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Abstract: This study investigates the petroleum potential of the Middle Jurassic Khatatba Formation (Fm) in
the Matruh Basin, northwestern Egypt. This formation shows in situ dual source and reservoir characteristics,
where alternations of fine and coarse clastics were deposited during semi-arid and semi-humid conditions due
to climate changes and Tethyan sea level fluctuations. The organic-rich shales and argillaceous siltstones are
fair to very good/excellent (TOCm wt%: 0.91-3.07) source rocks. They are rich in late mature to early postmature
mostly gas-prone organic facies C, which sourced the juxtaposing intraformational coarse clastics of the Lower
Safa Member with gas and condensates. The source rocks show poor to fair gas generation potential (S2: 0.38—
1.96, mg HC/g rock). The middle part of the Lower Safa Member shows excellent organic richness (TOCm wt%:
5.39 and 22.90) of early postmature gas-prone carbonaceous material and coal deposits. These coaly shale layers
exhibit fair to excellent wet gas and condensate generation potential (S2: 4.51-27.43, mg HC/g rock). Maturation
of the source rocks was related to the Late Jurassic—Early Cretaceous Tethyan rifting. The onset of oil generation
occurred in the Early Cretaceous (~ 116 Ma ago), while the onset of gas generation occurred in the Oligocene
(~ 24 Ma ago). Shales of the Lower Cretaceous Alam El Bueib Fm are primary sealing rocks, while carbonates
and shales of the Khatatba Fm are secondary sealing rocks. Trap types are structural, formed during the Late
Jurassic and Early Cretaceous rifting of the Matruh Basin. Sandstones of the Upper Safa Member show upward
increases in kaolinite and exhibit low-quality tight sandstone reservoirs. The Lower Safa Member sandstones
show better gas reservoir quality with lower shale volumes. Operationally, the Lower Safa sandstone reservoirs
in the Imhotep W-1X well are not suitable for gas production because they are ductile and show a high decline
in production and pressure. Overall, the petroleum system of the Khatatba Fm shows mainly fair hydrocarbon
potential in the study area.

Keywords: organic/inorganic geochemistry; organic petrography; petroleum system; geomechanics; burial
history; Khatatba Formation; Matruh Basin; Egypt

1. Introduction

The Matruh Basin holds about 23 BBOE of known oil and about 3 TCF of gas reserves [1]. The
main Mesozoic source rocks in the Matruh Basin are the Middle Jurassic Khatatba, the Lower
Cretaceous Alam El Bueib, and the Upper Cretaceous “G” Member of the Abu Roash formations [2—
5]. The main Mesozoic hydrocarbon reservoir rocks in the Matruh Basin are the sandstones of the
Khatatba and Alam El Bueib, the Aptian Alamein Dolomites, sandstones of the Albian Kharita and
lower Cenomanian Bahariya, and the “G” Member of the Abu Roash formations [4,6].

The petroleum system of Matruh Basin is proved to generate oil and gas [7,8]. The Imhotep
prospect lies on a series of N-NE trending ridges and faults, which is the primary structural trend
for the discoveries in this area. [9] studied a thick carbonate section (390 m) with only a few shale
horizons of the Khatatba Formation in northeast Matruh Basin through the Abu Tunis-1X well. This
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formation was found to be a reservoir rock containing migrated hydrocarbons and NSO compounds.
[3] studied the hydrocarbon source potential of the Khatatba Formation through the OBA 2-2A well
at southern Matruh. They suggested that the intraformational shale and partly calcareous shale units
of the Upper Safa Member are active, fair to excellent mature shale gas play with a total thickness of
120 m. [10] modeled the Middle Jurassic Khatatba Formation for hydrocarbon source rock potential
in the Matruh Basin using geological and geochemical data from the Apidose-1X well. The
constructed models indicate that the Khatatba Formation acts as an effective oil and gas source rocks,
where o0il generation started in the Early Cretaceous and gas generation started in the Oligocene.
They concluded that the Matruh Basin includes all elements of the petroleum system, where the
generation, migration, and accumulation began in the Early Cretaceous, with hydrocarbons charging
traps occurred during the rifting phases. Moreover, [11] investigated the depositional environment
and paleoclimate of the Khatatba Formation in Matruh Field using organic and inorganic data from
two wells (Matruh-5 and Matruh-6). [11] studied the provenance and sedimentation conditions
responsible for the accumulation of the Middle Jurassic source rock deposits using elemental data.
She interpreted the Khatatba Formation source rocks were formed during the sea regression and
concluded that the Upper and Lower Safa members are the most significant source rocks in the
Matruh Field. It formed during the sea-regression period and resulted in the deposition of shallow
marine sediments.

Based on the introduction provided above, it is obvious that the Khatatba Formation contains
different important source and reservoir rocks with varying quality and thickness across different
parts of the Matruh Basin. This shows the need to carry out more detailed and integrated studies in
different hydrocarbon prospect areas before initiating exploration and production activities in
unstudied and/or underexplored concession areas. Thus, the objectives of this work are to identify
the hydrocarbon potential of the Khatatba Formation in the Imhotep Field, Matruh Basin using multi
approach analyses. This is addressed by carrying out integrated organic/inorganic geochemical,
organic petrographic, geomechanical, and burial history analyses of the formation under study. To
the best of our knowledge, the present work is the first work on the Khatatba Formation source using
multi approaches in Imhotep Field.

2. Geological Setting and Lithostratigraphy

The geological history and setting of the northwestern Desert of Egypt, reflect in part the
tectonostratigraphic evolution of the Unstable Shelf, which represents the northeastern part of the
African Craton (Figure 1). The Western Desert’s hydrocarbon occurrence is closely related to past
tectonic and stratigraphic events, which made many source, reservoir, and seal combinations.
According to [1], the northern part of Egypt experienced three different tectonic events. The first
event made the NW or WNW fault trend during the Paleozoic-Early Mesozoic (Triassic). The second
event occurred during the Late Mesozoic (Cretaceous) and formed the ENE Syrian Arc System, which
is made of a series of faulted anticlines of different dips and directions. Finally, the third tectonic
event developed throughout the Early Cenozoic (late Eocene and early Oligocene) and created the
NW Gulf of Suez and NNE Agqaba fault trends. Various geological studies dealt with the tectonic
framework, stratigraphy, facies distribution, and development of sedimentary basins in the north-
western Desert, e.g., [3,5,12-17]


https://doi.org/10.20944/preprints202405.0957.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 doi:10.20944/preprints202405.0957.v1

OBA 2-2A'(SR)AE
Matruh _
JAbukionis Basin

Salam-3X (SR) =asi

Eastern Desert

200

Major Highs X Anticline
ISt

Major Seas " Fault throw

»
o

Legend Y imhotep-W-1X well
= Major Basins o Studied wells

Figure 1. Location map of the Matruh Basin along with other Mesozoic basins in the North Western
Desert of Egypt and location of the studied Imhotep W-1X well (modified after [18,19] ).

The deposition of the sedimentary succession in the Matruh Basin was governed by the regional
tectonics related to the drift of the African plate and rifting of the Tethyan Ocean. This resulted in
accumulation of thick sedimentary successions, which are separated into four main depositional
sequences “DSQ” (Figure 2). The studied Khatatba Formation in the Imhotep W-1X well is
characterized from the base to the top by clastics of the Lower Safa and Upper Safa members, where
the carbonates of the Kabrit Member act as a separating thick bed. The carbonates of the Zahra
Member represent the uppermost part of the Khatatba Formation.
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Figure 2. Stratigraphic column of the Matruh Basin, North Western Desert, Egypt, showing 4 main
depositional sequences with the lithology, age, depositional environments, and petroleum system
elements of the formations (modified After [11,13,18]).
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3. Methodology and Analyses

3.1. Samples

A total number of 14 samples was offered by the Egyptian General Petroleum Corporation
(EGPC) for the current study. The source rock intervals are picked from the fine deposits that give
high gamma-ray (GR) responses on the electrical log, while the reservoir intervals are picked from
coarse deposits that give low GR log responses. To interpret the main lithology of the picked samples,
a correction of the depth shift between the electrical and mud logs has been done to allow assessing
the source and reservoir potential of the Khatatba Formation. Samples were limited up to 14
samples per well for the studied formation, because they were offered free of charge to academics.
The samples were selected at different levels of the Khatatba Formation to be representative of
different lithologies (shale, sandstone, carbonates), which reflect the changes in the depositional
environment. We were keen to select samples from fine deposits representing potential source rocks
and from coarse deposits representing potential reservoir rocks to be able to assess their
source/reservoir potential in another research project. In the meantime, palynologically productive
samples (not pure sandstones/carbonates) were selected to complement the inorganic geochemical
and petrographic analyses with organic petrographic analysis (i.e., based on organic matter) for a
better interpretation of the depositional environments.

3.2. Clay Fraction X-Ray Diffraction (XRD) Analysis

The clay fractions extracted from three specific samples (1, 9, and 11) that represent the Lower
and Upper Safa members were analyzed using X-ray diffraction (XRD) to accurately determine the
mineral composition. The analysis was conducted at the Central Metallurgical Research Institute
(CMRDI) Central Laboratory Sector using an automated powder diffractometer system of Philips
type Pan Alytica X-pert-pro. The interpretation was conducted with APD and PDF software, which
incorporate powder diffraction and PDf-2 Database Sets 1-45. Following [20-22]. A detailed
procedures of samples preparation for Clay fraction X-Ray diffraction is illustrated in an online
supplementary to provide full information of methodology (Appendix 1, p. 1, Online
Supplementary).

3.3. Vitrinite Preparation and Organic Petrography under Reflected White Light (RWL) Microscopy

The preparation and measurements of vitrinite reflectance have been conducted on Sample 7
(Depth: 4614.1m) at the Advanced Technology Center, Core Laboratories, located in Houston, TX,
United States. Fifty vitrinite reflectance measurements (Ro, r%) were randomly collected on primary
vitrinite using a x50 oil immersion objective with a refractive index (noil) of 1.514 at a temperature of
23 °C. Representative particles were captured by photomicrographs using a digital camera. The
categorization of palynomacerals into vitrinite and liptinite macerals using TWL microscopy was
conducted according to the ICCP System [23,24]. More details about the sample preparation for
vitrinite reflectance measurements are illustrated in the online supplementary Appendix 2.

3.4. TOC Delta log R Calculations from Well Log

[25] described the resistivity-porosity overlay approach used to determine the TOC. The
displayed curves are arranged in a manner that results in their alignment in the non-source area. The
interval between these curves is often known as the delta log R and is utilized for the identification
of intervals rich in organic matter (Figure 3). The calculation of organic richness may be performed
by employing a combination of resistivity and one of the porosity logs, such as sonic, density, or
neutron. In the present investigation, the baseline value for AT was determined to be 77.826 pus/ft,
whereas the baseline value for resistivity was established as 5.7148 ohmm. The method of overlaying
curves may also be used for neutron and density logs. Nevertheless, the utilization of sonic
technology is recommended due to its superior capability for in-depth investigation and its reduced
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susceptibility to the influence of well conditions. The total organic carbon (TOC) for the well within
the depth range of 4305 m to 4786 m was calculated using (Equations. 1, 2, and 3).

AlogR . =log, (R/Rp,gelind +0.02% (At = Atgyeeiine)  (EQ. 1)

AlogR, = ]oglU(R/RBasc“ne) A (9~ )

N-Baseline
AlogR . =log (R/RB eline) — 2.5 *(p_— p . (Eq 3)
Den 10 aselin b Basclme)
The value of constant C was modified to TOC=A log Ry 10 @27-0159. The three porosity logs,
sonic, neutron, density, were tested but in the current study, the resistivity-sonic overlay was used
for the computation of TOC as illustrated in (Equation4) as follows:

— (2.297-0.1688xL.OM)

Where; A log R is function of maturity and TOC as shown in (Equation 5)

A LOE R:LOgID(R/Rbasclillc) +C X (At_Athasclim:) .
(Equation 5)

Where: A log R is the separation measured in the logarithmic resistivity cycle, R is the resistivity
measured in ohm-m by the logging tool, Reaseiine is the resistivity corresponding to the Atvascline values
when the curves are base-lined in non-source, clay-rich rocks, as in Zahra Member (Figure 3A) and
Lower Safa Member (Figure 3B), and C is the constant (ratio between scales of the resistivity and
sonic log) = 0.02. The LOM is the level of maturity calculated from VRo data using the Henderson
petrophysics conversion graph, to be 11.2 as illustrated in (Figure 3C).
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Figure 3. The resistivity-sonic curves overlay technique (Track 6) was used to determine how rich in
organic matter the well logs were in two different units of the Khatatba Formation, (A): Zahra Member
and (B): the Lower Safa Member along the Imhotep W-1X well. (C): Henderson petrophysics
conversion graph for converting VRo into LMO. LOM corresponding to a (measured) maturity value
of 1.33 is estimated to be 11.2 (Adapted from [26]).

3.5. Rock Geomechanics

The estimation of rock mechanical characteristics serves to characterize the quality, strength, and
occasionally the potential of a certain rock. The estimation of mechanical rock parameters, such as
Poisson's ratio (PR) and Young's modulus (YM), is often derived from well logs, which are
subsequently calibrated with core data if such data is accessible. Shale brittleness is among the
outcomes derived from geomechanical studies. Shale intervals characterized by elevated brittleness
levels are optimal locations for identifying hydraulic fracture initiation. The incorporation of the
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geomechanical model has the potential to enhance the efficacy of brittleness as well as facilitate the
optimization of various parameters such as the selection of perforation intervals, fracture pressure,
and geometry. To start the geomechanical analysis, the datasets for density, porosity, compressional,
slowness (DTC, DTS), and volume of shale were first evaluated and checked for quality. If the DTS
log was not available, it is possible to generate a synthetic log by utilizing the equations outlined in
the workflow diagram (Figure 4). The vertical P-wave velocity (VP) and vertical S-wave velocity (VS)
were determined by calculating the compressional wave velocity (DTC) and shear wave velocity
(DTS) accordingly. The VP/VS ratio was computed and denoted as VPVS. The calculation of Poisson's
ratio is performed using the equation described in (Figure 4) and the computation of shear and bulk
moduli was performed as well. The calculation of Young's modulus involved the utilization of two
equations as illustrated in (Figure 4) for the purpose of validation.
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Vp: Compressional Velocity (m/s) Vs: Shear Velocity (m/s)
E: Young’s Modulus (GPa) K: Bulk Modulus (GPa)
o: Poisson’s Ratio (Fraction) p: Shear Modulus (GPa)

Vp = 10° At

n= pvi

Figure 4. The workflow of the rock mechanics assessment and used equations to detect the brittle and
ductile intervals in the Khatatba Formation in the Imhotep W-1X well.

According to [27], the concept of brittleness may be understood as a function of two key rock
properties: Poisson's ratio (PR) and Young's modulus (YM). The measure of rock brittleness takes
into account both PR and YM, providing an indication of the rock's susceptibility to fail. The
formation's brittleness increases as the YM value increases and the PR value decreases. As a result,
the formation experiences increased fracturing and reduced stress, with a corresponding rise in
brittleness. In contrast, the ductile shale intervals exhibit more plasticity and need elevated pressure
levels for fracturing to occur. When a rock's ductile behavior is more pronounced than its elastic
behavior, it is considered to be ductile because it can absorb a significant amount of energy before
rupturing. On the other hand, [28] noted that rocks with brittle characteristics exhibit a wider range
of elastic behavior and a narrower range of ductile behavior.

Shale reservoirs often exhibit a large content of organic matter, few holes and gaps, and high
capillary pressure, shale acts as a source, a reservoir, and a seal in a shale gas system [29]. Shale gas
reservoirs may be deemed suitable for commercial exploitation when they possess a brittleness index,
namely a quartz content of over 40%, since this facilitates more effective fracturing [30]. [31]
suggested that this gas can stick to both organic matter and mineral grains inside shale formations.
This keeps the gas inside the pores, cracks, fissures, and joints of the shale. Hence, it can be observed
that wells that achieve success share a common attribute, wherein their gas production is reliant on
their capacity to penetrate a structured network of fractures.
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3.6. Basin Modelling

The dataset comprises composite logs and electric well logs obtained from the Imhotep W-1X
well located in the Matruh Basin. The composite logs were utilized to obtain information on the
depths, thicknesses, and nomenclature of the formations under investigation, which were then
employed in the development of 1-D burial history models [32]. The electric well logs were used to
obtain the bottom hole temperature (BHT) of 291 °F, which was subsequently employed in the
computation of geothermal gradient to be (15.8 ©F /1000 ft) and the corrected bottom hole
temperature to be 309 °F, where the circulation time reached 12 hours. The accumulation of sediments
in a basin is the result of the interaction between subsidence rate, sediment influx, and the height of
the water column [33]. The sedimentation rate can be calculated by measuring the sedimentary
succession, which was deposited over a period of time, taking into consideration the time of erosion
and/or non-deposition. Therefore, the temporal deposition of each lithostratigraphic unit was
included in order to determine the rate of subsidence and sedimentation throughout the course of
the geological timeline (Table 1).

According to earlier studies of [10,13,34-36], the vitrinite reflectance measurements and the
geothermal gradient calculations for the modeled well are both used to calibrate the assumed heat
flow value. Unless uplift and erosion events over the course of the geological timeline have
compromised the vitrinite reflectance values, the geothermal gradient values exhibit a consistent
pattern of steady rise with increasing depth and burial [37].

Table 1. Tops, bottoms, thicknesses and ages of the modelled subsurface units in the Imhotep W-1X
well, the Matruh Basin.

Well Imhotep-W-1X
Layer Top ft. Base ft. Thick ft.

Marmarica 0 274 274
MOGRA 274 1441 1167
DABAA 1441 2806 1365
APOLLONIA 2806 3113 307
KHOMAN 3113 3750 637
AR_AB 3750 4526 776
AR_CDE 4526 5251 725
AR_F1-G 5251 6339 1088
BAH 6339 6941 602
KHARITA 6941 8532 1591

DAHAB 8532 8608 76
Alamein 8608 8868 260
AEB_1 8868 9362 494
AEB_3A 9362 10029 667
AEB_3E 10029 10367 338
AEB_3G 10367 11287 920
AEB_4 11287 11725 438
AEB_5 11725 13017 1292
AEB 6 13017 13321 304
MASAJID 13321 14127 806
ZAHRA 14127 14342 215
U. SAFA 14342 15073 731

Kabrit 15073 15108 35
L.SAFA 15108 15730 622

Ras Qattara N/A
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4. Results and Interpretations

4.1. Organic Richness

Organic richness, expressed as the weight percentage of total organic carbon (TOCm wt%), is
often carried out by elemental analysis or pyrolysis. The aforementioned methodology offers a
dependable means of identifying certain components within the examined succession. However, it
does not yield continuous data that would enable a comprehensive assessment of the entire
succession. In contrast, studies made by [3,25,38,39] demonstrated that the TOC derived from the
well log data offers a comprehensive range of TOC information. As a result, geochemical and
geophysical methodologies were both used to determine quantitatively the organic abundance. The
next sections will interpret the source potential of the Khatatba Formation in the Imhotep W-1X well,
its geomechanical properties, and the elements of the petroleum system (Figure 5).
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Figure 5. The depositional settings and a geochemical log showing the source rock potential, kerogen
type, and level of thermal maturation of the Khatatba Formation in the Imhotep W-1X well, the
Matruh Basin, the northwest of Egypt.

4.2. Organic Geochemistry

4.2.1. Geochemically Measured TOCm Data

According to [40] and [41], the organic richness of the intraformational shale strata in the Lower
Safa Member is typically classified as fair to good, with a range of 1.05-1.59 and an average of 1.29
TOC wt%. The data indicates that Sample 4 exhibits a greater level of richness, about 5.39 TOC wt%,
whereas Sample 5 demonstrates an extremely high level of richness ~ 22.90 TOC wt%. This
observation may be attributed to the presence of coal layers, as seen in (Figure 5). The organic richness
of the intraformational shale layers within the Upper Safa Member exhibits a range from fair to very
good, with values ranging from 0.91 to 3.07 and an average TOC wt% of 1.90. It is noteworthy to
highlight that samples 1-3, 6,7, 9, 10, 12, and 13 exhibit comparatively lower levels of organic richness
(0.91 to 2.01, avg. 1.4 TOC wt %) when compared to the remaining samples from the Lower and
Upper Safa members. The dilution of organic matter by carbonate minerals (calcite and siderite) is
ruled out here because the TOC analysis was made on acid-digested samples.
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Moreover, TOC includes both reactive organic matter (kerogen type I-III) and non-reactive
organic matter (kerogen type IV). The S2 parameter is used to measure how pyrolizable organic
matter can generate hydrocarbons. Consequently, it serves as a more accurate indicator of the
potential of source rocks [42,43]. The S2 data shows that the Lower and Upper Safa members, as well
as the Zahra Member have poor petroleum generation potential (0.38 to 1.96 mg HC/g rock). The
intermediate section of the Lower Safa Member, namely samples 4 and 5, has a range of petroleum
generation potential from fair to excellent (4.51-27.43, avg. 15.97 mg HC/g rock). This can be
attributed to the presence of coal layers in this section.

4.2.2. Well Log-Based TOCbLogr Data

Estimating the TOC from wireline logs is very useful in providing a continuous range of TOC
data across the subsurface units (Deaf et al., 2022). Practically, [44] studied the Barnett Shale in west
Texas and found that the Barnett Shale contains a mixture of different types of kerogen I, II, and III
The variation in the kerogen types suggests a plausible scenario involving changing depositional
environments during the 25 Ma of Barnett Shale deposition. The TOC data derived from the DLogR
technique showed a week-to-week correlation because of the change in depositional environment
and was considered in that study to be unreliable. However, for the Khatatba Formation in the
Western Desert of Egypt, using the delta log R technique for estimating TOCbLogr from wireline log
was successful and showed somewhat of a 70% consistency with the measured TOC from the
analyzed samples. The correlation, as presented [25] study, reveals significant correlation coefficient
values for the Lower Safa (0.86) and Upper Safa (0.64) members (refer to Figure 6a). Therefore, the
TOC data derived from the DLogR method is considered here to be dependable. The concordance
between the geochemically measured total organic carbon (TOCm) data and the geophysically
calculated TOC data obtained by the [45] approach is notably consistent just for the shale samples

(Figure 6b).
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Figure 6. (a): A cross-plot of the geochemically measured TOC and the geophysically estimated
(DLogR) data showing high correlation coefficient values for the Lower Safa and Upper Safa members
in the Imhotep W-1X well. (b): Correlation between the geochemically determined TOC data and the
geophysically estimated TOC data from the [45] method also shows good consistency at shale samples
only.
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Hence, the subsequent proxy serves as supplementary evidence for the organic abundance,
specifically within the shale samples. The shale units of the Lower Safa, the base and top of the Upper
Safa members, as shown by both geophysical proxies, have organic richness levels that range from
poor to excellent. The organic richness of the shale units in the Zahra Member has a somewhat lower

range, varying from fair to very good.

4.3. Kerogen Types

4.3.1. Organic Geochemistry
As with the organic richness, the kerogen types are traditionally determined by the geochemical
analysis (Rock-Eval pyrolysis) of the rock samples using a plot of hydrogen index (HI) and oxygen
index (OI) data on a modified [46] diagram. This method determines the average kerogen types of
mixtures of organic matter deposited in deltaic and inner shelf environments [15,42]. Both OI versus
HI and Tmax versus HI plots show that the Lower and Upper Safa and Zahra members of the
Khatatba Formation have a gas-prone kerogen type III (Figs. 7A, B). The values of the Tmax °C
temperature range between 458 and 480 °C and have an average value of 471 °C (Figure 7B). This
indicates that the Lower and Upper Safa, Kabrit, and Zahra members of the Khatatba Formation
entered the late mature (dry gas-window) to postmature phases according to [40,41]. In terms of coal
rank, the coaly Sample 5 showing a high Tmax value of 467 °C is considered to be in the low-volatile
bituminous stage of coalification. Thus, this sample is prone to producing mostly dry gas [47,48] and
the references therein. The geochemically determined Tmax temperature (°C) is an important
indicator of the source rock maturity; however, it is occasionally afflicted by numerous factors.
Samples that are organic-lean and/or affected by mineral dilution, contamination by drilling mud
additives, and migration of hydrocarbons show relatively unreliable Tmax data. Hence, Tmax data
must be calibrated with petrographic maturity indices such as vitrinite reflectance and spore

coloration [15,41,42,49].
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Figure 7. (A): Plot of the oxygen index (OI) versus the hydrogen index (HI) data indicating a gas-
prone kerogen type III in the Khatatba Formation. (B): Plot of Tmax versus HI data indicating late
mature to postmature source rocks in the Khatatba Formation, the Imhotep W-1X well, the Matruh

Basin, northwestern Egypt.
The relatively high OI values for the Khatatba Formation samples may be attributed to the

mineral matrix effect (siderite and calcite). However, there is a weak negative correlation between Ol
and siderite (R2 = 0.006) and a negative correlation between OI and calcite (R2= 0.001). This means
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that neither mineral has any effect on the quality of the kerogen in the Imhotep W-1X well (Figure
8A, B). Furthermore, Lab analysis by Stratochem Labs, Cairo, detects the mineral carbon (i.e., S3) at a
temperature of 390 °C, whereas siderite starts to decompose and produce mineral carbon at higher
temperatures of 515-519 °C [50]. The Rock-Eval 6 was programmed as a standard method to stop at
a temperature of 390 °C, and thus stages at which mineral carbon is produced from siderite (515-519

°C) and calcite (776-850 °C) were not reached to alter OI values.
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Figure 8. (A): Cross plots between the OI and calcite, and (B): Cross plots between the OI and siderite,
indicating a null impact on the kerogen quality of the Khatatba Formation in the Imhotep W-1X well.

4.3.2. Organic Petrography

Organic petrography provides succinct identification and detailed description of the kerogen
constituents. Therefore, organic petrography was used in this study to confirm and supplement the
organic geochemical analysis. The present-day organic facies (OFpd) data of the Khatatba Formation
identified from the present-day HIpd and the petrographic characterization of organic matter
indicates the prevalence of the gas-prone (kerogen type III-II) organic facies C and less commonly
the gas/oil-prone (kerogen type II-III) organic facies BC (Table 2). The TWL quantitative analysis
of the kerogen constituents and their plot in the APP ternary diagram of [49] and LVI ternary diagram
of [51] also indicates that the Khatatba Formation contains gas-prone kerogen types III and III-II
(Figure 9). The samples are prone to producing less wet gas and mostly dry gas. Based on [52] thermal
alteration index (TAI), pteridophyte spores in Sample 1 show a dark brown color (Figure 9A). This
color corresponds to a TAI value of 4-, which indicates an early postmature phase (dry gas window).
A grain of pteridophyte spore in Sample 13 exhibits a brown color (Figure 9B), which corresponds to
a TAl value of 3+ and indicates late mature phase (wet gas-window).

Table 2. Quantitative organic matter analysis used in the APP and LVI ternary plots, the present-day
organic facies (OFpd), the restored organic facies (OFo), and their present-day kerogen types in the
Imhotep W-1X well.

Samples | Depth Fm. Liptinite Group Vitrinite Inertinite Hipd Organic facies| Kerogen Hio Organic
No. (m) Palynomorphs% | (AOM)% | Translucent % | Opaque % (OFpd) type (Kpd) facies (OFo)
14 4339.8 | Zahra 0.4 30 62.6 7 70 C 11-11 112 C
13 4403.8 0.6 35.6 56 7.8 69 C 11-11 111 C
12 4434.3 0.6 30 59 10.4 75 C 11-11 119 C
11 4480.0 | Upper 0.4 34.4 55.2 10 80 C 11-11 128 C
10 4486.1 Safa 0.4 35.6 56 8 65 C 11-11 104 C
9 4522.7 0.6 28 66 5.4 66 C 11-1 106 C
8 4559.3 0.4 34.6 48 17 64 C 11-1 103 C
7 4614.1 | Kabrit 0.8 35.6 49 14.6 53 BC 1-111 85 BC
6 4620.2 0.6 37 51 11.4 60 BC 1-111 97 BC
5 4656.8 0.4 1 98.6 0 120 BC 1-111 187 BC
4 4672.0 | Lower 0.8 35 46 18.2 84 BC 1-111 133 BC
3 4699.5 Safa 0.4 44.6 29 26 65 BC 1-111 105 BC
2 4754.3 1.2 44 38.8 16 51 C 11-11 82 C
1 4769.6 1 50 23 26 36 C 11-11 59 C
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Figure 9. Plot of the kerogen constituents recovered from the Khatatba Formation in the Imhotep W-
1X well in the amorphous organic matter (AOM)-Phytoclasts—Palynomorphs (APP) of Tyson (1995)
# and Liptinite-Vitrinite-Inertinite (LVI) diagram of [51].

4.4. Source Rock Generation Potential

The intraformational shale layers of the Lower Safa, Upper Safa, basal Kabrit, and basal Zahra
members have fair to very good/excellent organic richness (TOCm wt%: 0.91-3.07, avg. 1.58 and
TOCbLogr Wt%: ~ 0.5-18) and poor to fair gas generation potential (52: 0.38-1.96, avg. 1.02 mg HC/g
rock). These shale layers entered the late mature to early postmature stages (ITmax: 458480 °C, avg.
471 °C, VRo: 1.32%-1.39%, TAI: 4- to 3+) and contain gas-prone organic matter, which is prone to
producing wet gas and condensate to dry gas. However, the middle part of the Lower Safa Member
(samples 4 and 5) shows excellent organic richness (TOCm wt%: 5.39 and 22.90 and TOCbros wt%: ~ 5—
9) of early postmature (Tmax: 474-476 °C, TAI: 4- ) gas-prone carbonaceous material and coal
deposits. These very organic-rich shale layers exhibit fair to excellent wet gas and condensate
generation potential (S2: 4.51-27.43, avg. 15.97 mg HC/g rock) in the Imhotep W-1X well. This
maturity assessment is consistent with the vitrinite reflectance data (VRo %), which ranges between
1.32% and 1.39%. Figure 10, indicating late mature phase (wet gas-window) to early postmature
(dry gas-window) phase (e.g., [47,48] and the references therein.

Sample 1 Depth 4769.6 m n - Sample 13 Depth 4403.8 m

Figure 10. Photomicrographs of spores taken under transmitted white light (TWL) recovered from
the Khatatba Formation deposits in the Imhotep W-1X well. (a): A grain of pteridophyte spore from
the Lower Safa Member (Sample 1, depth 4769.6 m) showing a dark brown colour, which corresponds
to a TAI value of 4- and indicates a postmature phase (dry gas-window) for this member. (b): A grain
of pteridophyte spore from the Upper Safa Member (Sample 13, depth 4403.8 m) showing a brown
colour, which corresponds to a TAI value of 3+ and indicates a late mature phase (wet gas-window)
for this member.
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The RWL petrographic analysis of the kerogen components of the Safa and Zahra members
indicates that these members contain numerous and large particles of vitrinite (gas-prone Type III
kerogen typically found in coal) in the form of collotelinite (Figure 11A). Inertinite (Type IV kerogen)
is rare (Figure 11B).

Figure 11. Photomicrographs of organic matter recovered from the Khatatba Formation deposits in
the Imhotep W-1X well. Sample 7 (depth 15143.5 m) was taken under reflected white light (RWL).
(A): Primary vitrinite (Vit) in the form of collotelinite has a Ro of 1.37%. (B): Vitrinite (Vit) as
collotelinite with a VRo value of 1.33%. (C): As with (A) and (B), the VRo value is 1.35%. (D): Vitrinite
with a VRo value of 1.37% enclosing inertinite (Int). (E): vitrinite as collotelinite with a VRo value of
1.32%. (F): Vitrinite with a VRo of 1.39% is associated with clay minerals. (G): Same as (F). (H):
Vitrinite band (collotelinite) having a VRo value of 1.38%.

4.5. Geomechanics Results

The rock's brittleness increases proportionally with the magnitude of the brittleness index (BI).
The analysis of the BI in conjunction with the mineralogy logs along the Imhotep W-1X well reveals
that intervals characterized by elevated levels of quartz and calcite are more brittle compared to
intervals with higher clay content, which display lower levels of brittleness and higher ductility.
Furthermore, it is observed that an increase in the TOC % is directly proportional to an increase in
the ductility of the rock. Figure 12 depicted below, illustrates that the TOC level greater than 2 wt%
exhibits the highest dominance inside the shale formation of the Upper Safa Member. This
observation aligns consistently with a brittleness index beyond 40. The lower TOC content and non-
TOC intervals show low GR (<60 API) and high BR (>40). The ductility of the rock increases with an
increase in the TOC content. However, most of the Upper Safa shale intervals are silty and contain
quartz and carbonates, as confirmed by XRD results (Table 3), which show more ductile behavior.
Besides, the high GR shale intervals with high TOC content show ductile behavior, which can be
justified because of the clay content. This behavior can also be monitored from the crossplot of
Poisson’s ratio versus the Young’s modulus, as illustrated in (Figure 13). Besides, the high GR shale
intervals with high TOC content show ductile behaviors, which can be justified because of the clay
content. This behavior can also be senn from the crossplot of Poisson’s ratio versus the Young's
modulus, as illustrated in (Figure 13).
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Figure 12. Relationship between the source rock maturity (TOC%) and brittleness index for the shale
of the Upper Safa Member.

The ductile shale shows a high Poisson’s ratio and a low Young’s modulus. The inverse is correct
for the brittle shale. The shale of the Lower Safa Member (Figure 13a) shows more brittle behavior
than ductile behavior, where the ductile intervals show high Poisson’s ratio and low Young's
modulus, while the brittle intervals show high Young’s modulus and low Poisson’s ratio. In the shale
of the Upper Safa member (Figure 13b) the ductile behavior of the shale which correspond to high
Passion’s ratio and a low Young’s modulus (R?= 0.8572) is greater than the shale’s brittle behavior
(R?=10.7944).
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Table 3. XRD-clay fraction analysis for three samples from the Lower and Upper Safa and Members.
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Figure 13. (a): Young’'s modulus vs. Poisson’s ratio of Lower Safa member’s shale shows the brittle
and ductile behavior of the shale. (b): Young’s modulus vs. Poisson’s ratio of Upper Safa member’s
shale shows the ductile and brittle behaviour of the shale.

4.6. Basin Modelling of the Matruh Basin

1D-burial history modelling at the location of the Imhotep W1-X well shows the subsidence
history, sedimentation rate, maturation, and time of hydrocarbon generation. It also provides
valuable information about the basin's history [10,32]. The utilization of the PetroMod-1D program
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was employed for the purpose of constructing the burial history and calibrating the model. The
highest documented paleowater level, measuring 1986 ft. (605.33 m), occurred near the end of the
Cretaceous period around 69.1 million years ago. Conversely, the north Western Desert experienced
uplift during the Palaeocene era, resulting in a recorded water depth of zero feet in recent times (see
Figure 14a). The estimation of the sediment-water interface temperature (SWIT) is derived from the
paleowater depth and the present geographic latitude, namely 30° North. The SWIT (Figure 14b)
reached its peak at 84.2°F during the Late Triassic, which occurred around 212 million years ago.
Conversely, the lowest documented value of the SWIT was 58.51°F, observed towards the end of the
Cretaceous age, approximately 69.1 million years ago. The heat flow value used in this study ranges
between 50 and 60 mW/m?, which is characteristic of most rift basins around the world (Figure 14c).
Figures 15a and 15b display the computed profiles of maturity and temperature gradient for the
Imhotep W1-X well, respectively. The highest temperature (Tmax °C) reached during the pyrolysis
process of Lower Safa, Upper Safa, Kabrit, and Zahra samples was used to determine the vitrinite
reflectance (Ro). The VRo% calculated in the Imhotep W-1X well (Figure 15a) matches well with the
predicted maturity curve. Also, the calculated temperature gradient matches the one seen from BHT
(Figure 15b), which means that the thermal model is well-calibrated. The age and temperature
gradient curves exhibit a progressive increase as the depth of burial increases, which plays a
significant role in the temporal transformation of organic matter into hydrocarbons [10,53].
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Figure 14. The boundary conditions for the Imhotep W1X well are (a) paleowater depth, (b) sediment
water interface temperature, and (c) heat flow.
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Figure 15. Computed profiles of maturity and temperature gradient for the Imhotep W1-X well (a)
the calculated and measured vitrinite reflectance, and (b) the calculated and measured temperature
gradient.

4.6.1. Sedimentation and Subsidence Rates

The sedimentation rate model of the Imhotep W-1X well shows four major depositional cycles,
each of which ends with a marine transgression. Two maximum sedimentation rates occurred: one
in the first cycle (Jurassic rifting) and the other in the third cycle (Early Cretaceous rifting). The
maximum sedimentation occurred during rift initiation, where source rocks were accumulated at the
base (i.e., Lower Safa, Zahra, and AR-F1 to G members) (Figure 16). The first cycle of the
sedimentation rate model initiated with Jurassic rifting and led to the deposition of shales,
sandstones, and siltstones of the Safa and Zahra members, with a maximum sedimentation rate of
around 300 ft./ma (91.44 m/ma). This high rate of deposition is related to rifting, where the subsidence
rate is consequently increasing and shales form the main source rocks at the base of the sedimentary
basin, [54]. The deposition of the transgressive marine limestone of the Late Jurassic Masajid
Formation marked the end of this cycle [55]. The second cycle started in the Early Cretaceous with
the deposition of the Alam El Bueib (AEB) clastics and ended with the deposition of the carbonates
of the Alamein Formation during a relative marine transgression. The maximum sedimentation rate
recorded in this cycle was around 180 ft/Ma (55 m/Ma), where rifting and subsidence continued with
a lower sedimentation rate than the rift initiation (Figure 16). The third cycle was initiated by a major
rifting phase in the Late Cretaceous, where the water depth was at its maximum (up to 1880 ft/573
m) and the deep marine shales and limestones of the Abu Roash Formation were deposited.
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Figure 16. The sedimentation rate of Imhotep W-1X well in the Matruh Basin.

The maximum sedimentation rate was recorded by the deposition of the Abu Roash “G” and
“F” (AR F-G) members to be about up to 580 ft/Ma (177 m/Ma), which were deposited during a
recurring rifting episode (Figure 16). The fourth and last sedimentary cycle occurred during the late
Paleogene-Early Neogene and deposited limestones and shales of Apollonia and Dabaa formations
with the lowest recorded sedimentation rates in the Imhotep W-1X well of up to 45 ft./Ma (14 m/Ma).

4.6.2. Burial and Maturity Histories of the Imhotep W-1X Well in the Matruh Basin

The burial history modelling constructed by PetroMod-1D software used the simple cracking
method of [56] to study the tectonic events, petroleum generation, and entrapment in the Matruh
Basin. The model indicates two main rifting phases (Figure 17), one occurring in the Middle Jurassic
(~ 173-170 Ma ago) and the other occurring in the Late Cretaceous (~ 93-92 Ma ago). The end of the
Cretaceous to early Paleogene (~ 60-58 Ma ago) was characterized by a major uplifting phase due to
tectonic inversion. During the first phase of tectonic subsidence due to Jurassic rifting, the basin was
characterized by a fluvial, near-shore to shallow marine setting (~ water depth 100-200 ft/30.5-61 m),
where fluvial sandstones, siltstones, and shallow marine shales and limestones were deposited. This
is clearly noted in the shale source rocks of the Lower Safa and Zahra members [3,10] and the
sandstone reservoir rocks of the Upper Safa Member (Figure 17). Subsidence continued during the
Early Cretaceous and was characterized by the fluvial deposits of the Alam El Bueib Formation

d0i:10.20944/preprints202405.0957.v1
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(Neocomian Phase) and interbedded by several shallow marine shales and carbonates layers [57, 15,
and 10]. This was followed by the deposition of the carbonates of the Aptian Alamein Formation,
marine shales, and siltstones of the Dahab Formation, and ended with the fluvio-deltaic sandstones
of the Kharita Formation. The end of the Early Cretaceous was characterized by a major
unconformity, where argillaceous sandstones and siltstones of the Late Cretaceous (Cenomanian)
Bahariya Formation were deposited in nearshore to shallow marine environments. The Late
Cretaceous was characterized by a higher rate of subsidence with a deposition in a deep marine
setting, where water depth ranged from 1500 to 1880 feet (~ 457-573 m). This led to the deposition of
the deep marine limestones and shales of the Abu Roash Formation [10]. The end of the Cretaceous-
early Paleogene was characterized by regional unconformity in the northwestern desert of Egypt due
to uplift and erosion, followed by the deposition of limestones of the Apollonia Formation, shales of
the Dabaa Formation, and sandstones of the Moghra Formation.

Burial History, Imhotep W.1X
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Figure 17. The burial history of the Imhotep W-1X well in the Matruh Basin.

The whole cycle ended with the deposition of the great limestone plateau of the Marmarica
Formation, which covers most of the northwestern Desert of Egypt [58,59]. These phases of tectonic
subsidence and inversion were responsible for the deposition of the main reservoir and source rocks
and the structural traps that originated during the Mesozoic period in the Matruh Basin. As a result
of deposition and later burial of the Khatatba Formation, the organic-rich deposits were transformed
into gas and/or gas-oil [60] Based on the previously constructed burial history model (Figure 17), the
onset of oil generation at (VRo% 0.7-1) occurred in the Early Cretaceous period (~ 115-116 Ma ago),
while the onset of gas generation at (VRo% 1.3-2) happened in the Oligocene period (~ 22-24 Ma
ago). On the other hand, the depth of the main oil-window is located at 9650 ft (2941.32 m), and that
of the wet gas-window is located at 15550 ft (4740 m).

4.6.3. The Petroleum System of the Khatatba Formation in the Imhotep Field

The petroleum system includes all elements of petroleum generation and accumulation in a
basin [61]. These elements include source rocks, reservoir rocks, seal rocks, geological structures
forming petroleum traps, and faults that act as conduits for hydrocarbon migration [40]. The
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petroleum system events chart of the Imhotep W-1X well is shown in Figure 18. The shale source
rocks were deposited during the Middle Jurassic (~ 175-163 Ma ago) and include the Lower and
Upper Safa and Zahra members. The sandstone reservoir rocks of the Ras Qattara Formation, Upper
Safa, and AEB-6 members were deposited during the Early and Middle Jurassic and Early
Cretaceous, respectively (~ 200 to 140 Ma ago). The shales and siltstones of the AEB-5 Member act as
the main seal rock and were deposited during the Early Cretaceous (~ 140-135 Ma ago). The
carbonates of the Kabrit Member and shale interbeds of the Safa Member act as secondary sealing
rocks in the Imhotep W-1X well. The main structural traps were formed in Jurassic—Early Cretaceous
time (~ 180-140 Ma ago), and the onset of oil generation, migration, and accumulation started in the
Early Cretaceous (~ 116—115 Ma ago). The traps were formed during the Jurassic and Cretaceous
rifting phases of the Matruh Basin and were later charged by petroleum through migration and
accumulation, which is characteristic of all Mesozoic rift basins in the northwestern Desert of Egypt
[62,10, and 5].

The Petroleum-System Events Chart, Imhotep W-1X
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Figure 18. The petroleum system event chart of the Imhotep W-1X well in the Matruh Basin.

5. Discussion on the Petroleum Potential of the Khatatba Formation in the Imhotep W-1X Well

The findings of investigations made by [11] Ali (2023 1) on the Khatatba Formation deposits in
the Matruh-5 and Matruh-6 wells showed that depositional and climatic conditions had a significant
impact on their sedimentary facies, organic facies, and organic richness. The Khatatba Formation
shows alternations between organic-poor coarse clastics and organic-rich shales and carbonates. The
deposition of the organic-rich intraformational shale source rocks in marine prodelta environments
of the Lower and Upper Safa members was related to the favorable sedimentological conditions.
These were characterized by favorable reducing conditions, fair primary bioproductivity, and
relatively low terrigenous influxes brought to the basin during relatively semi-arid conditions.
Deposition of the organic-lean coarse clastic reservoirs in tide-dominated brackish delta front and
delta channel environments of the Lower Safa and Upper members was related to higher terrigenous
inputs associated with a more humid climate and Middle Jurassic Tethyan sea level falls.

Results of the current study indicate that the middle part of the Lower Safa Member (Samples 4
and 5) shows excellent source rock potential due to high enrichment in carbonaceous material and
coal deposits accumulated under suboxic—anoxic conditions. This confirms the suggestion that good
reducing conditions coupled with humid conditions enhance the source rock richness [15]. This
observation is reinforced by a recent study on the Khatatba Formation sedimentary deposits at the
Matruh basin, which were interpreted to be deposited in an oxic to suboxic shallow marine deltaic
environment in semi-arid conditions [11]. Moreover, the same observation is strengthened by
organic-lean deltaic shales and coaly shales from the Tortonian Wakar Formation from the offshore
Nile Delta in Egypt, which were deposited in weakly oxic conditions during semi-arid periods [63].
In the Imhotep W-1X well, the organic-rich shale interbeds of the Lower Safa and the Upper Safa, the
basal Zahra, and the carbonates of the basal Kabrit members show fair to very good/excellent organic
richness. The Lower Safa Member is characterized by thicker shale source rock interbeds, which were
deposited in the relatively low energy distal prodelta setting and contain mostly gas-prone organic


https://doi.org/10.20944/preprints202405.0957.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 doi:10.20944/preprints202405.0957.v1

21

facies BC to less commonly organic facies C (Table 3). The Upper Safa Member is characterized by
thinner shale and thicker siltstone source rock interbeds, which were deposited in the energetic
proximal delta front and delta channel settings and contain only gas-prone organic facies C.

The burial history reconstruction along with the organic geochemical and petrographic data
indicate that the maturation of the Khatatba Formation source rock intervals was driven by the
tectonic subsidence events, which were related to the Tethyan rifting [10,16,64]. The Khatatba
Formation source rocks were brought by the Late Jurassic minor subsidence at shallow burial depths.
The deposition of shale and siltstone sealing rocks in the AEB-5 Member during the Early Cretaceous
was followed by the late Early Cretaceous subsidence, which initiated the maturation of the Khatatba
Formation source rocks. As a result, some oil was generated, migrated, and accumulated in the
sandstone reservoirs of the Upper Safa Member of the Middle Jurassic Khatatba Formation and the
AEB-6 Member of the Lower Cretaceous Alam El Bueib Formation and trapped in the pre-existing
Jurassic and Early Cretaceous structural traps. The Middle Jurassic Khatatba Formation's deeper
burial depths due to the Late Cretaceous major subsidence enhanced greatly the maturation. The
continued deposition of thick overburden over the seal rocks brought the source rocks to deeper
burial depths, which further enhanced their maturation by the Oligocene and resulted in the
generation of wet gas and condensates. Generally, the Lower and Upper Safa members of the
Khatatba Formation show poor to fair gas generation potential, except for the carbonaceous shale
and coal deposits of the middle part of the Lower Safa Member, which show excellent organic
richness and fair to excellent wet gas and condensate generation potential. The maturation and
generation of hydrocarbons are further supported by the actual evidence in the mud log. As
mentioned above, the sedimentation trend shows a notable upward increase in the thickness of the
brackish sequences due to shift in climatic conditions towards more humid conditions (Figure 5). The
Upper Safa Member shows higher average shale volume with higher kaolinite percentages than those
recorded from the Lower Safa Member. This can be explained because it is associated with longer
periods of humid climate and the deposition of high clay minerals.

According to the constructed basin model, the Khatatba Formation is located in the late
mature zone, which produces gas and condensates, while the AEB-6 is located in the main mature
zone. However, AEB-6 produces gas because all source rocks contain mostly kerogen type 1l with
minor type 1. Thus, the area produces gas and condensate upon maturity. The produced gases from
the AEB-6 reservoir are accompanied by condensate, which is consistent with the results of the basin
model, which shows late oil-window and postmature gas-window zones, which produce gas and
condensates.

Worldwide, [44] studied the XRD-determined clay mineral content of the Barnett Shale and
found this formation generally contains less than 30% clay minerals. Silica (clay to silt-size crystalline
quartz) was by far the most dominant component of the Barnett Shale, where the increase in the silica
content in the Barnett Shale made it more brittle and easier to fracture with drilling. However, the
Khatatba Formation shows an increase in the percentage of clay mineral contents up to > 60%, which
negatively affects its reservoir quality. Comparing the clay and non-clay mineral content data of the
Woodford Formation to the Barnett Shale in west Texas [44] showed that the silica content of the
Barnett Shale and Woodford Formation is higher than that of the Western Desert Khatatba Formation.
This improved the shale brittleness and allowed it to fracture more easily in Texas basins.

The elemental analysis (XRF) done by [65] on the Barnett Shale cores indicates an average
calcium content of ~1.3% (average of 177 samples). While for the Khatatba Formation, the average
calcium content is ~7.2% (average of 14 samples from the Imhotep W-1X well). It is evident that the
effect of the depositional environment, which is a deltaic environment infringed with a tidal flat
environment, contributed to the increase of clay minerals in the prodelta deposits and calcium% in
tide-dominated delta channel argillaceous sandstones of the Khatatba Formation. Thus, different
types of depositional environments are suggested to have direct impacts on the reservoir quality and
drilling process of targeted reservoirs. [66] used an integrated approach to define the core derived
geomechanical properties of the Bakken Formation and its relationship with wireline logs, facies
characterization, and field scale structural features. He concluded that integration between
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geomechanics, geochemical, and geophysical approaches can provides insights onto the depositional
environment and aids explain why specific mechanical mechanisms arise in determined zones. [67]
studied the Permian Roseneath and Murteree shales in Australia using petrophysical and
geomechanical models to determine shale mineralogy, organic richness, porosity, and brittleness
index, pore pressure, and fracture pressure gradient. They found quartz and siderite-rich rocks have
a higher brittleness index than clay, organic matter, and porosity-rich rocks. This is consistent with
the findings obtained from the current work on the Khatatba Formation. They suggested that
combining a BI with a geomechanical model to identify fracture barriers, potential layers, and
induced fractures based on stress regime. [68] developed a workflow for estimating the
geomechanical properties of shale intervals in the Early Cretaceous Sembar Formation, Lower Indus
Basin of Pakistan, using wireline logs, post-stack seismic data, XRD data, core data, and hydraulic
fracturing test data. Their results suggest that the Sembar Shale is promising for gas development,
where the 3D mechanical earth model shows an increase in shale brittleness towards the northeastern
part of the study area. [69] summarized all the approaches being used in gas shale reservoir
petrophysical and geomechanical modeling by using machine learning (ML) and artificial
intelligence (Al). They suggested that applying the ML and Al in modeling reservoir petrophysics
and geomechanics is crucial to determine new prospects of shale gas reservoirs.

From the discussion provided above, it is suggested that the Khatatba Formation in the Imhotep
W-1X well shows evident in situ dual source and reservoir characteristics, which are related to the
deposition of alternations of coarse clastic reservoirs and fine clastic and carbonate source rocks.
These changes in the depositional environments are connected to the Tethyan Middle Jurassic sea
level changes and the development of more humid regional climatic conditions. On the other hand,
the main source rocks in the Matruh Basin are believed to be the Middle Jurassic Khatatba Formation
shales. The presence of hydrocarbons in several nearby wells shows the need for further
investigations of the Khatatba Formation source rock potential. Therefore, integrating geomechanics,
geochemical, and petrophysical analysis, along with elemental and bulk mineral analysis, can aid in
well-planned operations for optimization. Accordingly, the integration applied in this study can help
in defining horizontal well orientation in the case of multi well correlation, evaluating the suitability
of particular zones in a formation for hydraulic fracturing, and measuring the pressure required for
hydraulic fracturing.

6. Conclusion

Integrated multi approaches as organic/inorganic geochemical, and organic petrographic
analyses were made on the Middle Jurassic Khatatba Formation through the Imhotep W-1X well in
the Matruh Basin, northwestern Egypt, to investigate its petroleum potential. Results indicate that
the Khatatba Formation shows obvious in situ dual source and reservoir characteristics. This is
related to the oscillations in sedimentation, which resulted in alternating deposition of organic-poor
coarse clastic reservoirs during semi-humid conditions and deposition of organic-rich fine clastic and
carbonate source rocks during semi-arid conditions. The shallow marine source rocks are rich in late
mature to early postmature (wet-gas to dry-gas windows) gas-prone organic facies, which sourced
the juxtaposing intraformational coarse clastic reservoirs with gas and condensates.

Hydrocarbon charge at the location of the Imhotep W-1X well is believed to be sourced from the
mature Khatatba shale source rock intervals, which encased the clastic reservoirs. These source rocks
are now thermally mature to generate mostly gaseous hydrocarbons, which is confirmed by the
maturation proxies and actual shows in the mud log. The thermal maturation of these source rocks
was connected to the tectonically driven subsidence events, which were related to the Late Jurassic
and Cretaceous Tethyan rifting. The Lower Safa, Upper Safa and Zahra members are shale-
dominated in the prospect area. These shales form the top and lateral seals for the Imhotep W-1X
well prospect accumulation. However, sealing is not anticipated to be a major problem. The prospect
area has direct access to mature source rocks within the studied part of the Matruh Basin, which
contains the mature Middle Jurassic Khatatba Formation source rocks. The varying petrophysical
characteristics and geomechanical complications of the Upper and Lower Safa sandstone reservoirs


https://doi.org/10.20944/preprints202405.0957.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2024 doi:10.20944/preprints202405.0957.v1

23

necessitate studying other parts of the Matruh Basin to better understand their regional hydrocarbon
production potential.
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