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Abstract: Geochemical and lithological investigations in
the WON C-3X well record five organic-matter-rich inter-
vals (OMRIs) of effective source rocks. These OMRIs cor-
respond to moderate and good potentials. Two of these
intervals occurred within the L-Kharita member of the
Albian age represent 60.97% of the entire Albian thick-
ness. The rest of OMRIs belongs to the Abu-Roash G and F
members of the Late Cenomanian-Santonian age com-
prising 17.52 and 78.66% of their total thickness, respec-
tively. The calculated heat flow of the studied basin is
high within the range of 90.1-95.55 mW/m? from shal-
lower Abu-Roash F to deeper L-Kharita members. This
high-heat flow is efficient for shallowing in the maximum
threshold expulsion depth in the studied well to 2,000 m
and active source rock depth limit to 2,750 m. Thermal
maturity and burial history show that the source rock of
L-Kharita entered the oil generation from 97 Ma till the
late oil stage of 7.5 Ma, whereas the younger Abu-Roash G
and F members have entered oil generation since 56 Ma
and not reached peak oil yet. Hence, the source rock
intervals from Abu-Roash F and G are promising for ade-
quate oil generation.
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1 Introduction

The Beni Suef Basin (BSB) is located almost 150 km south
of Cairo, Egypt. The basin is separated into two pro-
vinces: the Western (WON) and the Eastern (EOP) pro-
vinces. It lies between longitudes 31° 30’ and 29° 50’ E and
latitudes 29° 25’ and 28° 31’ N [1,2]. This basin is consid-
ered as a part of the North West (NW) rift system in the
northeast African plate that was initiated at Early Cretaceous
(Figure 1a). The BSB is a rift basin, which has been evaluated
for petroleum exploration throughout the last two decades
and is stationarily considered a promising region presently
for the future hydrocarbon productivity [3,4].

The WON-C area, which is the study area, covers about
42 km?, situated west of the Nile at the northern part of
the Western Desert, bounded by latitudes 27° 00’ 00” and
29° 17’ 00” N and longitudes 30° 30’ 00” and 32° 00’ 00” E,
with elevation ranging between = +27 m from the mean sea
level, which represents the development lease of WON-C
(Figure 2b).

The study area is under exploration so far and con-
sidered as one of the main prospective portions for pet-
roleum exploration to the west of the Nile river. It was
discovered in January 2011 through the drilling of WON-
C-1X, which had been drilled to a total depth of 3741.42 m
with 30.48 m drilled in the basement. A sandstone body
of = (6.09-9.01 m) net sandstone of Abu-Roash G member
is producing oil at a rate of 298 barrels of oil per day
(BOPD). Moreover, the production of crude oil in the well
is characterized by low American Petroleum Institute (API)
gravity (25 API) and low pour point (—3°C [26.6°F]). From
more than 30 exploratory and development wells scattered
across the examined area, 4 were selected for the struc-
tural evaluation and attribute result integration of the
study area. These wells are WON-C-1X, WON-C-2X,
WON-C-3X, and WON-C-18 (Figure 1b).

The BSB has been explored in 1997. The oil field of the
BSB was discovered by the Seagull Energy Corporation, and
five more oil fields were discovered by Qarun Petroleum

8 Open Access. © 2021 Nader A. A. Edress et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/geo-2020-0306
mailto:nedress@outlook.com
mailto:nedress@science.helwan.edu.eg
mailto:saudy.darwish@agiba.com
mailto:amir_ismail@science.helwan.edu.eg
http://orcid.org/0000-0002-7320-486X
http://orcid.org/0000-0003-1167-0483

DE GRUYTER

30°E 35°E

Geochemical characterization of the source rock intervals

— 1537

606000 608000 610000 612000
s s s N

,
Zal
.
000904

(b)

30°N

Plate

! ,
| poram BaSIL 4
a7

i
> ﬁ //
7 Western Desert

0 100 200
————

Kms

Bahariya
Depression

ya _
Egypt

Lib

25°N

I
[T Mesozoic & Early Cenozoic basins
[_] Large Breached Inversion Folds
[ StudyArea

/:/ Strike slip zones

|
1
|
1
|
1
|
; A Contractional faults
1

l

X Inversion structures & Extensional faults

Arabian

704000
L
T
000¥0L

4 »
C_03x

30°N
702000
L
T
000202

»
C_02x

000002

.
C 01X
"

C_18

/=
:
:
é
é

25°E 30°E 35°E

Figure 1: (a) Egypt’s sedimentary basins and their major structures. AG stands for Abu-Gharadig basin, F stands for Faghur basin, and
S stands for Shushan basin. The Nubian fault system depicts the study area’s location after Bosworth et al. [5] and (b) the location of

the wells.

Company (QPC), despite the fact that the region is quickly
becoming one of the highest oil-producing provinces in
Egypt [6]. Table 1 shows a brief history of the following
four wells in the study area, including the selected well
(WON C-3X well) for geochemical analysis.

Hydrocarbons that originated from the Albian L-
Kharita (shales and siltstones) and Turonian Abu-Roash
F (carbonates) are presently believed to be expelled
and moved through up-dip structural closures along the
basin’s margins [7]. The profitable hydrocarbon source
rocks in the BSB are the Kharita and Alam El-Buieb for-
mations, which have a fair-to-good hydrocarbon poten-
tial with mainly oil and gas generation potential. It,
therefore, corresponds to the basin’s essential productive
sources [8].

In Egypt’s Western Desert, a Mesozoic petroleum
system is expected to be active [1,9,10]. Generally, Meso-
zoic source rocks and reservoirs within the basin contem-
porary synchronize tectonics of the Neo-Tethyan margin
period. The oil generated and expelled hydrocarbon
(HC) trapping during the Jurassic periods by rotating
fault blocks and cretaceous inversion antiform-like dome
structures. The compressive Senonian event overturned
existing extensional grabens, leading to form these antiform
structures [8,11].

The source rock is a sedimentary rock of one or mixed
components of shale, limestone, and/or marls that possess
a high concentration of organic matter (OM). To achieve
the richness of OM in the sediment in its primary deposi-
tional stages, a moderate-to-high influx of OM must be
controlled by the deposition processes in anoxic condi-
tions and a low sedimentation rate [12,13]. Therefore, the
sedimentary rock that can expel a commercial amount of
oil and/or gas is considered as a source rock where the
classification of the source rock is based on potentiality
(immature, mature, or postmature) and the OM (quality
and quantity) plus the thermal maturity rate [14,15].

Accordingly, the purpose of this study is to evaluate
the source rock nature, distribution, quality, and maturity
and to classify the source rock intervals through cumula-
tive depths reaching 442m in vertical thickness of the
studied well from the viewpoint of petroleum geochem-
istry. The geochemical analysis involves an evaluation of
three sedimentary rock units. The Lower-Cretaceous shale
of the Lower-Kharita (attain 149.96 m in vertical thickness)
and the Upper-Cretaceous of Abu-Roash F and G (attain
305.41 m in vertical thickness). The detection of oil thres-
hold depth, time of expulsion, and burial history modeling
is illustrated in this study to give a general view for the
further exploratory well of the interesting studied basin.
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Figure 2: The sequence of lithostratigraphic units of the WON C-3X well, BSB.
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Table 1: A summary of the main four wells in the study area
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Well Drilling/company Total depth (m) Pay zone/estimated rate

WON-C-1X  March 2011/QPC 3738.98 2.74 m pay zone and tested oil in Abu-Roash G sand with an estimated rate of
298 BOPD

WON-C-3X  September 2012/QPC  3535.68 3.04 m pay zone and tested oil in Abu-Roash G sand with an estimated rate of
450 BOPD

WON-C-2X  April 2013/QPC 3596.64 2.89 m pay zone and tested oil in Abu-Roash G sand with an estimated rate of
170 BOPD

WON-C-18 June 2014/QPC 2048.86 The well-tested oil in Abu-Roash G sand with an estimated rate of 110 BOPD

2 Geological setting

2.1 Stratigraphy

In the BSB, six different subsurface rock units have
already been recorded [7] (Figure 2). These units are
unconformably laying on the Precambrian complex of
igneous and metamorphic rocks. The Albian Kharita Fm
[16] considered the lowest rock units that overlay the
basement and underlay the Early-Cenomanian Bahariya
Fm. Kharita Fm is distinguished into two different litho-
logic members of L-Kharita Mb composed of siltstone
with minor shale and the U-Kharita Mb composed of
inter-beds of sandstone with minor siltstone inter-beds.
The Baharya Fm is composed mainly of siltstone and
sandstone intercalated with a streak of either shale and/or
limestone [16].

The G, F, E, D, C, B, and A members of the Late
Cenomanian—-Santonian Abu-Roash Fm are informally
distinguished into clastic terrigenous sediments of mem-
bers A, C, E, and G, whereas members B, D, and F are
mostly composed of carbonates and marls. The Khoman
Formation, which is eroded in the present well, is charac-
terized by chalk and lime mud with abundant chert bands
of the Campanian-Maastrichtian period. Undifferentiated
nonclastic to clastic sediments are deposited on unconfor-
mity upper surface of Abu-Roash and represent a marine to
the Nile fill sediments of Miocene-Recent in Age?

2.2 Regional structural setting

The BSB is a promising oil province, and it is the subject of
various geological studies by several scientific researchers
and oil companies, and several studies have been published
on the hydrocarbon potentialities of different subsurface
formations in the North Western Desert. All these studies
have shown that the potential source rocks are widespread
in space and time. Most results confirmed that the potential

source rocks and reservoirs for oil and gas are the Jurassic
and Upper Cretaceous formations.

The BSB is an intracontinental rift basin that devel-
oped during the Early Cretaceous period as Western
Gondwana broke up and the South and Equatorial Atlantic
Oceans opened up [3,4,8]. Along the Nile river, this basin
formed within Egypt’s unstable shelf [16]. The Kharita For-
mation is mainly responsible for the thick deposits that fill
this basin (1,350 m in total). These fluvial sediments (distri-
buted through a series of half-grabens) are believed to have
formed during an Early Cretaceous (Albian) period of exten-
sional tectonics that resulted in a rift-related major subsi-
dence [2]. The clockwise rotation of Central and North Africa
was most likely the cause of extensional tectonics across the
wider domain [17]. The BSB underwent a process of minor
folding during the Senonian, with extensive folds and fault-
related folds, which formed during a pulsed tectonic move-
ment of the Syrian Arc’s southwest remote arm [4,18,19]. The
sequencing and tectonic deformation characteristics are very
similar to the Syrian-Arc folding phase tectonic structures
found across many Western Desert oil fields [3,20].

At the northwestern end of a series of NW-SE-oriented
Cretaceous basin systems, the BSB extends across the Nile
from Egypt’s Western Desert to the Eastern Desert [20,21].
The East BSB is a broad graben system bounded on two
sides by NW-SE bounding faults [18].

Numerous Jurassic rift basins developed as a result of
rifting caused by the splitting of the North Africa/Arabia
plate from Europe [22]. Throughout the rifting process, the
Syrian Arc system formed due to NW to North-Northwest—
Southest (NNW-SE) to South-Southeast (SSE) shortening
that adversely affected Egypt as a consequence of the clo-
sure of Neo-Tethys resulting from the convergence of
African/Arabian and Eurasian plates during the Late Cre-
taceous. These forces resulted in the formation of North-
East (NE) to East North East (ENE) trending folds that
spanned Turkey, Egypt, and NE Libya [20]. The Syrian
Arc folds are particularly well documented in North Sinai
and the North-Western Desert [23].



1540 —— Nader A. A. Edress et al. DE GRUYTER
'NW Gendi Basin | Beni Suef Basin SE,
o A A A A_A A A

-1000

-2000

-3000

-

Khoman

-4000
m

Beni Suef i
e Basin Depocenter _ —

B sosement Upper kharita [ Formaton —_——————
B memoer - I onocve, M Ho oo AR50,
Figure 3: Regional geological cross section trending NW-SE passing through the BSB (modified after El Batal et al. [25]).

The Azhar-A2 well, with a maximum accumulated
stratigraphic thickness of up to 4,000 m and a complete
stratigraphic succession of the Early Cretaceous (Albian)
Kharita Formation, became the trough of the BSB [24]
(Figure 3).

3 Materials and methods

A geochemical data set analysis, including total organic
carbon (TOC), Rock-Eval pyrolysis (S1, S2, S3, and Tyax),
and a few of vitrinite reflectance measuring (R,) through
the exploratory WON C-3X well of a concession of west
BSB, were analyzed and interpreted under the permission
of the Egyptian General Petroleum Corporation (EGPC).

3.1 Sampling

A cutting sample from two-interval depths between 1982.71
and 2284.48 m and from 3363.47 to 3503.68 m was collected
for geochemical analysis. The sampled interval is picked
up, each 3.04m = 10 ft. The upper interval involves the
Abu-Roash F expressed by 13 cutting samples and Abu-
Roash G considered by 49 cutting samples, whereas the
lower interval represented particularly the older lower
Kharita shale of 47 cutting samples. All sample numbers
are in descending order from top to base for each repre-
sentative member.

Approximately 100-200 mg of each sample was washed
in distilled water to remove any contamination. Then the
samples were placed to dry at room temperature (25°C) to

prohibit any loss of hydrocarbon. The samples were crushed
and pulverized to 40 mesh (0.420 mm) and settled and
stirred in a beaker with 10% dilute HCL for 1h to eliminate
any carbonate contents in the specimen. Heating to 70°C
was applied for carbonate-rich samples like limestone and
dolostone. After discarding the carbonates, a subsequent
filtration and drying of powdered samples for the next geo-
chemical analysis were required.

3.2 Total organic carbon

After the removal of inorganic carbon in samples, a semi-
quantitative analysis was conducted based on a combus-
tion technique of 1 g of sample powder in Leco crucible at
1,200°C in an oxidized atmosphere. The dissolved and
undissolved organic carbon was converted to gaseous
state of CO and CO, that measured its amounts by infrared
detector and sensor. The results of the organic carbon were
calibrated and converted to be expressed in weight per-
centage. The TOC for present samples was measured by
using an infrared-based instrument of Leco C230 system.

3.3 Rock-Eval pyrolysis

Pyrolysis is a very important technique that simulates the
nature condition of maturation that affects the source
rock by increasing the temperature. It is conducted by
continuous heating of 65 mg of powdered samples at an
inert stream of helium gas with approximately a constant
rate of 25°C/min from 300 to 650°C. The gases produced
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during the continuous heating are measured by a flame
ionized detector (FID) [14,26].

Source Rock Analyzer™ pyrolysis is the instrument
used in this study to measure the quantitative amount
of hydrocarbon released during each stage of sample
heating. The results obtained are the amount of free
hydrocarbon (S1; milligram of HC per gram of rock) and
the amount of thermal cracking yield of solid OM (S2;
milligram of HC per gram of rock), both detected by
FID. Tpax is the maximum peak temperature of thermal
cracking involved in the S2 curve that is corresponding to
a maximum thermal HC yield, whereas S3 is the amount
of CO, that was released from the pyrolysis of the kerogen
(S3; milligram of CO, per gram of rock) and detected by IR
detector.

Besides the important parameters measured directly
from the pyrolysis technique, other calculated parameters
based on many researchers are considered for the deter-
mination of quantity, quality, and state of maturation of
source rock and are applied in the studied well [12,27-30].
Parameters used for the determination of the kerogen
quantity are genetic potential (GP = S1 + S2), migration
index (MI = S1/TOC), and oil saturation index (OSI = S1 x
100/TOC). Other parameters used to determine kerogen
quality are hydrogen index (HI = S2/TOC x 100), oxygen
index (OI = S3/TOC x 100), and S2/S3. The maturity state is
mainly used to calculate the parameter of production
index (PI = S1/[S1 + S2]) with Ty ax.

Because of a limited number of R, measuring sam-
ples for the studied well, the calculated R, is instead the
true measurement, applying to cover a wide range of
studied geochemical analysis based on the equation pos-
tulated by Jarvie et al. [29] (R;% = (0.0180 X Tmax) — 7.16).

The relative hydrocarbon potential (RHP) = (S1 + S2)/
TOC [31] versus depth and applying correlation coeffi-
cient and regression linear equation between the R,
against burial depth by statistical analysis of two variants
using Origin Pro v.15 software is used to determine expul-
sion threshold depth and active source rock limit depth.
Also, either Origin Pro or Corel Draw photo software suit
v.12 is used for cross plot samples in this study figures.
Burial history diagram and petroleum system are carried
out by using Petromode software v11.

4 Results and interpretations

According to the studied geochemical analysis, the 109
cutting samples involve three informal rock units from
top to base: the Abu-Roash F (27.13 m; from depth 1990.64
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to 2017.77 m), Abu-Roash G (278.28 m; from depth 2017.77 to
2296.05m), and L-Kharita (149.96 m; from depth 3358.28 to
3508.24 m). Hence our results are to consider the geochem-
ical properties of these three important rock units as shown
in Table 2.

4.1 Quantity nature of OM

The TOC analysis of the studied rock units shows a sig-
nificant variety. It ranges from 0.53 to 2.78 (average
1.26 wt%) for Abu-Roash F with gradual increase in the
TOC contents towards the base of this unit. Abu-Roash G
is characterized by TOC of 0.52-2.77 (average 0.93 wt%)
and 0.56-1.81 (averagel.22 wt%) for L-Kharita (Table 2).
The free hydrocarbon S1 is 0.04 at the top of the Abu-
Roash F, increasing slightly to reach 1.25 at the base
(average 0.43 mg HC/g rock). These S1 values represent
high contents of 1.09 at the uppermost part of Abu-Roash
G and obviously decrease in the entire sedimentary unit
to record their minimal amounts of 0.05 near its base with
an average of 0.18 mg HC/g rock. The L-Kharita has an
average of S1 amount equal to 0.3 mg HC/g rock within
the range of 0.09-0.92 (Table 2).

A migration index (MI = S1/TOC), according to Smith
[32], shows that all samples have MI values between 0.07
and 0.74 for all studied samples that refer to indigenous
hydrocarbon habitat. The OSI for the same stratigraphic
units is within the range of 7.47-74.13, with an average
value of 27.35, 15.49, and 24.05, respectively, for the stu-
died rock units from the top to the base (Table 2). All
measured samples have values of OSI <74.31. The plotted
diagram of 109 studied samples upon the S1 versus TOC
diagram of Jarvie et al. [29] illustrates that all samples lay
within the area of an indigenous hydrocarbon with no
contamination (Figure 4).

The generated cracking HC S2 for the studied rock
units shows that the Abu-Roash F shows increasing
values from 0.05 at the top reaching 17.35 at the bottom
with an average value of 7.08 mg HC/g rock. The Abu-
Roash G exhibits S2 values from 0.41 to 2.78 with an
average value of 2.35 mg HC/g rock, and L-Kharita of S2
values ranges from 0.5 to 2.49 with an average value
equalling 1.25 mg HC/g rock.

The S2 versus TOC diagram of Peters and Cassa [27]
shows that the Abu-Roash F samples lay within the three
zones of cracked generated HC of fair (46.15%; 6 samples),
good (30.77%; 4 samples), and very good (23.07%; 3 sam-
ples) (Figure 5). The other samples of Abu-Roash G and
L-Kharita are set within the fair and good cracked generated
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Figure 6: Plot diagram of GP versus TOC of the studied rock units
showing the generating potential of studied rock units [34].

has five samples of GP <2 representing 38.46%, two sam-
ples of fair (15.38%), two samples of good (15.38%), and
four samples of very good (30.76%). The GP of the Abu-
Roash G is dominated by 34 samples of poor (69.38%),
8 samples of fair (16.32%), 3 samples of good (6.12%), and
4 samples of very good (8.16%). L-Kharita has GP of
both dominant poor 76.59% (36 samples) and fair 23.4%
(11 samples; Table 2).

Cross plot of the samples at the GP versus TOC dia-
gram of Vandenbroucke and Largeau [34] shows that
the potential of HC generation of almost all samples of
the Abu-Roash F and L-Kharita fit in the poor area of the
diagram in Figure 6. Two samples (4.25%) of L-Kharita
are plotted in the fair area of the same diagram. Nine
samples (18.37%) of Abu-Roash G are scattered in areas
of fair, good, and very good (Figure 6), whereas eight
samples (61.53%) of Abu-Roash F have a GP range from
3.75 to 18.5 plotted in the areas of very good, good, and
fair (Table 2). The rest five samples (38.46%) of Abu-
Roash F are laid within the poor area absolutely from
the uppermost part of the rock unit.

4.2 OM genetic types

Five categories of kerogen types are distinguished in this
study based on two parameters: HI (<50, 50-200, 200-300,
300-600, and >600) and S2/S3 ratio (<1, 1-5, 5-10, 10-15,
and >15) according to earlier studies [15,27]. They are types
1V, III, II/1I1, II, and I of non-, gas-, gas and oil-, oil-, and
oil-prone HC in the respective order.
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Based on HI, the Abu-Roash F shows four categories
of kerogen types of III (38.46%; 5 samples), II (30.76%; 4
samples), I (23.07%; 3 samples), and mixed type II/III
(7.69%; 1 sample), whereas the Abu-Roash G shows three
kerogen categories of type III (79.59%; 39 samples), type
IT (16.32%; 8 samples), and type I (4%; 2 samples). All of
the samples from L-Kharita rock units belong to type III
(100%; 47 samples) (Table 2).

Based on the S2/S3 ratio, the Abu-Roash F shows five
categories of kerogen types from descending percen-
tages: II/III (38.46%; 5 samples), II (23.07%; 3 samples),
I (15.38%; 2 samples), IV (15.38%; 2 samples), and I
(7.69%; 1 sample). The Abu-Roash G also shows five cate-
gories of kerogen types. From a descending percentage,
they are types III (63.26%; 31 samples), IV (20.4%; 10
samples), II/III (8.16%; 4 samples), II (4.08%; 2 samples),
and I (4.08%; 2 samples). The samples from L-Kharita
exhibit a dominance of type III (87.23%; 41 samples),
whereas the rest of samples belongs to type IV (12.76%;
6 samples; Table 2).

In this study, the pseudo van-Krevelen diagram is used
to identify types of kerogen according to also Vandenbroucke
and Largeau [34], in which, the HI versus OI is used instead
of the original H/C versus O/C atomic ratios (Figure 7).
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Figure 7: Pseudo van-Krevelen diagram shows a dominated type of
kerogen in the present rock units [34].
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The representative samples plotted on the HI versus OI dia-
gram exhibit that the Abu-Roash F samples fit in the area of
type II (38.46%; 5 samples), types I and II of equal percen-
tages (23.07%; 3 samples for each of them), and type IV
(15.38%; 2 samples). The Abu-Roash G characterized by fall
samples within the field of type IV (46.93%; 23 samples),
type III (36.73%; 18 samples), type II (14.28%; 7 samples),
and type I (2%; 1 sample). The L-Kharita shows a mixture of
type III (59.57%; 28 samples) and type IV (40.42%; 19
samples).

The plotted studied samples on the S2 versus TOC,
according to Langford and Balanc-Valleron [35], show
that the Abu-Roash F has a variety of types I, II, and III
kerogen that amounts to 23% (3 samples), 30.77% (4 sam-
ples), and 46% (6 samples), respectively. The samples
belong to Abu-Roash G show a variety of type I (14%;
7 samples), mixed type II/III (22.48%; 11 samples), and
type III (63.26%; 31 samples). The L-Kharita rock unit
exhibits a unitype of kerogen where all samples set
within area of type III kerogen (Figure 8).

Two diagrams are selected to plot the studied sam-
ples regarding the different rock units based on their
amounts of HI and TOC. The first is according to Walters
[13] that combined the atomic H/C ratio in the same dia-
gram and the other by Delvaux et al. [36] focusing on the
type of hydrocarbon generated from the source rocks.
Accordingly, from the Abu-Roash F, one sample fits in
the area of good potential (7.69%), five samples plot in
the area of moderate potential (38.46%), and seven sam-
ples plot in the area of poor potential (53.84%). From them,
53.84% (seven samples) within the band of oil prone and
46.15% (six samples) are plotted in band of gas-oil prone.
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studied rock units [35].
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A study by Walters [13] distinguishes seven types of
kerogen; according to the author, the studied samples of
1-1.2 atomic H/C ratio including all samples of L-Kharita
and some of Abu-Roash G belong to type IIIC kerogen of
primarily vascular land plant and algae that were depos-
ited in coastal plains (oil-prone coals). The other set of
samples of H/C ratio between 1.2 and 1.4 of Abu-Roash G
and F indicates the marine algae and plankton origin and
is found within marine shale type II and type IIS within
marine carbonated and silicates.

As the same as from the diagram (Figure 9b), the
Abu-Roash F samples set within the areas of good-oil
source (38.46%; 5 samples), fair-oil source (61.53%; 8
samples), and gas-oil source (15.38%; 2 samples).

Similarly, the Abu-Roash G samples exhibit a variety
of good (8.16%; 4 samples), moderate (22.44%; 11 sam-
ples), and poor (72.34%; 34 samples) source potentials.
From them, 14.28% (7 samples) were set within the field
of oil prone and 85.71% (42 samples) within the field of
gas-oil prone (Figure 9a). Figure 9b shows that the Abu-
Roash G samples are laid within bands of fair-oil source
(69.38%; 34 samples) and gas-oil source (30.61%; 15 sam-
ples). The L-Kharita samples laid within the poor and
moderate potentials of 25.53% (12 samples) and 74.46%
(35 samples), respectively. L-Kharita samples are situated
in the area of gas-oil prone. The L-Kharita samples dom-
inate gas-oil sources of 89.36% (42 samples) to 100%
(47 samples) as shown in Figure 9a and b, whereas
10% (5 samples) of L-Kharita exhibit a fair-oil source
(Figure 9b).

4.3 The rate of OM maturity

The degree of metamorphism act on OM in the source
rock can be determined by some indexes like the Tpax,
PI, and R,. The thermal maturity as a function of burial
depth in the basin influenced by the type of OM, MM
associated, and age of source rocks [14,27,37] considers
immature OM in case of PI <0.1, Tax < 430°C, and R, <
0.62. If PI reaches 0.4 and T,,,x reaches 450-460°C with
R, < 0.9, it characterizes the top of the oil window, while
postmature OM is of Ty,ax > 470°C, PI >1, and R, > 1.35
[27], and the condense gas (late mature OM) is in-between
the oil and dry gas windows. Tissot and Welte [14] men-
tioned that the R, values of the oil window are different
based on the kerogen involved. The authors found that the
R, values of oil window for type I are initiated at 0.64%,
peaked at 1.1%, and eliminated at 1.4% R,, type II
(0.5-0.8-1.4% R,,), and type III (0.55-0.9-1.4% R,).
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Figure 9: Hl versus TOC cross plot of the studied rock units
according to Walters [13] in diagram (a) and Delvaux et al. [36] in
diagram (b).

Tmax of the Abu-Roash F samples has an average of
432°C within the range of 428-437°C. The Abu-Roash G
has an average Tp,.x equal to 438°C within the range of
429-445°C, whereas the L-Kharita has Tax within the
range of 448-465°C (average 458°C). The PI of the studied
samples of the Abu-Roash F has an average of 0.06, all
<0.1. The Abu-Roash G shows the PI values <0.1 (63.26%;
31 samples) and >0.1 (32.65%; 16 samples), whereas the
entire L-Kharita has the PI values between 0.11 and 0.28
(average 0.19). The calculated R, has a value progres-
sively increasing with depths of average 0.62 (Abu-Roash F),
0.73 (Abu-Roash G), and 1.09 (L-Kharita).

Cross plot of the studied rock units on the PI versus
Tmax diagram according to an earlier study [33] shows
that almost all of the Abu-Roash F and G rock units lay
in the mature oil window. Only 16 samples of Abu-Roash
G have PI >0.1 (Figure 10). In contrast, all the samples of
L-Kharita have the PI >1 to <0.3 and lay between the
mature oil window (68.08%; 32 samples) and wet-gas
zones (31.91%; 15 samples).
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Figure 10: Cross plot of Pl versus T;,,x shows the maturity of the
studied rock units [33].

Plotting the studied samples on the similar diagram
of maturity considering HI versus the T,., [38] (Figure 11)
shows that the Abu-Roash F and G rock units are plotted
within the area of oil-window involved a mixture of types
II and III, whereas all the samples from L-Kharita are
plotted within the field of condensate-wet gas of high
maturity level.

Furthermore, by plotting the studied rock units on
the source rock index (SRI) chart, established by Jiang
et al. [39] (Figurel2), the diagram shows that all rock
units have samples laying in the zones of SRI <0 char-
acteristics for the nonhydrocarbon source rocks, whereas
the other samples lay within the zones of either poor
source rocks of SRI 0-25 (dominated by Abu-Roash F
and G samples) or within the zones of medium source
rocks of SRI 25-50 (dominated by L-Kharita samples).

4.4 Prediction of expulsion threshold, active
source depth limit (ASDL) depths, and
heat flow

Two methods were used to determine the quantitative
depths in this study. The first is based on RHP versus
depth ratios, according to a study by Pang et al. [31],
and the other is based on R, versus depth ratios, according
to either concepts of maturity of Tissot and Welte [14] or
Peters and Cassa [27] (Figure 13). The correlation coeffi-
cient between the R, and depth shows a positive linear
relationship dot line (r = 0.95, and SD = 0.06) between
109 samples (Figure 13).
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®  Abu-Roash F ¢ Abu-Roash G A Kharita Shale

3.0 .
<
23
2
2.5 3
-~ 2 = Good
2 2l 2
S 204 2 2 source
< gl 8
= = -
=
g 154 @
= B
2
. <
051 % SRI=0
z
0 T T T T
0 0.5 1.0 I.5 2.0
Ro %

Figure 12: SRI chart of TOC versus R, of the studied rock units [39].

Detection of threshold expulsion depth in the present
study determines according to two ways; Directly from the
curve of the maximum recorded value of RHP plotted
against with depth according to ref. [31] (Fig. 13a). And,
indirectly, were done in two steps. The first step is by
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making a linear regression line between the R, and the
depth (Fig. 13b, c). Then the authors used the suggested
R, values for the oil window of involved kerogen type Il and
Il according to ref. [14] (Fig. 13b) and the according to R,
value of initial peak maturity according to ref. [27] (Fig. 13c).
The result shows that the depth of 2,000 m is the proposal
depth of expulsion threshold. From the same diagram
(Fig. 13) the ASDL depth is directly determined as a
minimum withdraw depth of the RHP curve as shown in
(Fig. 13a) or as the intersection limit depth of oil window
(peak mature) and condensate gas (late mature) (Fig. 13b, c).
The result shows that the ASDL depth is about 2,750 m.
Moreover, Pang et al. [31] discussed the mutual rela-
tionship between those depths not only based on the
burial depth and type of kerogen but also with a close
effect on the rate of heat flow within the basin itself. The
authors mentioned that the ASDL reduces in depth or
becomes shallower, <5,500 m within the basins charac-
terized by high-heat flow >70 mW/m? So based on our
prediction of ASDL at 2,750 m and the suggested equation of
Pang et al. [31] (ASDL = 16,202 — (2.63 x HI) — (139.46 x HF)),
we can calculate the heat flow within the studied basin.
The average heat flow affected the studied rock units of
Abu-Roash F (90.11 mW/m?), Abu-Roash G (93.06 mW/m?),
and L-Kharita (95.55 mW/m?) (Table 2). The above results
confirm that the studied basin is characterized by high-

heat flow that plays a role in shallowing of the ADSL depth
within the basin.

4.5 Lithology against rich and poor OM
intervals

To give a more accurate interpretation of the studied
source rock intervals within the well, the lithology must
be shared with the geochemical data as shown in Figure 14.
Our interpretation was established based on five factors
for poor rather than richness horizons. Step 1 used pre-
viously plotted diagrams to separate samples of IV kerogen
(Figure 7) and separate samples of SRI <0 (Figure 12) and
calculated parameters of S2/S3, TOC, and also GP to sepa-
rate low and intermediate horizons than the richest OM
horizon. Step 2 determines the types of sediments without
going into the details, and step 3 determines the maturity
level. The result is ten numbers each giving a basic idea
on each interval (Figure 14). The method succeeds in
determining the main pay zones and the optimal rich

source rock horizons in the field. The disturbance of
data in previous figures by this method is clear to inter-

pret easily. Ninety per cent of the Abu-Roash F is an
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optimal organic-rich source rock of limestone, argillac-
eous limestone, and shale of 27.13 m thick. The rest 10%
of the uppermost contact with the overlaying rock unit
is considered a medium-to-low source rock ranging in
maturity from early to peak mature. The Abu-Roash G is
composed of three intervals: the upper rich interval from
2017.77 to 2054.35m composed of optimal organic-rich
source rock, shale, and siltstone intercalated with three
separated pay zones each reaching 3-4m in thickness.
The second interval is presented by a dominant medium-
to-poor source rock from 2057.40 to 2228.08 m composed
of intercalations of shale, lime, siltstone, and few sand-
stones. The third interval at the lower part of the rock
unit from 2234.18 to 2296.05 m is characterized by upper
half of the optimal organic-rich source rock of shale,
limestone, argillaceous lime, and siltstone decreasing to
become medium and poor source at the base. At a depth
of 2242.30 m, a 10 m thick sandstone represents a reser-
voir, but it is not produced by the present well; however,
it is considered as a pay zone in other well in the field.
The L-Kharita is considered an organic-rich source rock
of shale and siltstone within the condensate mature zone.
The middle part of L-Kharita is characterized by at least
four pay zones of sandstone intercalation starting from
depth 3414.7 m until 3458.45 m.

4.6 Burial and thermal histories of
petroleum generation

The detailed construction of maturity history model of
source rock intervals within the studied well is applied
using one-dimensional basin-modeling Petro-mode software
(Figure 15). The distribution of the thermal maturity levels
of the studied basin is applied based on the Easy% R, [40]
to determine the time when the source rocks passed
through the oil window. The early oil generation for the
L-Kharita had begun after 97 Ma at the depth of 1508.77 m
till 93 Ma, where its upper surface reaches 158.96 m depth
within paleo temperature between 92.88 and 99.24°C.
L-Kharita entered the peak of oil at a time interval between
91 and 85 Ma within depth of 2072.64 and 2133.6 m, respec-
tively, within the temperature zone of 105.59-111.94°C
(Figure 15a). The late-oil zone recorded at 58 Ma where
the base of the member reached to a depth of 2758.44 m
at which the temperature was 124°C and ended at 7.5 Ma
where its upper bedding plain match a burial depth of
3230.88 m and temperature attains 137.35-143.71°C with
present-day R, (0.9-1.21). The younger Abu-Roash G and
F members, unlike the L-Kharita, only entered the early oil
generation beginning with Abu-Roash G since 56 Ma at a
burial depth of 1,524 m. Abu-Roash G still keeping at that
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Figure 14: Interpretation of OM-rich and -poor intervals through the studied well.

stage with a slight increase at a burial depth of 1,828 m till Accordingly, the promising source rocks for oil gen-
19 Ma, whereas Abu-Roash F entered the stage of early oil eration in the studied well are Abu-Roash F and G where
generation since 18 Ma with a burial depth of 1828.8 m. they have to enter the early stage of oil generation and
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Figure 15: (a) Thermal maturity and (b) burial model of the Abu-Roash F, Abu-Roash G, and L-Kharita source rocks for the studied well.

expulsion since 56 Ma. Whereas the L-Kharita member is
now at the late stage of oil and beginning of gas that refer
to had been generate and expelled enough quantity of
hydrocarbon during their thermal maturity history.

5 Conclusion

The authors believed that the entire thickness of Abu-
Roash F, Abu-Roash G, and L-Kharita and the three
important rocks in the BSB are source rocks. However,

the TOC, Rock-Eval parameters and indices plus inter-
preted lithology from wireline logs, and OM-rich and
-poor intervals set that assumption is not exactly valid.
The Abu-Roash F is an optimal oil-prone source rock from
an interval depth of 1997.96-2019.30 m (21.34 m) charac-
terized by TOC of a fair-to-high reach (2.78 wt%), GP is
fair to very good (3.75-18.47 mg HC/g rock), kerogen
types of (II and II/IIl), and HI values within the range
of 321-619 mg HC/g TOC of mostly deltaic and/or marine
setting. This source rock represents 78.66% of the entire
thickness of the Abu-Roash F that attain 27.13m. The
Abu-Roash G is a huge thick rock unit in this study to
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attain 278.28 m and also to contain two categories of source
rock of oil prone at the interval of 2019.3-2049.78 m
(30.48 m) and of oil-gas prone at the interval of 2235.71-
2254 m (18.29 m). The upper source rock of Abu-Roash G
is 30.48 m characterized by TOC of fair to high (1.16—
2.77 wt%), GP of fair to very good (2.67-16.88 mg HC/g
rock), kerogen types of (II-II/III), and HI values within
the range of 324-570 mg HC/g TOC of mainly deltaic and
marine origin. The lower source rock interval of the same
member is 18.29 m distinguished by TOC of fair to good
(0.96-1.46 wt%), GP is fair in-between (1.79-3.03 mg
HC/g rock), kerogen types of (III-II/III), and HI within
the range of 167-169 mg HC/g TOC of mainly terrestrial
origin. These source rock intervals of 30.48 and 18.29 m
thick are occupying only 17.52% of total Abu-Roash G
thickness. Furthermore, the lower and upper source
rock of Abu-Roash G alternative with the sandstone
reservoirs represents the main essential pay zones in
the studied basin of high MI (0.16-0.4), indicating in situ
free HC generation.

In contrast, a late mature L-Kharita shows an end of
oil generation and the start of gas-prone source rock at
two main intervals of OM rich are 51.82m in between
3372.61 and 3424.43 m depths and 39.62m in between
3436.62 and 3476.24 m depths. These source rock inter-
vals characterized by TOC of fair to good (1.02-1.72 wt%),
GP of fair within the range of 0.94-3.09 mg HC/g rock,
kerogen types (IlI), and low HI within the range of
82-145mg HC/g TOC of mainly terrestrial origin. The
gas-prone source rock intervals of L-Kharita comprise
60.97% (91.44 m) of entire thickness (149.96 m).

Organic-matter-rich interval (OMRI) versus organic
matter poor interval (OMPI) diagram established by the
authors (Figure 13) confirms that samples lay within these
five OMRISs of effective source rock correspond to moderate
and good potential, whereas samples showing a low
potential or even nonsource of OMPI are those samples
that do not belong to the five intervals in all presentative
diagrams. So, our diagram will helpfully be a tool in any
further interpretation to solve any geochemical distur-
bance data and to determine the actual thickness of effec-
tive source rocks in the studied basin.

The threshold of HC expulsion is recorded at the
depth of 2,000m, and ADSL of limit oil window is
detected at a depth of 2,750 m by a different method.
The BSB is considered a high-heat flow basin. Average
calculated heat flow reach to be responsible for shal-
lowing the HC expulsion depth in the basin to the recorded
value, whereas in basins of either medium- or low-heat flow
<75 mW/m?, it may reach deeper depths.
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Burial history model postulates that Abu-Roash F
and G source rocks are entering within the early oil gen-
eration since 56 Ma that confirms still an adequate quan-
tity of hydrocarbon generation and expulsion for those
source rocks. L-Kharita is now within the late oil stage
where it generates most of its oil throughout its peak
stage since 91 and 85 Ma.
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