- to coarse-grained siliciclastic-
dominated succession (Nubia-A, Nubia-C, and Nu-
bia-D units are predominantly cross-bedded sand-
stone with thin interbeds of shale, while Nubia-B is a
dark shale) several hundred meters thick (Sellwood
and Netherwood 1984; Evans 1988; Darwish and El-
Araby 1993; Patton et al. 1994; Schiitz 1994; Khalil
and McClay 2001). Unconformably above the Nu-
bian sandstones lies a series of mixed marine silici-
clastic and carbonate rocks of Cenomanian to
Santonian age known as Nazzazat Group. This
Cretaceous sequence consists of four formations:
Raha (Cenomanian), Abu Qada (Cenomanian),
Wata (Turonian), and Matulla (Coniacian-Santo-
nian). From the Cenomanian through the Turonian,
deposition took place in a restricted, shallow marine
setting with more marginal marine and littoral
environments increasing to the south (Schiitz 1994).
During the early Campanian, a major sea trans-
gression inundated much of the northern Arabian—
Nubian platform. The youngest Upper Cretaceous
deposits are subdivided into the Brown Limestone
or Duwi Formation (lower Campanian) and the
Sudr Formation (Maastrichtian—Upper Campa-
nian). The Campanian—Maastrichtian environment
of deposition varies from marine to inner sublittoral,
giving rise to various lithotypes of predominantly
limestone with interbeds of highly calcareous shale.
The Brown Limestone lithological characters rep-
resent a special marine condition, but the con-
formably overlying snow-white chalks of the Sudr
Formation confirm open-marine deposition (Schiitz
1994). These are in turn overlain by soft fossiliferous
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<«Fig. 3. Serial balanced cross sections across the Gulf of Suez Rift
illustrate two changes of regional dip along the Gulf from north to
south (modified after Colletta et al. 1988). The coastline is
indicated by arrows. For locations, see inset.

shale of the Paleocene Esna Formation and the
Eocene carbonate succession of the Thebes Forma-
tion (Patton et al. 1994; McClay et al. 1998). The
uppermost pre-rift strata consist of sporadically
developed continental reddish limestones, sand-
stones, and shales of the Tayiba (or Abu Zenima)
Formation. After Oligocene exposure, graben sub-
sidence commenced, accompanied by intrusion and
eruption of basaltic rocks (Sellwood and Nether-
wood 1984). Basalt flows are abundant in the
northern part of the Suez graben, and their position
between the underlying Paleogene and overlying
Neogene likely indicates the beginning of renewed
foundering of the Suez Rift.

The syn-rift Miocene mega-sequence of the
Gulf of Suez is commonly subdivided into two
groups: (1) the basal Lower Miocene Gharandal
Group (Fig. 4) and (2) the overlying Middle-Upper
Miocene Ras Malaab Group. Both groups are
important, the lower containing organic-rich source
rocks and well-defined reservoirs deposited under
favorable structural settings, and the upper one
providing excellent seal for pre-rift and Miocene
targets (Alsharhan 2003). The cumulative thickness
of these two groups is almost twice that of the pre-
Miocene rock units, which indicates a predominantly
restricted depositional environment in a rapidly
subsiding graben (Steckler 1985). Sediments of the
Gharandal Group are widespread and rather uni-
form characteristics in surface outcrops and subsur-
face throughout the rift and can be differentiated
into three stratigraphic units: the lower Nukhul
Formation, the middle Rudeis Formation, and the
upper Kareem Formation (Fig. 4). This group con-
sists of open-marine Globigerina-bearing marls and
shales and heterogeneous and laterally discontinu-
ous beds of conglomeratic and brecciated sandstones
at base of the syn-rift section (Sellwood and
Netherwood 1984; Bosworth 2015). The overlying
evaporitic Ras Malaab Group (Belayim, South
Gharib, and Zeit formations) consists of anhydrite,
gypsum, and salt alternating with marl, shale, fos-
siliferous limestone, and coarse clastics. The pres-
ence of thick evaporites in this group is likely a
response to the developing uplifts of the rift shoul-
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ders, which restricted access to the Mediterranean
Sea (Steckler 1985) together with a falling sea level
(Steckler et al. 1988).

MATERIALS AND METHODS

This regional study consists of 46 crude oil
samples and 123 rock samples based on data from 19
representative on- and offshore oilfields in the Gulf
of Suez graben. The crude oil samples were collected
from reservoirs ranging in age from Early Creta-
ceous (Nubia) to the Middle Miocene (Kareem).
Cuttings samples from 22 exploration wells were
selected from the most likely source rocks for crude
oils reservoired in the Gulf of Suez Province.
Locations of the studied oilfields are shown in Fig. 1.

The organic richness, kerogen type, and the
thermal maturity of the disseminated organic matter
(Espitalié et al. 1977; Peters 1986; Peters and Cassa
1994) for the studied rock samples were determined
using a Rock-Eval 6 analyzer (Vinci Technologies)
according to the standard technique outlined by
Béhar et al. (2001). The total organic carbon (TOC)
content was measured by combustion in an induc-
tion furnace in a flow of oxygen through a LECO
C230 carbon analyzer.

Thirty-nine organic-rich rock samples from
different intervals characterized by various litholo-
gies were selected for extraction and biomarker
analyses. Pulverized (passed through a 40-mesh
sieve) rock samples were extracted using a mixture
of CH,Cy; and CH3OH (9:1) as a solvent in a
Soxhlet apparatus for 16 h. After asphaltenes were
precipitated with n-hexane, extracts and whole oils
were fractioned using alumina silica gel column
chromatography into aliphatic hydrocarbons, aro-
matic hydrocarbons, and polar fractions with n-
hexane, toluene, and toluene/methanol, respectively.

The American Petroleum Institute (API) grav-
ity and elemental analyses such as sulfur, nickel, and
vanadium of crude oils were analyzed utilizing Ru-
dolph DDM?2911 Density Meter, Thermo Fisher
Scientific® ASTM D4294, and a PerkinElmer®
ASTM D5863, respectively.

Saturated and aromatic hydrocarbon fractions
stable carbon isotopic compositions (6'*C) of source
rock extracts and oils were determined using meth-
ods described by Sofer (1980). The stable carbon
isotope analysis was carried out using a DELTA V™™
Isotope Ratio mass spectrometer (IRMS), with



2070

El Diasty, El Beialy, Mostafa, Abo Ghonaim, and Peters

LITHOLOGY

ENVIRONMENTAL
CYCLES

MARINE

CONTINENTAL

SHALLOW
DEEP

THICKNESS
AT TYPE
SECTION

(m)

HYDROCARBON
POTENTIAL

SOURCE
RESERVOIR
SEAL

VVVYVVVYVY
v v

VVVYVVVVVVY
AAAAAAANRAA

AAAAAANAA
Y YY Y YV

VYV VYV VT

VYV

AGE ROCK UNIT
Q 4
Z s o o o 2
= w = |
LWl o2 E o)
14 g_) ] - 14 = o
0nl n [7,] o g =
[l
RECENT - ?:_‘ Zaafarana
PLIOCENE z Wardan
Zeit
1]
2 |3
- & | 3 | South Gharib
w =] <
| =
H.F
— = (2 E araun
wl o o ) Feiran
w 3 Sidri
P-4 — % Baba
- (] E £ Shagar
o ®
- o 4 S Rahmi
N <
[T - g Ayun
o] s _ g ,g Safra
m g T -g Yusr
=z 3 © x Bakr
Ras Matarma
w Nukhul |—3ur
Khoshera
(&)
OLIGOCENE Abu Zenima
w |Upper
z .
w |Middle
%} g Thebes
8 Lower o
[T
PALEOCENE] d Esna
| Sudr____
Brown Limestone
nl Ol v g 'é Matulla
2 o
| = 8 > N Wata
o| © w Abu Qada
=z E Z Raha
w| N 5
=| 0 o
-l H
a ] |« Malha
w e
W 2| surassic | o 3
(7,7 i A I (e AR,
TRIASSIC isei
- Qiseib
L PERMIAN
- < Rod
<}
Dlﬁ o| 2 5 g El Hamal
—| © 3 Eln
1] o E 3 < © :
w 2 | AbuDurb
AN g 7777777 -3 u Durba
o
oo E g Um Bogma
w < a
- | o LN
«<| 3% 2| N
=5 E 3 aqus
o m> =
=9 o 2
Se G| 3| Araba
o =z
R e Ve Vel a2 Ve
PRECAMBRIAN BASEMENT

\(

940

701

302

701

780

427

91

133

290

60

137

88

170

64

25

120

149

44

274

122

45

410

133

O

0

[
O OOo0D0D O O
|

Legend

Anhydrite

<

Salt

Marl

> |=
>| |=

Chalk

Cherty limestone
Shale

Limestone
Dolomite
Conglomerate

Sandstone

BUANDNE

Basement




Chemometric Differentiation of Oil Families

«Fig. 4. Summary stratigraphy of the central Gulf of Suez
(modified after Alsharhan and Salah 1995; Bosworth et al. 2014).

+ 0.02%, analytical precision based on the Pee Dee
Belemnite standard.

Saturate and aromatic fractions of oils and ex-
tracts were analyzed using gas chromatography
(GC) and full-scan gas chromatography-mass spec-
trometry (GC-MS). Saturate fractions were ana-
lyzed using a Hewlett-Packard® 5890 equipped with
a30m x 0.25 mm ID x 0.25 pum film thickness HP-
SMS fused silica capillary column. N, was used as
the carrier gas at a flow rate of 1.5 ml/min, and the
samples were injected in a splitless mode maintained
at 300 °C. The GC oven temperature was pro-
grammed from 50° to 300 °C at 3 °C/min, with a
final hold at 300 °C for 30 min. Samples were rou-
tinely analyzed in full-scan mode using selective ion
monitoring (SIM) mode.

Quantitative and qualitative GC-MS analyses
completed on crude oils and rock extracts were
performed using a Hewlett-Packard® 6890 GC/5973
MSD  equipped with a HP-SMS column
30m x 025 mm ID x 0.25 um film thickness).
The mass spectrometer was operated with electron
ionization energy at 70 eV, and He was the carrier
gas. The GC oven temperature was initially set at
50 °C, programmed to 120 °C at 20 °C/min, to
250 °C at 4 °C/min, then to 310 °C at 3 °C/min with
a final hold of 30 °C min. Biomarker parameters
were calculated from base peak responses at m/z 71
for n-alkanes, m/z 217 for steranes, m/z 191 for ter-
panes, m/z 231 for triaromatic steroids, m/z 253 for
monoaromatic steroids, m/z 178 + 192 for phenan-
threne and methylphenanthrene, and m/z 184 + 198
dibenzothiophenes and methyldibenzothiophene.

In some cases, limited sample size prevented
APIL, S, or 6"C analyses or allowed only a single
analysis. All geochemical analyses presented herein
were done at the Department of Applied Geo-
sciences and Geophysics, Montanuniversitit Leo-
ben, Austria, the GeoMark Research, Ltd. Texas,
and StratoChem Services, Cairo.

The chemometric decision tree method (Peters
et al. 2007; El Diasty et al. 2016, 2017a) of selected
source-related biomarker ratios (see oil chemomet-
ric section for the selected parameters) was applied
using Pirouette® 4.5 software (Infometrix Inc., Bo-
thell, Washington). Two exploratory algorithms in
Pirouette include HCA and PCA. HCA categorizes
samples into genetic families based on the distance
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between samples in n-space where n represents the
measured independent variables. PCA is a more
rigorous correlation tool that reduces the dimen-
sionality of the data to a few principal components
(eigenvectors) that quantify the distance between
samples in principal component space. An HCA
dendrogram showing the cluster distances between
samples was built using incremental linkage and
Euclidean metric distance. Auto-scale preprocessing
of the independent variables was used for both HCA
and PCA. Auto-scaling ensures that each variable
has equal weight in the determination of genetic
affinities among samples.

InStep™ is automated chemometrics software
that can be used to build an effective model for
classification of new samples using a decision tree
based on multivariate classification of a previously
analyzed training set. The training set for this study
consisted of 46 oil samples classified into six families
using Pirouette 4.5 ™ software based on 16 source-
related biomarker ratios. InStep takes the Pirouette
results to create a multivariate model that predicts
each classification for new samples, such as the 39
rock extract samples in this study. This requires that
the input rock extract data consist of the same 16
source-related biomarker ratios in the same order as
that used to classify the oil samples. The decision
tree in this study was constructed using soft inde-
pendent modeling of class analogy (SIMCA). SIM-
CA makes a separate PCA model for each of the six
families and gives diagnostics to show how the
classes differ from each other. For SIMCA, we used
auto-scale preprocessing with two factors and a
probability threshold of 0.9500. The fit of the ex-
tracts to the oil families is described as ““good” at the
95% confidence (2 sigma) or fair at 99% confidence
(3 sigma). Samples that do not fit a family (“not
classified””) have confidence levels > 99%. InStep
uses a “‘watched folder” approach for sample han-
dling, i.e., whenever a data file with the appropriate
format is delivered, InStep processes the samples in
the file and generates a report in the watched folder.

RESULTS AND DISCUSSION
Source Rock Geochemistry

Screening Analyses: TOC and Rock-Eval Pyrolysis

Table 1 compares TOC and Rock-Eval data for
the Upper Cretaceous—Eocene or pre-Miocene
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Table 1. The abundance of organic matter in source rocks from the Gulf of Suez Rift basin

No Field Depth (m) Formation TOC (wt%) S, Ss Tmax (°C) Calc. R, HI OI PI S»/S3
1 Geisum 482 Belayim 2.28 821 28 428 0.54 360 123 008 293
2 October 1996 Belayim 1.21 412 115 428 0.54 340 95 0.06 3.58
3 October 2027 Belayim 1.08 3.65 098 432 0.62 338 91 0.06 372
4 October 2134 Belayim 1.18 223 1.07 431 0.60 189 91 0.09  2.08
5 Belayim Marine 2200 Belayim 1.37 1.95  3.60 425 0.49 142 263 0.01 0.54
6 Belayim Marine 2260 Belayim 1.62 376 4.86 425 0.49 232 300 O 0.77
7 Belayim Marine 2310 Belayim 245 772 4.09 422 0.44 315 167 0.02 1.89
8 SB 276 2579 Belayim 1.77 6.8 547 428 0.54 384 309 0.01 1.24
9 SB 276 2596 Belayim 1.81 6.97 471 435 0.67 385 260 0.03 1.48
10 North Shadwan 3347 Rudeis 1.39 459 204 430 0.58 330 147 008 225
11 Belayim Land 4050 Rudeis 8.45 2384 233 437 0.71 282 28 0.81 10.23
12 Amal 2499 Rudeis 1.53 373 283 431 0.60 244 185 O 1.32
13 Amal 2398 Rudeis 1.55 2.84  0.90 430 0.58 183 58 0.02 3.16
14 Amal 2471 Rudeis 1.57 338 3.08 432 0.62 215 19 011 1.10
15 Amal 2499 Rudeis 1.53 373 283 431 0.60 244 185 0 1.32
16 Geisum 1972 Rudeis 1.33 2.07 0.76 429 0.56 156 57 0.02 274
17 Morgan 2225 Rudeis 2.14 486 143 433 0.63 227 67 0.06 3.39
18 Morgan 2252 Rudeis 2.29 497 1.03 434 0.65 217 45 0.05 4.82
19 Morgan 2475 Rudeis 1.81 329 0.83 433 0.63 182 46 0.06 3.96
20 Morgan 2408 Rudeis 3.34 1233 1.58 434 0.65 3069 47 079 780
21 Belayim Marine 3139 Rudeis 1.11 2.84 1.01 431 0.60 256 91 0.04 281
22 Belayim Marine 3151 Rudeis 1.82 925 098 438 0.72 508 54 001 9.41
23 Belayim Marine 3159 Rudeis 1.94 819 1.07 440 0.76 422 55 0.02  7.67
24 Belayim Marine 3181 Rudeis 1.97 102 0.59 438 0.72 518 30 0.02 1727
25 Belayim Marine 3202 Rudeis 1.42 508 131 443 0.81 358 92 0.02 3.89
26 Belayim Marine 3220 Rudeis 1.41 691 124 441 0.78 490 88 0.02 5.57
27 Belayim Marine 3232 Rudeis 1.29 715  0.65 414 0.29 554 50 0.02 11.08
28 Belayim Marine 3250 Rudeis 1.63 6.94 029 441 0.78 426 18 0.01 23.67
29 Belayim Marine 3256 Rudeis 1.76 6.11  0.35 443 0.81 347 20  0.03 1735
30 October 2576 Rudeis 1.00 250 074 439 0.74 250 74 0.0 3.38
31 October 2621 Rudeis 0.88 333 0.69 435 0.67 378 78 0.07 483
32 October 2712 Rudeis 0.94 178 0.73 433 0.63 198 78 019 244
33 October 2819 Rudeis 1.14 462 1.01 440 0.76 405 89 0.10  4.57
34 October 2910 Rudeis 1.00 2.57 0.67 434 0.65 257 67 0.09 3.84
35 October 3155 Rudeis 0.84 229 035 437 0.71 273 42 0.08 6.54
36 October 3048 Rudeis 0.89 391 081 435 0.67 439 91 0.13 4.83
37 October 3109 Rudeis 0.85 240 040 435 0.67 328 47 0.10 6.00
38 October 3139 Rudeis 0.82 2,61 051 440 0.76 318 621  0.09 5.12
39 October 3155 Rudeis 0.84 229 035 437 0.71 273 42 0.08 6.54
40 October 3185 Rudeis 0.81 2.78 054 439 0.74 343 67 0.09 5.15
41 October 3200 Rudeis 0.96 357 053 439 0.74 37255 0.07 6.74
42 October 3216 Rudeis 0.99 319 037 435 0.67 322 37 0.06 8.62
43 October 3231 Rudeis 1.06 437 096 441 0.78 412 91 0.07 455
44 October 3246 Rudeis 0.87 291 079 441 0.78 334 91 0.07 3.68
45 October 3237 Rudeis 1.92 515 132 435 0.67 268 69 0.08 3.88
46 October 3337 Rudeis 1.67 458 0.89 436 0.69 274 53 0.07 5.17
47 October 3392 Rudeis 1.61 401 053 441 0.78 249 33 0.02 755
48 North Shadwan 3347 Rudeis 1.39 459 204 430 0.58 330 147 008 225
49 Ras Ghara 2010 Nukhul 1.32 341  0.66 428 0.54 258 50  0.16 5.17
50 Ras Ghara 2016 Nukhul 0.62 145 043 427 0.53 234 69 026 3.37
51 Ras Ghara 2169 Nukhul 0.39 0.82 0.46 426 0.51 209 117 036 1.78
52 Geisum 2316 Nukhul 218 9.13 1.09 435 0.67 419 50 0.01 8.38
53 Geisum 2335 Nukhul 2.50 12.03 0.88 433 0.63 481 35 0 13.74
54 Geisum 2390 Nukhul 223 941 129 434 0.65 422 58 0.01 7.28
55 Geisum 2490 Nukhul 2.43 1115  1.63 436 0.69 459 67 0.01 6.85
56 Geisum 2536 Nukhul 1.99 8.58 0.76 433 0.63 431 38 0 11.34
57 October 3307 Nukhul 0.61 253 0.88 447 0.89 415 144 009 288

58 SB 276 3767 Nukhul 1.77 8.04 0.58 435 0.67 454 33 0.04 1376
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Table 1. continued

No. Field Depth (m) Formation TOC (wt%) S, Ss Tmax (°C) Calc. R, HI O PI S,/S3

59 Belayim Marine 2858 Thebes 2.83 13.70  3.42 427 0.53 484 121  0.04 4.00
60 Belayim Marine 2902 Thebes 2.40 13.70 197 429 0.56 571 82 0.11 6.96
61 Belayim Marine 2920 Thebes 1.85 9.82 1.87 429 0.56 531 101 0.10 5.26
62 Belayim Marine 2978 Thebes 2.72 13.82 223 426 0.51 508 82 0.06 6.20
63 Belayim Marine 3202 Thebes 5.18 33.15 041 436 0.69 640 8 0.42 80.00
64 Belayim Marine 3204 Thebes 5.72 50.16 0.34 434 0.65 877 6 0.30 146.17
65 Belayim Marine 3207 Thebes 4.75 3924  0.38 437 0.71 826 8 027 103.25
66 Belayim Marine 3209 Thebes 5.63 4842  0.34 438 0.72 80 6 0.30 14333
67 Belayim Marine 3216 Thebes 4.42 34.08 0.35 437 0.71 771 8 0.39 96.38
68 SB 276 3892 Thebes 1.60 7.90 0.80 434 0.65 494 50 0.02 9.88
69 Amer 841 Thebes 2.31 871 1.78 426 0.51 377 77 0.07 4.90
70 Amer 886 Thebes 3.75 22.65 1.50 433 0.63 604 40 0.13 15.10
71 Amer 933 Thebes 3.36 23.62 1.21 429 0.56 703 36 0.06 19.53
72 Amer 987 Thebes 2.77 13.66  2.60 441 0.78 493 94 0.09 5.24
73 Amal 2703 Thebes 2.00 578  2.66 434 0.65 289 133 0.13 217
74 Morgan 3094 Thebes 1.85 9.82 1.87 429 0.56 531 101  0.10 5.26
75 July 3509 Thebes 2.72 13.82 2.23 426 0.51 508 82 0.06 6.20
76 October 3179 Thebes 2.73 947 243 435 0.67 347 89 0.26 3.90
77 Geisum 2563 Esna 2.03 8.16 1.08 434 0.65 402 53 0.01 7.58
78 Geisum 2627 Esna 2.32 8.65 2.39 433 0.63 373 103  0.25 3.62
79 Belayim Marine 3259 Esna 2.63 11.26 0.84 439 0.74 428 32 0.01 13.38
80 Belayim Marine 3265 Esna 2.25 8.57 0.97 442 0.80 381 43 0.03 8.86
81 Belayim Marine 3274 Esna 3.38 1142 1.28 443 0.81 338 38 0.02 8.89
82 Belayim Marine 3277 Esna 2.72 9.03 0.95 432 0.62 332 35 0.02 9.49
83 Amer 1021 Esna 2.20 876 244 433 0.63 398 111 0.02 3.59
84 Amal 2749 Esna 4.12 15.61 247 432 0.62 379 60 0.10 6.32
85 October 3249 Esna 1.95 6.28 0.90 433 0.63 322 46 0.11 7.00
86 October 3383 Esna 1.13 413 1.54 440 0.76 365 136 0.07 2.67
87 October 3398 Esna 1.96 828 1.60 440 0.76 422 82 0.04 517
88 Belayim Land 4722 Br. LS 5.05 2028 1.29 435 0.67 402 26 0.71 15.72
89 October 3590 Br. LS 213 10.66 1.23 428 0.54 500 58 0.28 8.67
90 July 3566 Br. LS 4.48 13.93  0.88 437 0.71 311 20 0.83 15.83
91 Amal 2804 Br. LS 2.55 813 541 434 0.65 319 212 012 1.5

92 Ghara 2208 Br. LS 4.43 2453 134 417 0.35 554 30 0.08 18.31
93 Geisum 2655 Br. LS 3.02 11.96 2.87 430 0.58 396 95 0.01 417
94 Geisum 2673 Br. LS 3.15 1147 3.37 431 0.60 364 107 0.24 3.40
95 Geisum 2691 Br. LS 3.60 16.52 2.56 432 0.62 459 71 0 6.46
96 Geisum 2700 Br. LS 1.80 6.14 2.56 437 0.71 341 142 03 2.40
97 Geisum 2719 Br. LS 2.41 8.00 1.21 431 0.60 332 50 0.12 6.64
98 Belayim Marine 3114 Br. LS 5.26 33.87 2.68 426 0.51 644 51 0.05 12.63
99 Belayim Marine 3134 Br. LS 3.80 2348 148 431 0.60 618 39 0.04 15.85
100  Belayim Marine 3144 Br. LS 2.69 1434 213 429 0.56 533 79 0.05 6.75
101  North Shadwan 3669 Br. LS 2.40 9.76  1.19 433 0.63 407 50 0.24 8.20
102  SB 276 4084 Br. LS 3.37 1291 094 439 0.74 383 28 0.06 13.68
103  Amer 1088 Br. LS 2.58 839 1.68 425 0.49 325 65 0.01 5.00
104  Amer 1106 Br. LS 2.76 1032 2.13 425 0.49 374 77 0.01 4.86
105  Amer 1124 Br. LS 3.05 1495 232 423 0.45 490 76 0.05 6.45
106  Amer 1149 Br. LS 2.66 923 481 423 0.45 347 181 0.05 1.92
107  Morgan 2813 Br. LS 8.11 4623 1.38 428 0.54 570 17 0.02 33.53
108  Morgan 2831 Br. LS 2.27 11.28 2.54 429 0.56 497 112 0 4.44
109  Morgan 2843 Br. LS 3.60 19.58 220 422 0.44 544 61 0.12 8.92
110 Morgan 3164 Br. LS 6.91 3476  2.83 431 0.60 503 41 0.64 12.28
111 October 3414 Br. LS 2.66 15.66  1.20 442 0.80 589 45 0.02 13.05
112 North Shadwan 3749 Matulla 2.52 11.08 4.50 436 0.69 440 179 017 2.46
113 Amal 2849 Matulla 2.15 243 0.86 440 0.76 113 40 0.04 2.83
114  Geisum 2801 Matulla 2.81 4.66 0.87 439 0.74 166 31 0.11 5.35
115 Belayim Marine 3372 Matulla 0.90 1.86 1.07 431 0.60 207 119 0.04 1.74

116 ~ Belayim Marine 3912 Matulla 1.25 1.68 1.16 436 0.69 134 93 0.07 1.45
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Table 1. continued

No. Field Depth (m) Formation TOC (wt%) S, Ss Tmax (°C)  Calec. R, HI OI PI S»/S3
117  Belayim Marine = 3942 Matulla 0.76 0.88 1.16 435 0.67 116 157 012  0.76
118  October 3490 Matulla 0.64 091 0.40 440 0.76 142 69 017  2.07
119  October 3520 Matulla 0.82 0.84 0.76 440 0.76 102 93 0.23 1.11
120 October 3536 Matulla 0.76 1.62  0.74 446 0.87 213 97 015  2.19
121 October 3636 Matulla 1.11 131  3.07 433 0.63 118 277 031 0.43
122 October 3718 Matulla 1.30 1.04 1.04 433 0.63 80 80 017  1.00
123 SB 276 4124 Matulla 2.43 221 238 439 0.74 91 98 0.05 0.93

TOC, total organic carbon (wt%); S,, hydrocarbons from kerogen cracking (mg HC/g rock); Ss, organic CO,—kerogen derived (mg CO,/g
rock); Tmax, pyrolysis temperature at which maximum emission of hydrocarbons occurs (°C); Calc. R,, calculated R, = 0.0180 x Tppax —
7.16; HI, hydrogen index = S, x 100/TOC, OI, oxygen index = S; x 100/TOC; PI, production index = S;/S; + S;

1000 [
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100

10.0 [~

Pyrolysis S2 (mg HC [ g rock)

Very good
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Belayim

Rudeis

Nukhul

Thebes

Esna
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Matulla

Lo
0.1 1.0

Total organic carbon content (TOC, wt?%)

Fig. 5. Plot of total organic carbon (TOC, wt%) versus pyrolysis S, (mg HC/g rock)
results for rock samples from the Gulf of Suez, showing source rock quality
classifications. TOC content varies substantially among the rock samples. Organic-
rich intervals occur in the Campanian Brown Limestone and the Eocene Thebes
samples with very good-to-excellent quantities of organic matter.

(Matulla, Brown Limestone, Esna, and Thebes) and
Lower-Middle Miocene (Nukhul, Rudeis and Be-
layim) samples. TOC content of the studied rock
units varies substantially between 0.39 and 8.45 wt%
with an average 2.38 wt%. The organic-rich inter-
vals occur in the Campanian Brown Limestone
(n =24, 1.8-8.11 wt%, average 3.64 wt%), and the
Thebes samples (n =18, 1.6-5.72 wt%, average
3.29 wt%). Therefore, pre-Miocene source units
(Brown Limestone and Thebes samples) contain
very good-to-excellent quantities of organic matter
(Fig. 5). High TOC contents are directly linked to

low oxygenation of the water column, the dominant
redox conditions of the bottom sediments (El Diasty
et al. 2014, 2017b), and the high productivity up-
welling regime that existed during Late Cretaceous—
Early Paleogene time (Robinson and Engel 1993;
El-Shafeiy et al. 2017). The richness of the Brown
Limestone and Thebes Formation is also confirmed
by pyrolysis yields (S;). The pre-Miocene is rated
very good to excellent, whereas the Miocene is rated
fair to good where the sedimentary environment
possibly was less favorable for preservation of or-
ganic material.
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1995).

The Rock-Eval pyrolysis is a simple, inexpen-
sive and rapid screening technique for information
on source rock potential (Espitalié et al. 1985;
Lafargue et al. 1998). Kerogen quality and maturity
are usually determined by plotting hydrogen index
(HI, mg HC/g TOC) against Ty« (pyrolysis S, peak
temperature) rather than HI (Fig. 6) versus oxygen
index (OI, mg HC/g CO,). Thus, many kerogen-type
designations are based on the HI to avoid the use of
OI (Tissot and Welte 1984; Espitalié et al. 1985;
Mukhopadhyay et al. 1995). Figure 6, showing HI
and Ty, data, indicates variable kerogen type and
maturation histories in different parts of the Suez
Rift, which are related to differences in organic fa-
cies, paleo-heat flow, and lithology-related heat
conductivity and heat capacity (Cornford et al. 1998;

Dembicki 2009). Most of the analyzed samples lie in
the Type II and Type II/III maturation paths with a
few samples falling within the kerogen Type I or
Type III pathways. The source rock potential based
on Rock-Eval pyrolysis falls between two end-
members: the Upper Cretaceous Matulla Formation
samples (Type III gas-prone source rocks) and the
Eocene Thebes Formation samples (Type I oil-prone
source rocks). When the organic matter in a source
rock starts to generate hydrocarbons due to thermal
stress, the transformation of kerogen into hydrocar-
bons modifies original organic matter characteristics
(HI, S,, TOC) and thus complicates interpretations
and implications about the original quantity and
quality of the organic matter (Hunt 1996; Dembicki
2009; Carvajal-Ortiz and Gentzis 2015).
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Fig. 7. Isotope composition of saturated versus aromatic hydrocarbon fractions for the extracted bitumen and crude oil samples from
the Gulf of Suez to illustrate isotopic differences between waxy and marine oils. The two diagonal lines are the best fit for terrigenous

(top) and marine (bottom) oil samples from Sofer (1984).

Stable Carbon Isotope Composition

Stable carbon isotope results (6'°C, %,) for the
saturated and aromatic hydrocarbon fractions from
the source rock extracts are listed in Table 2. Car-
bon isotope values indicate that most of the samples
have §"°C values ranging from — 29.5 to — 27.5%,
and — 29.0 to — 27.0%, (Fig. 7) for the alkanes and
aromatics, respectively. These values are indicative
of predominantly marine-derived organic matter
with minor terrigenous input (Collister and Wavrek
1996; El Diasty et al. 2018). Slightly less negative
(more positive) values have been recorded for the
Rudeis (sample no. 4, — 26.5 to — 24.1%,, for the
saturates and aromatics, respectively) and Matulla
(sample no. 13, — 27.2 to — 25.59%,, for the saturates
and aromatics, respectively) from the North Shad-
wan and Geisum oilfields in the southern sector of
the Gulf of Suez basin, suggesting a mixture of ter-
rigenous- and marine-derived organic matter in the
source rock (Sofer 1984).

Applying the method adopted by Sofer (1984)
to distinguish between oils generated from terrige-

nous and marine sources suggests that the extracts
contain predominantly marine-derived organic
matter, typical of Gulf of Suez oils (Fig. 7).

Normal Alkanes and Acyclic Isoprenoids

Figure 8 shows gas chromatograms of saturated
hydrocarbons for representative source rock extract
samples from the Gulf of Suez Province. The results
of these analyses are summarized in Table 2. The
most prominent features that most extracts share
include: (1) the unimodal low molecular weight
skewed n-alkane distribution; (2) the absence of
evidence for biodegradation; (3) low concentrations
of n-alkanes >C,3, with common maxima between n-
Cy7 and n-Cyg; and (4) lack of odd-over-even pre-
dominance or carbon preference index (CPI) where
most values are around unity, exceptions may occur
in some samples (Table 2). These common charac-
teristics, in addition to acyclic Cj9 and C,g iso-
prenoids [2-, 6-, 10-, 14-tetramethylpentadecane or
pristane (Pr) and 2-, 6-, 10-, 14-tetramethylhexade-
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Fig. 8. Gas chromatography and gas chromatography-mass spectrometry (GC-MS) show the distributions of normal alkanes and
isoprenoids, terpanes (m/z 191) and steranes (m/z 217) mass fragmentograms of saturated hydrocarbons for representative extract

samples in this study.

cane or phytane (Ph)], indicate hypersaline or car-
bonate environments and anoxic conditions with
substantial algal/bacterial organic matter (Didyk
et al. 1978; Peters et al. 2005). Ph is present in rel-
atively high concentrations compared to Pr, where
Pr/Ph in most cases < 0.8 (average). The high
abundance of Ph and low Pr/Ph ratios for these
sediments may have resulted from the presence of
halophilic bacteria that contain complex lipids with a
phytanyl moiety (ten Haven et al. 1987) and rela-
tively high amounts of organic sulfur in these marine
sediments (Sinninghe Damsté et al. 1989). Excep-

tions may occur in some samples (no. 4, 13, 18, 26,
33, 35, and 37) where Pr/Ph > 1.0, which indicates
the presence of a mixture of terrigenous- and algal-
derived organic matter deposited in mildly reducing
conditions (Mostafa 1993).

Isoprenoids/n-paraffin ratios, expressed by Pr/n-
Cy7 and Ph/n-Cg (Table 2), are often used to pro-
vide information on source, maturation, and
biodegradation (Connan and Cassou 1980; Peters
et al. 1999). In this study, Pr and Ph occur in a
moderate abundance relative to n-alkanes resulting
in average Pr/n-Cy; and Ph/n-C;g values of 0.54 and
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mixed Type II/III kerogens deposited under anoxic conditions for the Gulf of Suez oil and sediments (see

Peters et al. 1999).

0.57, respectively. The input of terrigenous materials
was only minor, except two extract samples from the
Belayim Formation, and the organic material can be
classified as a mixture of an oil-prone Type II and -
II/TIT kerogens (Fig. 9).

Terpanes and Steranes

Biomarkers are important geochemical tools
(Fig. 8; Table 3). For example, terpanes (m/z 191)
and steranes (m/z 217) yield very specific informa-
tion on source, biodegradation, maturation, and
migration of crude oil and related source rocks
(Trendel et al. 1982; Tissot and Welte 1984; Peters
et al. 2005; El Diasty et al. 2017b).

The extracted bitumen samples from different
stratigraphic units and fields in the Gulf of Suez
show widely variable terpane and sterane distribu-
tions (Table 3). Most of the analyzed samples have
low concentrations of tricyclic and tetracyclic ter-
panes relative to pentacyclic terpanes (Fig. 8).
Interestingly, samples from the Thebes and Belayim
extracts show very high abundance of tricyclic ter-
panes with a maximum C,j tricyclic terpane. The
tricyclic terpenoids or cheilanthanes are likely de-

rived from specific bacterial membrane lipids and
are characteristic of marine source (Aquino Neto
et al. 1983; Ourisson et al. 1984; Peters et al. 2005).

Several distinct biomarker ratios (Fig. 8; Ta-
ble 3) are useful to describe the analyzed sediments
from the Gulf of Suez. These include C;o/Cys, Cys/
Cyy, and C,5/Cyq tricyclic terpanes, Cy4 tetracyclic/
Cy tricyclic terpanes, C,7 18x(H)-trisnorneohopane
(Ts)/Cy;  17a(H)-trisnorhopane  (Tm), Czs5/Csy
homohopanes, oleanane/hopane, and gammacerane/
hopane (Seifert and Moldowan 1978; Kolaczkowska
et al. 1990; Moldowan et al. 1991; Sinninghe Damsté
et al. 1995).

The Gulf of Suez sediments consist of shale/-
marl and carbonate source rocks that contain algal/
bacterial organic matter with little higher-plant in-
put, based on very low C;9/Cys, high Cp3/Cypy, and
C,5/Cyg tricyclic terpanes, and the relatively high Cy4
tetracyclic/Cyg tricyclic terpane ratios (Table 3). The
presence of norhopane as indicated by the peak Cyg
17a(H)-hopane in appreciable amounts over Csg
17a(H)-hopane in some Matulla and Thebes extracts
indicates clay-poor carbonate/marl or evaporite
source depositional environments (Moldowan et al.
1985; Subroto et al. 1991).
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Fig. 10. Cy;—Cyg —Cyy sterane (oo 20R isomers) ternary diagram
shows that most of the extracts plot in a close cluster within the area
ascribed to plankton/bacterial organic matter (see Hunt 1996).
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Fig. 11. Relative thermal maturity for the Gulf of Suez crude oils and sediments based on two C,y sterane stereoisomer ratios. Inset
shows the approximate amount of hydrocarbons yield relative to the oil generation window and vitrinite reflectance, %R, (see Peters

et al. 2005).

Important characteristics of the m/z 191 mass
fragmentograms (Fig. 8) for the extracted bitumens
are abundant gammacerane (up to 0.37 in the Brown
Limestone sample no. 34) and the absence or the

presence of very little, if any, oleanane. Gammac-
erane/hopane and oleanane/hopane (Table 3) are
sensitive to carbonates and angiosperms (flowering-
plant input), respectively. This implies that the
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£ N B analyzed samples were deposited in stratified anoxic
o —c—|%¢& water (saline to hypersaline) with significant halo-
§= philic bacterial input (Moldowan et al. 1985; Brassell

o) SR i' et al. 1988; Zumberge 1987; Moldowan et al. 1994;

£ 223 |00 Sinninghe Damsté et al. 1995; Peters et al. 2005).

- 5 2 The pervasive anoxic depositional environment for

© ) = these sediments is likewise confirmed by Css/Csy

Li 5988 g extended homohopanes > 1 (Peters and Moldowan

2 =< |- 1991; Dahl et al. 1994; Sinninghe Damsté et al

& c £ ; D - ; -

8¢ 1995). Simultaneously, the low abundance of Ts

z 22 < g -:% relative to Tm, except two samples from the Brown

> e S 5 Limestone (sample no. 35) and the Matulla Forma-

> . .
. = o tion (sample no. 39) where the ratio of Ts/Tm > 1.0
Eleaa - (Table 3), indicates low-maturity or low-clay sha-

. SlET g g le/marl or carbonate source rocks.

e The sterane ternary plot (Fig. 10) shows that
T 9 the majority of the extract samples plot in a close
glaz< © é cluster within the area characterized by plankton/

z B bacterial organic matter (Hunt 1996) with the Cy;

= Z% steranes more abundant (up to 53%) than the Cy

Sl . % fé homologues and relatively high C,g steranes (up to

welS2zs]l.csE 35%). The predominance (sometimes present in
o= 55 %

B =3 ) equal amounts) of C,; over Cyg steranes together
§ = By % with high C;y 24-n-propylcholestanes suggests the
£ E < g % % = 5.2 presence of marine algal organic matter with minor
= = o . . . . . .

8 5% terrigenous input deposited in anoxic to a mildly
© o s . .
< cuwage| i ;‘3‘3\; reducing environment (Moldowan et al. 1985; Peters
21> SR B :, et al. 1999). The relative amount of diasteranes and
S e g ‘é g regular steranes is variable (Table 3), but is thought
U IR Ta' ‘Z to be primarily due to maturity effects in which the
IS ENRRSRN =i £ more mature samples show higher concentrations of
Y SR A the more stable rearranged steranes (Rubinstein
= o g
S a3 et al. 1975).
L |noaa |5 o2
LSRN ISESESENE B=2GR-
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% g g Thermal Maturity of the Gulf of Suez Sediments

=) = B

SE18IEEN ol

A ae3Ie|g<e Thermal maturity consists of temperature/time-

- 283 driven disproportionation reactions that convert

k2 - :I g sedimentary organic matter into light and heavy

% 3 %’ fractions of petroleum and finally into hydrocarbon

2 8 g 2 gas and pyrobitumen or graphite (Peters et al. 2005).

R %fg g During diagenesis and catagenesis terpanes and

E RS RN steranes undergo a series of conversions via reduc-

ks 2 g % % . tS tion, rearrangement, and isomerization, resulting in

O & JoS new compounds (Mostafa 1993; Hunt 1996). Dif-

< -l ferent geochemical scales commonly used to de-
SEE]. p % scribe the extent of thermal maturation include

% £ % % % g |‘\ é Rock-Eval Ty,,x and biomarker maturity ratios (cf.

P Hooal o8 Peters et al. 2005).

s gfg E Pyrolysis Ty,.x values vary considerably in the

Z $3ILEl=% 8 analyzed samples from immature (414 °C in the
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Rudeis Formation) to peak oil window with Ty,
~ 447 °C (Table 1; Fig. 6).

The most commonly used biomarker ratios to
assess thermal maturity are based on isomerization
of hydrogen atoms around asymmetric carbon atoms
at C-20 [%20S/(20S + 20R)] and C-14 and C-
17%BpI(BB + ao)] in the steranes, and C-22 in the
hopanes [%22S/(22S + 22R)] (Mackenzie and
McKenzie 1983; Seifert and Moldowan 1986; Peters
et al. 2005).

The ratio of diasteranes to regular steranes is
variable, but is thought to be primarily due to
maturity effects with the more mature samples
showing a higher diasteranes.

The plot of %20S/(20S + 20R) and % pp/(Sp +
oo) Cyg steranes (Fig. 11) shows that the majority of
the Gulf of Suez source rocks were not buried dee-
per than the early oil generation window and gen-
erally the extract samples vary from immature to the
main stage of oil window with %R, ranging from
< 0.6 to <0.9. The same conclusion is also sup-
ported by the C;, 22S/(22S + 22R) homohopane
ratios (Table 3).

Oil Geochemistry
Elemental, Bulk, and Isotopic Composition

Forty-six crude oil samples (Table 4) were
analyzed to define the bulk and molecular geo-
chemical characteristics, identify oil families, and
establish genetic relationships with the inferred
source rock facies in the Gulf of Suez basin. The
studied oils were retrieved from 19 oilfields from
both sandstone and carbonate pay-zones ranging in
age from Cretaceous to Miocene (145.0-23.0 Ma).

The Gulf of Suez oils exhibit a wide range of
API gravity from heavy oils (API ~ 12°) to med-
ium-light oils (API = 41°). Most of the analyzed oils
are of the heavy—medium range, where Abu Rudeis-
8 has the lowest API gravity and Saqqara-1 has the
highest API value (Table 4). In accordance with this
wide range in API gravities, sulfur content of the oils
ranges from 0.34 wt% (Saqqara-1 oil) to 4.31 wt%
(Morgan-1 oil) with an average 1.78 wt%. As ob-
served in Figure 12, there is an inverse relation be-
tween API gravity and sulfur content in the Gulf of
Suez oils where the quantity of sulfur decreases with
increasing oil gravity and increasing thermal matu-
rity. The overall low API gravity and high sulfur
content are consistent with anoxic depositional

environments often associated with carbonate-facies
source rocks (Clark and Philp 1989; Subroto et al.
1991). Interestingly, the systematic increase of API
gravity from north to south (Fig. 12) is consistent
with more extensive crustal extension and thermal
subsidence of the southern sector than the central
and northern provinces of the Suez Rift (Steckler
et al. 1988). The average geothermal gradient in the
southern sector of the Gulf of Suez is — 16.81 °C/
30.48 m, whereas it is — 16.91 °C/30.48 m in the
northern and central sectors (Steckler 1985; Al-
sharhan and Salah 1994, 1997; Alsharhan 2003).
Accordingly, most variations in API gravity are be-
lieved to be related to the maturity at which the oil
was generated (Alsharhan and Salah 1997; Wever
1999, 2000; Alsharhan 2003).

Vanadium (V) and nickel (Ni) are important
trace elements in crude oils. The Gulf of Suez oils
contain more vanadium than nickel (Table 4). The
general increasing of V and Ni contents with
decreasing gravity is a reflection of the increase in
heavy ends containing the metal-porphyrin com-
plexes in the oils with low API gravity (Lewan 1984;
Moldowan et al. 1986; Hunt 1996). The analyzed oils
have wide-ranging V/Ni ratios from 0.01 to 2.86
(Table 4), implying more than a single source for the
oils or similar source rocks with different maturity
histories (El Diasty and Peters 2014; El Diasty et al.
2015a).

With increasing thermal maturity, kerogen be-
comes isotopically heavier (more positive) and a
more '*C-rich mature oil will be generated (Rohr-
back 1983). The stable carbon isotope results for the
oil samples show a wide range of values of — 30.2 to
— 24.5%, for the saturated hydrocarbons and — 29.4
to — 22.6%, for the aromatic hydrocarbon fractions.
The relationship between the aromatic (6'°C,;,) and
saturated (6'°Cy,,) fraction carbon isotopes for the
Gulf of Suez oils suggests their origin from source
rock containing predominantly marine-derived or-
ganic matter, deposited in a restricted marine envi-
ronment where the contribution of land-derived
organic matter was limited (Fig. 7). This finding is
supported by the canonical variable values of less
than 0.47 (Sofer 1984). An outlier sample from Ras
Ghara-5 oil deviates from the expected cluster of the
Gulf of Suez oil (Fig. 7). Differences in source bed
depositional environment, thermal maturity, and
migration history can affect the crude oil bulk and
isotopic compositions. The heavy stable carbon iso-
topic composition of the Ras Ghara-5 oil is like
terrigenous oils from the north Western Desert. The
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Fig. 12. Relationship between API gravity (°) and sulfur content (wt%) for the Gulf of Suez oils.

unusual *C-rich signature of this oil sample may
result from mixed terrigenous and marine source
organic input and/or higher thermal maturity. Nile
Delta condensates (El Diasty et al. 2019b) and the
Western Desert oil samples (Zein El Din et al. 1990)
exhibit a less negative isotopic signature, typical for
terrigenous or waxy oils. Isotopic changes caused by
maturity differences in a suite of oils probably do
not exceed 2.0%,. Different source rocks can result
in isotopic variations in generated oil of larger
magnitude, which could easily obscure the effects of
maturity (Sofer 1984).

Normal Alkanes and Acyclic Isoprenoids

On the basis of GC chromatograms (Fig. 13),
nearly all Gulf of Suez oils have n-alkane distribu-
tions biased toward low molecular weight < n-Cy,.
The predominance of light compounds suggests that
these oils were derived from lipids synthesized by
phytoplankton/benthic algae and bacterial organic
matter with less contribution of terrigenous organic
debris (Philp 1985; Peters et al. 2005). In our study
and other pioneer works on the Gulf of Suez oils
(Rohrback 1983; Mostafa 1993; Alsharhan and Salah

1997; Wever 2000; Alsharhan 2003; El Diasty and
Peters 2014; El Diasty et al. 2015a, b), no apparent
evidence of biodegradation was recognized. Some of
the analyzed oils (e.g., Sidri oil), show an elevated
GC baseline, which often represents a complex
mixture of cyclic compounds, and also is common in
oils from carbonate source rocks (Palacas et al. 1984;
Grice et al. 1998; Peters et al. 2005; El Diasty et al.
2015a).

For most oils the Pr/Ph ratios is less than unity,
which suggests derivation from marine organic
matter deposited under highly reducing to anoxic
environments. Some samples from the Shadwan,
Ras Ghara, Sinai, and Saqgara oilfields in the
southern Suez Rift have Pr/Ph ratios slightly > 1,
together with a systematic increase in API gravity
(Table 4). This variation in isoprenoids ratios can be
attributed to changes in redox conditions of separate
source facies (Mostafa 1993; El Diasty et al. 2015a).
The Gulf of Suez oils show Pr/n-C7 and Ph/n-C;g
ratios consistent with an origin from anoxic car-
bonate/marl source rocks (marine algal Type II
kerogens; Fig. 9) deposited under anoxic conditions
(Peters et al. 1999) that underwent different thermal
histories.
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Terpanes and Steranes

Table 5 summarizes some of the representative
terpane and sterane biomarkers that have been used

samples from the Gulf of Suez.

in the current work for determining organic matter
precursors,

depositional

paleoenvironment,
biodegradation, thermal maturation, and age of the
putative source rocks for the oils (Hunt 1996; Peters
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Table 5. Key GC-MS data from oils in the Gulf of Suez Rift basin

No. R1? R2? R3? R4? R5?* R6% R7? R8* R9? R10* R11 R12% R13?* R14% R15% R16
1 0.05 0.78 0.43 0.69 0.89 0.52 0 0.74 0.01 0.19 0.57 1.46 34.0 31.9 34.1 0.35
2 0.07 0.49 0.66 0.75 0.65 0.59 0 0.66 0.01 0.21 0.58 1.34 34.5 29.5 36.0 0.41
3 0.06 0.52 0.51 0.86 0.69 0.44 0 0.80 0.10 0.08 0.57 1.20 354 32.9 31.7 0.48
4 0.08 0.42 0.61 0.79 0.64 0.75 0.04 0.75 0.07 0.24 0.58 1.31 32.9 335 335 0.48
5 0.06 0.41 0.61 0.77 0.63 0.61 0.04 0.74 0.05 0.23 0.58 1.30 33.6 31.8 34.5 0.47
6 0.09 0.41 0.62 0.84 0.63 0.92 0.04 0.63 0.08 0.35 0.58 1.31 30.5 33.6 36.0 0.47
7 0.08 0.29 0.80 0.79 0.57 0.69 0.04 0.75 0.08 0.21 0.58 1.50 34.8 324 32.8 0.49
8 0.10 0.32 0.79 0.79 0.59 0.75 0.04 0.66 0.07 0.37 0.58 1.38 32.12 33.1 34.6 0.50
9 0.08 0.43 0.61 0.79 0.62 0.71 0.04 0.74 0.06 0.22 0.59 1.31 324 32.8 34.8 0.47
10 0.09 0.41 0.60 0.80 0.63 0.78 0.05 0.74 0.06 0.23 0.58 1.31 34.3 30.8 34.9 0.47
11 0.05 0.47 0.71 0.82 0.69 0.23 0.01 0.78 0.03 0.11 0.60 141 353 304 34.3 0.49
12 0.06 0.48 1.01 0.80 0.68 0.29 0.02 0.89 0.05 0.09 0.61 0.99 34.0 32.0 34.0 0.53
13 0.04 0.52 0.89 0.78 0.58 0.23 0.01 0.75 0.03 0.11 0.60 1.12 33.6 32.8 33.6 0.51
14 0.05 0.51 0.92 0.71 0.69 0.23 0.01 0.88 0.03 0.11 0.58 1.09 44.5 31.1 24.5 0.55
15 0.04 0.51 0.92 0.79 0.59 0.23 0.01 0.81 0.04 0.12 0.60 1.09 33.5 32.1 344 0.51
16 0.05 0.52 0.94 0.80 0.68 0.24 0.01 0.87 0.03 0.11 0.60 1.06 34.2 322 33.6 0.52
17 0.05 0.49 0.92 0.73 0.66 0.25 0.01 0.83 0.04 0.12 0.58 1.09 432 321 24.7 0.57
18 0.02 0.86 0.41 0.82 1.16 0.41 0.01 0.99 0.04 0.10 0.59 1.54 34.9 30.8 34.3 0.37
19 0.02 0.67 0.5 0.82 0.67 0.31 0.01 0.77 0.03 0.11 0.60 1.29 31.3 32.0 33.7 0.35
20 0.04 0.47 0.58 0.82 0.67 0.57 0.04 0.62 0.05 0.14 0.60 1.23 33.5 33.8 32.7 0.30
21 0.09 0.59 0.81 0.77 0.42 0.40 0 0.78 0.04 0.28 0.55 1.30 34.0 34.0 32.0 0.45
22 0.08 0.62 0.68 0.77 0.61 0.73 0 0.74 0.05 0.34 0.56 1.28 35.0 34.0 31.0 0.53
23 0.09 0.55 0.67 0.75 0.48 0.81 0 0.7 0.04 0.29 0.54 1.11 33.0 35.0 32.0 0.53
24 0.08 0.56 0.66 0.78 0.82 0.38 0 0.76 0.02 0.31 0.57 1.17 34.0 35.0 31.0 0.50
25 0.09 0.44 0.65 0.73 0.77 1.71 0 0.39 0.24 0.06 0.55 0.97 34.0 37.0 29.0 0.38
26 0.07 0.69 0.67 0.77 0.69 0.81 0 0.66 0.04 0.52 0.57 1.01 36.0 35.0 29.0 0.57
27 0.08 0.44 0.65 0.75 0.72 0.86 0 0.59 0.10 0.23 0.55 1.19 33.0 34.0 33.0 0.46
28 0.07 0.38 0.66 0.78 0.58 0.74 0 0.59 0.11 0.20 0.56 1.08 32.0 35.0 32.0 0.43
29 0.08 0.40 0.68 0.72 0.67 0.86 0 0.54 0.13 0.21 0.57 1.10 33.0 34.0 33.0 0.45
30 0.09 0.45 0.64 0.70 0.54 0.58 0 0.77 0.07 0.28 0.59 1.02 36.0 33.0 31.0 0.46
31 0.06 0.52 0.37 0.77 0.73 0.41 0.01 0.86 0.04 0.13 0.60 1.21 34.6 31.8 33.6 0.43
32 0.04 0.54 0.59 0.76 0.61 0.25 0.03 0.65 0.03 0.19 0.59 1.24 32.5 30.7 36.8 0.45
33 0.04 0.49 0.54 0.73 0.51 0.25 0.02 0.78 0.04 0.22 0.61 1.26 32.8 30.4 36.8 0.46
34 0.03 0.5 0.52 0.75 0.63 0.25 0.02 0.75 0.01 0.15 0.57 1.30 333 33.5 33.2 0.48
35 0.03 0.48 0.58 0.72 0.59 0.27 0.03 0.75 0.02 0.20 0.60 1.14 33.1 33.7 332 0.47
36 0.03 0.49 0.67 0.63 0.22 0.61 0.04 0.58 0.02 0.75 0.59 1.63 33.7 34.3 32.0 0.44
37 0.06 0.55 0.59 0.72 0.23 1.70 0.10 0.89 0.01 0.60 0.60 1.39 39.2 29.1 31.7 0.41
38 0.05 0.72 0.58 0.71 0.21 1.94 0.10 0.94 0 0.77 0.61 1.80 40.8 27.7 31.5 0.46
39 0.05 0.66 0.57 0.71 0.22 2.03 0.10 0.96 0.01 0.80 0.60 1.40 41.5 27.4 31.1 0.44
40 0.05 0.70 0.59 0.69 0.21 1.86 0.11 0.97 0.01 0.76 0.60 1.40 41.3 26.6 32.1 0.45
41 0.09 0.44 0.79 0.76 0.63 0.73 0.02 0.73 0.02 0.32 0.58 1.50 39.5 23.8 36.8 0.64
42 0.11 0.47 0.79 0.75 0.60 0.71 0.03 0.72 0.03 0.29 0.58 1.38 32.1 27.2 40.7 0.43
43 0.11 0.33 0.81 0.79 0.53 1.29 0.08 0.63 0.03 0.35 0.56 1.28 353 32.0 32.7 0.52
44 0.14 0.27 0.82 0.88 0.46 2.09 0.20 0.60 0.13 0.46 0.56 1.04 38.3 30.9 30.8 0.54
45 0.14 0.30 0.77 0.87 0.58 2.47 0.13 0.63 0.15 0.42 0.56 1.25 373 31.2 31.5 0.53
46 0.17 0.35 0.64 0.81 0.56 1.25 0.12 0.68 0.13 0.39 0.58 1.20 39.7 28.5 31.8 0.49
No. R17 R18* R19% R20* R21 R22 R23 R24 R25 R26 R27 R28
1 0.54 0.56 3.87 0.44 0.18 0.77 0.67 1.39 1.5 0.22 27.12 1.2

2 0.54 0.42 3.77 0.35 0.21 0.77 0.67 1.0 0.93 0.46 21.14 1.07
3 0.55 0.48 3.92 0.45 0.26 0.78 0.69 0.99 1.14 0.45 26.64 0.85
4 0.53 0.51 3.47 0.71 0.44 0.82 0.74 1.01 0.99 0.37 23.07 1.2

5 0.53 0.49 2.93 0.63 0.36 0.81 0.73 1.03 0.98 0.49 24.05 1.1

6 0.54 0.47 3.41 0.76 0.55 0.84 0.79 0.99 0.9 0.61 24.28 1.14
7 0.55 0.6 2.92 0.83 0.44 0.80 0.72 1.11 0.78 0.56 21.19 0.96
8 0.54 0.5 3.28 0.89 0.52 0.81 0.73 1.11 0.9 0.42 21.88 1.02
9 0.53 0.51 3.21 0.67 0.41 0.81 0.74 0.99 0.99 0.53 25.22 1.14
10 0.52 0.55 3.36 0.64 0.43 0.81 0.73 1.03 1.02 0.34 22.74 1.21
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Table 5. continued

No. R17 R18* R19* R20* R21 R22 R23 R24 R25 R26 R27 R28
11 0.54 0.22 2.52 0.38 0.34 1.99 0.33 32.39 1.23
12 0.56 0.24 2.05 0.67 0.50 1.39 0.45 27.39 0.93
13 0.54 0.2 2.51 0.56 0.35 2.65 0.38 29.26 1.06
14 0.55 0.23 2.7 0.32 0.48 2.69 0.37 29.21 1.27
15 0.55 0.23 2.25 0.46 0.40 2.9 0.35 30.12 1.14
16 0.55 0.22 2.41 0.37 0.39 2.41 0.41 30.96 1.39
17 0.54 0.23 2.8 0.35 1.1 0.32 22.76 1.29
18 0.62 0.33 39 0.38 0.16 0.79 1.54

19 0.61 0.43 4.6 0.52 0.20 0.78 1.18

20 0.56 0.57 43 0.69 0.28 0.81 0.69

21 0.55 0.39 3.8 0.87

22 0.63 0.51 3.52 0.78

23 0.62 0.48 3.44 0.88

24 0.61 0.31 32 0.89

25 0.41 0.6 34 0.85

26 0.67 0.39 3.35 0.87

27 0.58 0.55 312 0.91

28 0.54 0.58 3.0 0.92

29 0.54 0.58 2.95 0.85

30 0.6 0.47 3.1 0.84

31 0.54 0.42 3.72 0.36 0.31 0.78 0.68 1.12

32 0.52 0.38 4.05 0.37 0.21 0.75 0.60 1.18 1.9 0.49

33 0.44 0.33 3.46 0.39 0.22 0.72 0.62 1.40 1.8 0.38

34 0.53 0.31 411 0.42 0.20 0.74 0.61 1.29 1.6 0.50

35 0.52 0.32 3.98 0.41 0.21 0.75 0.65 1.60 1.71 0.48

36 0.53 0.76 4.61 1.09 0.89 0.75 0.63 1.25 1.74 0.54 29.64 2.0
37 0.54 0.99 3.99 1.05 1.88 0.88 0.84 1.06 16.62 0.52 38.48 3.34
38 0.56 0.98 4.25 1.19 217 0.87 0.83 1.09 17.23 0.55 39.56 3.38
39 0.57 1.06 4.11 1.13 2.16 0.87 0.83 1.09 17.31 0.53 39.44 3.42
40 0.56 1.02 4.25 1.14 2.19 0.87 0.83 1.09 17.87 0.54 39.52 3.34
41 0.68 0.37 3.51 0.73 0.52 0.78 0.68 0.91 1.36 0.53 28.79 1.31
42 0.61 0.53 3.6 0.65 0.53 0.77 0.66 0.92 1.31 0.59 29.32 1.27
43 0.57 0.73 3.55 0.9 0.79 0.81 0.74 0.82

44 0.56 0.81 2.79 1.49 1.17 0.85 0.81 0.64 1.15 0.64 27.26 1.57
45 0.57 0.62 2.82 1.53 1.18 0.88 0.86 0.95 1.32 0.56 28.86 1.47
46 0.55 0.76 3.06 1.19 1.10 0.86 0.81 0.66 1.09 0.32 27.95 1.55

R1, Cy9/Cys tricyclic terpanes; R2, C,,/Cy; tricyclic terpanes; R3, C,4/Cys tricyclic terpanes; R4, Cy6/Css tricyclic terpanes; RS, Cy4 tetracyclic
terpanes/Cyq tricyclic terpanes; R6, Ts/Tm trisnorhopanes; R7, diahopane/hopane; R8, norhopane/hopane; R9, oleanane/hopane; R10,
gammacerane/hopane; R11, Cz, 22S/(22S + 22R) homohopanes; R12, C;35/Cs,4 extended hopanes; R13, %C,; aoaR; R14, % Cog avaR; R15,
% Cyg aoR; R16, Cyg 20S/(20S + 20R); R17, Cyg B/I(BS + ao); R18, C,; diasteranes/regular steranes; R19, %Cso aaaR; R20, steranes/
hopanes; R21, tricyclic terpanes/hopanes; R22, RC = [((0.6)*(1.5%(2MP + 3MP))/(PHEN + 9MP + 1MP)) + 0.37]; R23, MPI,
methylphenanthrenes  index = [1.5%*(3MP + 2MP))/(PHEN + 9MP + 1IMP]; R24, DBT/P = DBT/phenanthrene; R25, n-C;/
methylcyclohexane; R26, toluene/n-Cy; R27, heptane value (H); R28, isoheptane value (I)

“Parameters used in multivariate statistical analysis

et al. 2005). The m/z 191 mass chromatograms observed in highly mature crude oils and source rock
(Fig. 13) show that the tricyclic terpane distributions extracts from marine carbonate and saline lacustrine
and ratios (Table 5) can be used to distinguish the environments (Zumberge 1987; Mello et al. 1988; de
oils. The Suez Rift oil samples from the southern Grande et al. 1993; Peters 2000).

sector oilfields (e.g., Shadwan and Saqqara) show Several tricyclic and tetracyclic terpanes ratios
prominent tricyclic terpanes and characteristically can be used to distinguish between marine, fresh-
high abundance of the C,3 homologue as well as the water lacustrine, terrigenous, and saline lacustrine

C19-C5¢ extended series over the higher Cy;—Css oils (Aquino Neto et al. 1982; Ourisson et al. 1982;
hopanoids. Abundant tricyclic terpanes is commonly de Grande et al. 1993). The studied oil samples show
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Fig. 14. (a) Relation between dibenzothiophene (DBT)/
phenanthrene (P) and sulfur content (% S, wt%), and
(b) Pr/Ph versus DBT/P for the Gulf of Suez oils.

a pattern from north to south suggesting spatial
differences in the organofacies of the source rock.
For example, C]Q/C23, C24/C23, C26/C25, C30 dia-
hopane/hopane, Ts/Tm, oleanane/hopane ratios in-
crease, whereas Cy/Cyy, Cyy tetracyclic terpane/Cyg
tricyclic terpane, C,9 30-norhopane/hopane ratios
decrease, indicating increased higher-plant input,
higher thermal maturity, or different redox condi-
tions during source rock deposition (Zumberge
1983; Moldowan et al. 1994; Peters et al. 2005). This
finding is supported by plots of dibenzothiophene/
phenanthrene (DBT/P) versus sulfur (Fig. 14a) and
Pr/Ph versus DBT/P (Fig. 14b; Hughes et al. 1995).
Nearly all sampled oils have DBT/P ratios > 1
implying marine marl/carbonate sulfate-rich source
rocks with a strong reducing depositional environ-
ment. Samples from the Safa, Warda, Edfu, and
Sagqara oils in the southern part of the Suez rift
have DBT/P ratios <1 (Table 5), which indicate
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that the source rocks for these oils were deposited in
a mildly reducing marine shale environment.

One of the prominent features in the Gulf of
Suez oils is the presence of high concentrations of
gammacerane (Fig. 13; Table 5). Our results show
significant abundance of gammacerane in the oil
suite, and the gammacerane index is as high as 0.8
(Table 5). The overall low Pr/Ph ratios and the high
homohopane indices (Css/Cs4 ratios mostly > 1.0)
correlate well with the gammacerane index (Ta-
ble 5), which make them good indicators for en-
hanced evaporitic or high-salinity environments
accompanied by anoxic deposition conditions (Di-
dyk et al. 1978; Mello et al. 1988; Peters and Mol-
dowan 1991; Sinninghe Damsté et al. 1995) in the
Gulf of Suez basin. Rohrback (1983) identified only
low concentrations of gammacerane in most of Gulf
of Suez oils and concluded that the unusual occur-
rence of abundant gammacerane in oils from
Devonian reservoirs is due to migration—contami-
nation from Carboniferous black shale cap rock.

Relating crude oil biomarkers to organisms
whose remains were incorporated into the source
rocks is commonly done using sterane ternary dia-
grams (Fig. 10). The C,7—Cys—Cy9 steranes ternary
diagram (Fig. 10) shows that most of the analyzed
oil samples have similar sterane patterns, indicating
that they were generated from similar source rocks
or different organofacies of the same source rock.
The general sterane distribution suggests generation
from source rock containing predominantly marine
plankton/bacterial-derived organic matter with
minor terrigenous input (Seifert and Moldowan
1978; Huang and Meinschein 1979; Moldowan et al.
1985). The high contribution of eukaryotes versus
prokaryotes is evidenced by moderate-to-high rela-
tive proportions of steranes to hopanes (Table 5).
The prevailing marine source rocks is also evidenced
by the presence of 24-n-propylcholestanes (Csg
steranes), which are believed to be derived from
Chrysophyte algae of Sarcinochrysidales order
(Moldowan et al. 1985, 1990).

Thermal Maturity of the Gulf of Suez Oils

In petroleum geochemistry, stereoisomerization
or the relative thermal stability of the compounds
toward C-C bond cracking is the basic concept of
thermal maturity parameters. Biomarker stereoiso-
merization ratios are among the most useful mea-
sures of thermal maturity because biomarkers are
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common in rock extracts and crude oils (Peters et al.
2005).

Numerous saturated and aromatic biomarker
ratios can be used to assess thermal maturity of
crude oils (Seifert and Moldowan 1979, 1981, 1986;
Peters et al. 2005). The most reliable approach to
assess thermal maturity of oil is to start based on fast
reactions, especially stereoisomer ratios [e.g., Cs,
hopane %?22S/(22S + 22R)], followed by slower
reactions [e.g., %20S/(20S + 20R) and %pp/(BP +
o) Cyo steranes], and then followed by the even
slower reactions, such as mono- or triaromatic side-
chain cleavage ratios.

Nearly all oil samples achieved the Cs, hopane
%22S endpoint (~ 57-62%), which represents
thermal maturity equivalent to at least the early oil
window (Seifert and Moldowan 1986). The Suez oils

have C,g sterane %20S/(20S + 20R) ratios of 0.30-
0.64 and %pp/(pS + ao) ratios of 0.41-0.68 (Ta-
ble 5), indicating that the oil samples were gener-
ated from source rocks that range from early (~ 0.6
R,% for most samples) to the peak of the oil win-
dow, which approximately corresponds to ~ 0.8-0.9
R,% (Fig. 11). It is interesting to note here that
some oil samples deviate to the lower right of the
maturity curve (Fig. 11), which suggests that sec-
ondary migration may cause the enrichment of the
% Bp rather than the %20S C,g steranes (Seifert and
Moldowan 1981).

It is preferable to support the biomarker
maturity parameters by additional non-biomarker
maturity measurements to corroborate interpreta-
tions of oil maturity. Phenanthrenes (P; m/z 178)
and methylphenanthrenes (MP; m/z 192) and the
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ratios. A dashed line of repeatability was established based on two replicate analyses of the Sinai A and Sinai B oil samples.
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calculated vitrinite reflectance value (%Rc) based
on the methylphenanthrenes index or MPI (Radke
and Welte 1983) are the most widely used aromatic
maturity parameters. The results from the aromatic
maturity parameters correlate with the interpreta-
tions based on the biomarker maturity parameters.
The MPI values for the samples (0.60-0.86) reveal a
wide range of thermal maturity spanning the early to
peak oil window where the calculated Rc ranges
from 0.72 to 0.88% (Table 5).

Light hydrocarbons are widely used to evaluate
reservoir alteration processes, thermal maturity, and
oil-oil and oil-condensate correlation (Thompson
1987; Mango 1990; El Diasty 2015). The n-heptane/
methylcyclohexane (paraffinicity) for most samples
is > 1.0, whereas toluene/n-heptane (aromaticity) is
fairly low (~ 0.5). Based on the paraffinicity and
aromaticity relationships (Table 5; Fig. 15a), none
of the Gulf of Suez oils were subjected to in-reser-
voir evaporative fractionation, but may have expe-
rienced secondary changes (i.e., possibly related to
maturation or water washing) or prolonged migra-
tion. As evidenced earlier from GC and biomarker
data, water washing seems an unlikely explanation
as none of the oils is biodegraded. Rohrback (1983)
suggested that the high n-heptane/methylcyclohex-
ane ratios might be due to the high water salinity
that reduces oil solubility (Wever 2000). We see that
maturation is the major factor that greatly modifies
oil variability in the Gulf of Suez; however, migra-
tion history and spatial and temporal organofacies
variations of the putative source rocks are also in-
cluded.

Heptane and isoheptane values of Thompson
(1987) are sensitive parameters to changes in ther-
mal maturity as they increase with increasing ther-
mal stress. The plot of heptane versus isoheptane
indices (Fig. 15b) confirms again the effect of
maturity among the Suez Rift oils where the North
Shadwan oils (southern sector) plot in the super-
mature oil region, consistent with the API and bio-
marker maturity parameters.

0il Chemometrics

In this study, we use chemometrics or multi-
variate statistical analyses (El Diasty et al. 2016;
Peters et al. 2016) to evaluate large geochemical
data sets to understand, correlate, and classify 46
crude oil samples from the Gulf of Suez into genetic
families. Decision tree chemometrics was conducted

Fig. 17. Various biomarker plots; Cyg vs. Cy9 regular steranes; »
Ts/Tm trisnorhopanes vs. diahopane/hopane; C,; diasteranes/
regular steranes vs. diahopane/hopane; %Cs, steranes vs.
oleanane/hopane; gammacerane/hopane vs. Cp; diasteranes/
regular steranes; Cy/Cy; vs. Cps/Cys tricyclic terpanes; Cio/Cys
tricyclic terpanes vs. C,4 tetracyclic terpanes/C,q tricyclic
terpanes; and C,; regular steranes vs. steranes/hopanes for the
six Gulf of Suez oil families.

using 16 source-related biomarker ratios, including;
C19/Caz, Cro/Coy, Cas/Cps, Cae/Cas tricyclic terpanes;
C,,4 tetracyclic terpane/Cyq tricyclic terpane; Ts/Tm;
diahopane/hopane; C,9 30-norhopane/hopane; olea-
nane/hopane; gammacerane/hopane; steranes/ho-
panes; %Cy7, %Css, %Cy9 acaR-steranes; Csg
steranes; and the C,; diasterane/regular sterane ra-
tios. A dashed line of repeatability was established
for Figure 16 based on two replicate analyses of the
Sinai oil samples (Sinai B and Sinai C; Table 5). Six
oil families were identified in the Gulf of Suez basin
(Figs. 16, 17, and 18a). Key biomarker parameters
used to distinguish different oil families are sum-
marized in Tables 4, 5. The chemometric differen-
tiations based on the biomarker parameters that
depict each oil family are defined below.

Family I contains three oil samples from the
Saqqara oilfield (Figs. 16, 17). The Saqqara oil
family is distinct from the other oil families and
shows relatively low sulfur content (0.34-0.62 wt%)
and high API gravity (38.4°-41.3°), which may
indicate high thermal maturity. High maturity is also
indicated by high %20S and %fi C,9 steranes iso-
merization ratios of 0.49-0.54 and 0.55-0.57,
respectively. This oil family contains more higher-
plant and more angiosperm input based on high C;g
tricyclic terpane, high oleanane ratios (0.13-0.15),
and low Cj, steranes. The tricyclic terpanes are
more abundant than the pentacyclic terpanes. Other
biomarker ratios include elevated Pr/Ph (0.91-1.28),
DBT/P = 0.64-0.95, canonical variable = — 0.02 to
— 0.56, high diahopane/hopane, Ts/Tm, diasteranes/
regular steranes (Fig. 17), which indicates marine
shale source rock with more catalytic clays (see So-
fer 1984; Hughes et al. 1995).

The oil samples from the Matulla reservoir in
the North Shadwan oilfield belong to Family II
group. This oil group shows very high thermal
maturity based on light hydrocarbon data, such as
high paraffinicity ratios (up to 17.87), heptane and
isoheptane values (38.48-39.56 and 3.34-3.42,
respectively), moderate-to-high API  gravities
(25.5°-36.4°), and moderate sulfur content (0.87-
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Fig. 18. (a) 3D view of principal component analysis (PCA) identifies oil families in the Gulf of Suez basin and (b)
outlier diagnostics plot based on sample residual and Mahalanobis distance to emphasize confidence in the oil
classifications. The oil samples are color-coded by family.
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Table 6. InStep report for oil-source correlation in the Gulf of Suez Rift basin
No. Field Depth (m) Formation Category Classification
1 Geisum 1210 Belayim 0 Not classified
2 Amal 1862 Belayim 0 Not classified
3 Morgan 2408 Rudeis 2 Family II fair match
4 North Shadwan 3347 Rudeis 5 Family V fair match
5 Ras Ghara 3400 Rudeis 4 Family IV fair match
6 Ras Ghara 3415 Rudeis 2 Family II fair match
7 Ras Ghara 3465 Rudeis 3 Family III fair match
8 Ras Ghara 3520 Rudeis 3 Family III fair match
9 Belayim Land 4050 Rudeis 0 Not classified
10 Ras Ghara 2010 Nukhul 5 Family V good match
11 Ras Ghara 2016 Nukhul 5 Family V fair match
12 Ras Ghara 2169 Nukhul 5 Family V fair match
13 Geisum 2316 Nukhul 2 Family II fair match
14 Ras Ghara 3615 Nukhul 2 Family II fair match
15 Amer 948 Thebes 5 Family V good match
16 Amal 2716 Thebes 5 Family V fair match
17 Sinai 3090 Thebes 4 Family IV fair match
18 Morgan 3094 Thebes 2 Family II fair match
19 October 3139 Thebes 5 Family V good match
20 Belayim Marine 3210 Thebes 5 Family V good match
21 Belayim Marine 3216 Thebes 5 Family V good match
22 July 3502 Thebes 2 Family II fair match
23 SB 276 3871 Thebes 3 Family IIT good match
24 Geisum 2560 Esna 4 Family IV good match
25 Sinai 3100 Esna 5 Family V good match
26 Amer 1149 Br. LS 4 Family IV fair match
27 Ras Ghara 2208 Br. LS 5 Family V fair match
28 Geisum 2682 Br. LS 3 Family III good match
29 Amal 2807 Br. LS 2 Family II fair match
30 Sinai 3120 Br. LS 5 Family V fair match
31 October 3554 Br. LS 5 Family V good match
32 July 3566 Br. LS 2 Family II fair match
33 October 3590 Br. LS 2 Family II fair match
34 North Shadwan 3669 Br. LS 5 Family V fair match
35 SB 276 4081 Br. LS 3 Family III fair match
36 Belayim Land 4722 Br. LS 2 Family II fair match
37 Sinai 3180 Matulla 5 Family V fair match
38 North Shadwan 3749 Matulla 2 Family II fair match
39 SB 276 4124 Matulla 3 Family III fair match

0.94). High diahopane/hopane, Ts/Tm, diasteranes/
steranes, and little or no oleanane (Table 5; Fig. 17)
suggest clay-rich source rocks or highly mature oils.
The tricyclic terpanes are more abundant than
pentacyclic terpanes but less than the case of Family
I oil. The low Pr/Ph ratios (0.74-0.76, except 1.36 for
North Shadwan-4; 3890 m), very high gammacerane
indices (0.60-0.80), high C;5/C;4 homohopanes
(1.39-1.80), DBT/P = 1.06-1.09, CV =—0.35 to
— 0.12 indicate hypersaline anoxic conditions with
sulfate-rich marine carbonate or mixed source rocks.

Eight oil samples from Edfu, Ramadan, South
Gharib, and July fields are classified as Family 111
and two oil samples from Warda and Safa are a

subfamily. Family III oil has intermediate clay con-
tent with lower thermal maturity than Family II oil
based on moderate diahopane/hopane, Ts/Tm,
diasteranes/regular steranes, and higher terrigenous
plant input (%Cyy). Other important bulk and bio-
marker characteristics that distinguish Family III
from other families (Figs. 16, 17) include moderate
API (23°-35°), high sulfur (1.09-1.69 wt%, except
for Warda and Edfu: 0.53-0.71 wt%), low Pr/Ph
(0.75-0.89), DBT/P = 0.82-1.11; and CV = — 1.32 to
0.23, which suggest sulfate-rich marine carbonate or
mixed source rock facies (Fig. 17).

In spite of different reservoir formations (Mat-
ulla, Nukhul, Rudeis, and Kareem), Family IV oils
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from Ras Ghara and Sinai oilfields, in addition to
North Shadwan-1 oil sample, are substantially simi-
lar to each other and different from other oils.
Family IV oils have the highest C,g sterane content
(33-37%). However, Family IV oils have widely
varying source biomarker signatures (Table 5;
Figs. 16, 17). For example, these oils are character-
ized by light isotopic ratios (— 30.1 to — 27.7 for
513C5at), whereas the anomalous sample from Kar-
eem oil reservoir (3044-3084 m) from the Ras
Ghara-5 well (Fig. 7) is characterized by heavy car-
bon isotopic values (— 24.5%, for 03Cgqy and
— 22.6%, for 6"°Cayo). Family IV oils have Pr/Ph
ratios mostly < 1.0, low-to-moderate oleanane con-
tent (0.02-0.13), high gammacerane (> 0.2) and
predominance of homohopane series. These geo-
chemical characteristics pinpoint to derivation from
algal and terrigenous organic matter deposited un-
der suboxic—anoxic hypersaline shaly source rocks
not older than the Late Cretaceous. Oil from Ras
Ghara-5 has low amounts of tricyclic terpanes, high
isoprenoid ratio (Pr/Ph = 1.37), high diasteranes and
oleananes (> 0.20), near absence of gammacerane,
and high diasteranes and diahopanes. These features
point to an origin from a Tertiary clay-rich source
rock deposited under suboxic—anoxic non-hyper-
saline depositional settings.

Family V includes 11 oil samples from the Abu
Rudeis, Morgan, Belayim Marine, October, Um El
Yusr, and Bakr in the central part of the Gulf of
Suez (Fig. 1), and Zaafarana and Morgan-1 samples
were identified as a separate subfamily. This oil
family has relatively low API gravity (12°-27°) and
high to very high sulfur (1.66-4.31 wt%). The low
Pr/Ph (0.59-0.94), moderate-to-high DBT/P (0.69-
1.60), and canonical variable (CV =-132 to
— 0.03) are consistent with anoxic marine carbon-
ate/marl facies source rocks. These source rocks are
clay-poor based on low diahopane/hopane, Ts/Tm
and diasteranes/steranes, and more marly character
(elevated C,, tetracyclic terpanes and high C,,/Cyy
tricyclic terpanes).

With the Matulla as the principal reservoir, in
addition to Nubia, Thebes, and Nukhul reservoirs,
oil samples from Abu Rudeis (1-5) Abu Zenima and
Sidri oilfields are linked to Family V1. This oil family
resembles Family V where API gravity is low (12.8°-
22.6°), with high sulfur (1.05-3.69 wt%), and low Pr/
Ph (0.49-0.73). The common features of the envi-
ronment of deposition of source rocks for this oil
family include, low clay (low diahopane/hopane, Ts/
Tm, diasteranes/regular steranes), shaly (high C,4/

Cy3, low or no oleanane, and Czo steranes), and
unstratified water column (low gammacerane/ho-
pane, Cs5/Cs4 homohopanes), which are consistent
with a marine carbonate environment.

Figure 18b shows an outlier diagnostics plot
based on sample residual and Mahalanobis distance.
In this figure, the samples are color-coded by family.
The two black lines divide the plot into four quad-
rants. Samples in the lower left quadrant (nearly all
samples) show PCA results that are well behaved
and none are outliers. The quadrant at upper right
contains no samples. If it did, those samples would
clearly be outliers and their classification would be
problematic. A few samples (i.e., Ras Ghara-5,
North Shadwan-1, Zaafarana, and Abu Zenima oils)
in the quadrant at lower right fall within accept-
able values of sample residual, but are outside the
Mabhalanobis distance that would indicate accept-
able classification. These samples might be consid-
ered outliers, but their classification is likely
acceptable.

Qil-Source Correlation

The genetic relationship between recovered
hydrocarbons and probable source rocks is the crit-
ical link to establish the petroleum systems in ma-
ture rift systems (Katz 1995; El Diasty et al. 2014,
2017a). Oil-to-source rock correlation is a more
difficult task than oil-oil correlation (Hunt 1996) for
multiple reasons: (1) a few samples cannot ade-
quately represent oil generated from a thick source
interval having varying character; (2) throughout
their generation history, source rocks do not yield oil
of the same composition; and (3) the composition of
the bitumen from the rock is not necessarily the
same in the fine pores of the rock matrix as it is in
the micro-fractures and bedding planes.

Based on screening analyses, molecular and
isotopic characteristics of the oils, and the above-
mentioned source rock extracts, a positive oil-
source correlation seems to be evident between
them and indicates that the Gulf of Suez oils likely
incorporate contributions from the Campanian
(Brown Limestone), Paleocene (Esna), Eocene
(Thebes), and Lower Miocene (Nukhul) formations.
Carbon isotope ratios of the saturated and aromatic
fractions from extractable rock bitumen are similar
to those of the Gulf of Suez oils in Figure 6.

Gas chromatographic distributions and iso-
prenoid branched hydrocarbons also provide evi-
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dence for correlation purposes. The n-alkane distri-
butions and isoprenoid ratios for extracts from dif-
ferent source rock intervals show good correlation
with the Gulf of Suez oils (Fig. 9). Likewise, com-
parison of the sterane distributions of the extracts
with that of the oils (Fig. 10) indicates similar mar-
ine plankton/bacterial organic matter and nearly
identical source rock depositional environments.
The overall geochemical similarity between the Gulf
of Suez oils and the analyzed source rocks confirms
the mixed nature of these fluids and suggests that no
single source rock horizon is responsible for the oil.
Although immature in some cases, most of the rock
samples show sufficient maturity to be active source
rocks for the oil generation (Fig. 11).

Oil-source correlation in the Gulf of Suez can
be significantly improved using a more advanced
tool that can manage many source variables and find
the best fit between candidate source rocks and the
oil samples.

Table 6 shows the InStep report from the wat-
ched folder consisting of six columns. Column 2 lists
the extract samples; the ‘“‘category’” or family des-
ignation is in column 5 with the degree of fit in
column 6. Additional information is given in col-
umns 1, 3, and 4. The results of the analyses include
seven “good” fits of extracts to oil Family V (central
Gulf of Suez), two ‘““good” fits to oil Family III
(northern south Gulf of Suez), and one “good” fit to
oil Family IV (eastern south Gulf of Suez; Table 6).
This means that, of all the stratigraphic units studied
in the Gulf of Suez, the bulk of evidence points to
the Brown Limestone, Esna, Thebes, and Nukhul
formations as the best candidate source rocks for
Family 111, Family IV, and Family V oils (Table 6).
Interestingly, none of the rock extracts classify as
Family I (western south Gulf of Suez) or Family VI
(eastern central Gulf of Suez). Because there are so
few samples in some of the categories (especially
Family I), the SIMCA model has only two factors, a
setting that could yield some failed classifications of
future data because of the lack of information built
into the model. “Fair” matches are less likely to be
valid.

Finally, the Gulf of Suez is a reasonably mature
basin and still awaiting renewal with either state-of-
the-art seismic imaging, or, ultimately, the develop-
ment of unconventional plays in the organically rich
stratigraphic intervals of the Thebes and Brown
Limestone.
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CONCLUSIONS

One hundred and twenty-three Upper Creta-
ceous—Lower Miocene source rocks and 46 crude
oil samples from the Gulf of Suez Rift basin were
selected for detailed bulk geochemical, biomarker,
and stable carbon isotopic analyses in order to dif-
ferentiate oil families using chemometrics and
establish genetic relationships between oils and
various petroleum source units. The main results of
the study are outlined below:

e The Gulf of Suez contains several organic-
rich intervals, but the pre-rift Brown Lime-
stone and Thebes source rock samples con-
tain very good-to-excellent organic content.
However, the Miocene rocks are rated fair to
good where the sedimentary environment has
been less favorable for preservation of or-
ganic material.

e HI and T,,.x pyrolysis data indicate variable
kerogen type and maturation histories in
different parts of the Suez Rift basin, which
are related to differences in organic facies,
paleo-heat flow, and lithology-related heat
conductivity and heat capacity. The vast
majority of the analyzed samples fall along
the Type II and Type II/III kerogen matura-
tion paths with a few samples falling within
the Type I or Type III kerogen maturation
pathways.

e Alkane and aromatic hydrocarbon fractions
yield carbon isotope and biomarker ratios in
the bitumen samples that indicate predomi-
nantly anoxic conditions and substantial al-
gal/bacterial marine-derived organic matter
with minor terrigenous input to the source
rocks. Abundant gammacerane implies
deposition in stratified saline to hypersaline
anoxic water with significant halophilic bac-
terial input to these sediments.

e Maturity-related parameters show that most
of the Gulf of Suez source rocks were not
buried deeper than the early oil generation
window and generally the extract samples
vary from immature to the main stage of oil
window with %R, < 0.9.

e The Gulf of Suez oils exhibit a wide range of
chemical composition from heavy-to-medium
API gravity and moderate-to-high sulfur
content. The quantity of sulfur decreases
systematically with increasing oil gravity from
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north to south, consistent with greater crustal
extension and thermal subsidence of the
southern sector compared to the central and
northern provinces of the Suez Rift.

e Based on stable carbon isotope compositions,
n-alkanes, isoprenoids, and sterane and ter-
pane biomarkers, the Gulf of Suez oils were
derived from carbonate/marl source rocks
rich in phytoplankton/benthic algae and bac-
terial organic matter with fair contribution of
terrigenous organic debris, deposited under
anoxic conditions with different thermal
maturity histories equivalent to at least the
early oil window.

e Chemometric analysis using 16 source-related
biomarker and isotope ratios for 46 oil sam-
ples identifies six genetic families in the Gulf
of Suez basin. The oil families share common
characteristics where the precursor organic
matter deposited in a restricted marine envi-
ronment where the contribution of land-de-
rived organic matter is limited. Thermal
maturation is a major factor that accounts for
variable compositions among the Gulf of
Suez oil families. However, migration history
and spatial and temporal organofacies varia-
tions of the putative source rocks are also
included.

e The overall geochemical similarity between
the Gulf of Suez oils and the analyzed source
rocks confirms the mixed nature of these
fluids and suggests that no single source rock
horizon is likely to have sourced the oil in this
promising rift basin. Based on oil-source
correlation and an InStep chemometric deci-
sion tree model, the Brown Limestone, Esna,
Thebes, and Nukhul formations are the
effective source rocks for Family III, Family
IV, and Family V oils, whereas none of the
source rock extracts has been assigned for
Family I or Family VI oils.
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