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This study examines the reservoir potential of the Middle Jurassic Khatatba Formation
in the significant gas producer Imhotep Field, Matruh Basin, northwestern Egypt. The
Upper Safa member sandstones of Khatatba Fm are characterized by low-quality,
confined sandstone reservoirs. Yet, the Lower Safa member sandstones show better
gas reservoir quality and exhibit remarkable decreases in shale volumes, including
kaolinite. There is about a 30 m gross thickness, a 10 m net effective pay, about 6 %
average effective porosity, 21% mD permeability, 12% shale volume, 24% water
saturation and ~77% average hydrocarbon saturation. The deeply seated Lower Safa
sandstone reservoirs in the Imhotep W-1X well are not suitable for gas production
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Imhotep Field, because they show a high decline in production and pressure tests. Therefore, they
Khatatba Formation, require high pressure to produce gas and condensates, which is probably not
Egypt. economically feasible. Moreover, geomechanical results indicate that the Lower Safa

member is a brittle reservoir with better drilling capabilities than the more ductile Upper
Safa member. Because of the vertical facies change and sandstone low-permeability in
the Khatatba Fm, the quality of the reservoir is seen as the biggest risk that was tested
in the field. In general, the Khatatba Fm in the Imhotep Field is a better reservoir
because it is mostly made up of coarse, organically poor clastic deposits in the Imhotep
W-1X well area. More studies based on multi-approach analysis are needed to fully
examine the regional reservoir potential of the Khataba Fm in the Matruh Basin.

1. Introduction . . : .
Aljahdali et al., (2023) suggested the intraformational

The Matruh Basin, located in northwestern Egypt,
holds approximately 23 billion barrels of oil (BBOE) and 3
trillion cubic feet (TCF) of gas reserves. The main
Mesozoic source rocks in the basin are the Middle
Jurassic Khatatba, Lower Cretaceous Alam El Bueib, and
Upper Cretaceous “G” Member of the Abu Roash
formations. The Matruh Basin's petroleum system has
proven to generate oil and gas, reaching the final phase of
hydrocarbon generation (EI-Shorbagy et al., 2023a, b).
The Study of (Shalaby et al., 2012), have suggested that
the Khatatba Formation's shales and coaly shales in the
Shams SE-1 and Shams NE-1 wells in the Shushan Basin
are late mature to early overmature, poor to excellent gas-
prone source rocks. El Nady et al., (2016) studied the dark
gray shales and carbonates of the upper Khatatba
Formation in the Salam-3X and fair mature gas-prone
source rocks in the Shushan Basin. Gentzis et al., (2018)
found 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 as a reservoir
rock containing migrated hydrocarbons and NSO
compounds.
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shales of Khatatba Formation in the OBA D-17 well in in
the Shushan Basin as good late mature oil source rocks.
Recently, Ali and Fagelnour (2023), 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. They
concluded that the Matruh Basin includes all elements of
the petroleum system, with generation, migration, and
accumulation beginning in the Early Cretaceous.
Moreover, Ali (2023), studied the Khatatba Formation in
Matruh Field using organic and inorganic data from two
wells and analyzed the provenance and sedimentation
conditions for Middle Jurassic source rock deposits. Ali
(2023) as well interpreted the formation as formed during
sea regression, with the Upper and Lower Safa members
being the most significant source rocks in the Matruh Field.
This led to shallow marine sediment deposition. This work
aims to evaluate the reservoir potential of the Khatatba
Formation in the Imhotep Field, Matruh Basin, using
petrophysical, and geomechanical analyses.
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2. Geological setting and lithostratigraphy

The geological history and setting of the northern
Desert of Egypt, reflect in part the tectonostratigraphic
evolution of the Unstable Shelf, which represents the
northeastern part of the African Craton (Fig. 1). The
Western Desert’s hydrocarbon occurrence is tightly tied to
historical tectonic and stratigraphic events, which made
multiple source, reservoir, and seal combinations.
According to Metwalli et al., (2018), the northern section of
Egypt witnessed three separate tectonic events. The initial
event formed the NW or WNW fault trend during the
Paleozoic—Early Mesozoic (Triassic). The second event
happened during the Late Mesozoic (Cretaceous) and
generated the ENE Syrian Arc System, which is built of a
sequence of faulted anticlines of varied dips and
directions. Finally, the third tectonic event developed
throughout the Early Cenozoic (Late Eocene and Early
Oligocene) and generated the NW Gulf of Suez and NNE

o

Aqgaba fault lines. Various geological studies dealt with the
tectonic framework, stratigraphy, facies distribution, and
development of sedimentary basins in the northwestern
Desert (e.g., Meshref, 1999; Guiraud and Bosworth, 1999;
Shalaby et al., 2012; EL Bastawesy et al., 2020; Bosworth
and Tari, 2021; Deaf et al., 2022).

The deposition of the sedimentary sequence in the
Matruh Basin was governed by the regional tectonics
associated to the drift of the African plate and rifting of the
Tethyan Ocean. This resulted in accumulation of thick
sedimentary successions, which are split into four primary
depositional sequences “DSQ” (Fig. 2). The investigated
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, with the carbonates
of the Kabrit Member acting as a separating thick bed. The
carbonates of the Zahra Member comprise the topmost
section of the Khatatba Formation.
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Fig. 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 EGPC, 1992; Diab and Khalil, 2021).
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Fig. 2. Stratigraphic column of the Matruh Basin, North Western Desert, Egypt, showing main petroleum system elements
with the lithology and age of the formations (modified after Abdou, 1998).

3. Methodology and analyses

3.1 Petrophysical analyses

Various types of geophysical data were analyzed to
identify the lithology, organic richness, and petrophysical
parameters of the Khatatba Formation intervals in the
Imhotep W-1X well, as shown in the following subsection

and in the workflow (Fig. 3). Lithology, volume of shale,
porosity, and water saturation were determined following
the methodology of Clavier et al., (1984), Asquith et al.,
(2004), Hakimi et al., (2012), Al-Areeq and Alaug (2014),
Osli et al, (2018), and Deaf et al, (2022).
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Fig. 3. A workflow chart showing the steps of analysis used in the petrophysical evaluation of the Khatatba Formation

reservoirs in the Imhotep W-1X well, the Matruh Basin, Egypt.

3.2. Hydrocarbon mobility

Schlumberger (1972), found that the ratio (Sw/ Sxo) is a
reliable indicator of oil mobility. If it equals 1, it suggests no
hydrocarbons have been displaced due to invasion.
However, a value of 0.7 or lower suggests hydrocarbon
presence. The ratio can be calculated using the formula
(Sw/ Sxo)2 = (Rxo / Rt) / (Rmf/ Rw).

3.3. Rock geomechanics methodology

Rock mechanical characteristics are crucial for
determining the quality, strength, and potential of a rock.
Well logging techniques are used to determine these
characteristics, which are calibrated with core data if
available. Shale brittleness is a key outcome, and shale
intervals with high brittleness levels are ideal for identifying
hydraulic fracture initiation. Geomechanical models can
enhance brittleness estimation and optimize parameters
like perforation intervals, fracture pressure, and geometry.
To start the geomechanical analysis, data for density,
porosity, compressional, slowness, and volume of shale
are evaluated and checked for quality. If density tools are
unavailable, synthetic logs can be generated using
workflow diagrams (Fig.4). Mechanical rock parameters
like Poisson's ratio (PR) and Young's modulus (YM) are
often derived from well logs. Brittleness is a function of two
key rock properties: Poisson's ratio (PR) and Young's
modulus (YM), indicating the rock's susceptibility to failure
(Rickman et al., 2008).

The brittleness of a formation increases with the

increase in YM value and decrease in PR value, leading to
increased fracturing and reduced stress. In contrast, ductile

shale intervals exhibit more plasticity and require elevated
pressure for fracturing (Perez Altamar and Marfurt, 2014).

Rocks with brittle characteristics have a wider range
of elastic behavior and a narrower range of ductile
behavior. Shale reservoirs have low porosity and
permeability, ranging from 4% to 6.5%, and act as a
source, reservoir, and seal in a shale gas system
(Sander et al., 2017). Shale gas reservoirs are suitable
for commercial exploitation when they have a brittleness
index of over 40%, facilitating more effective fracturing
(Zou et al., 2021). Following the procedure described by
Jaeger et al. (2009), Schén (2015), Wu and Grana
(2017), and Kinppel et al. (2023), a workflow has been
established in Figure 3 to illustrate the equations used to
estimate the rock mechanics for petrophysics from well
logs.

4. Results and Interpretations
4.1. Reservoir Petrophysical evaluation

The litho-saturation plot of the Lower Safa Member
shows that the rock type is mostly made up of shale layers,
sandstone bodies with some calcareous cement, a few
limestone horizons, and very small coal streaks. The Upper
Safa Member consists primarily of shale, with siltstone
intercalations as a major lithological constituent.
Additionally, it contains sandstone horizons with calcareous
cement as well as occasional limestone beds and coal
streaks.
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Fig. 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.

The volume of shale (Vsh) was calculated in front of
sand intervals using the GR-method, the neutron density
(ND), and the combined method of NS, Res, and SD. The
ND-method shows the best results in front of the sand
reservoirs of the Lower and Upper Safa Members, where
the Lower Safa Member has a Vsh of 8% using the ND-
method and 12% using the GR-method, while the Upper
Safa Member has a Vsh of 25% using the ND-method and
38% using the GR-method. It is obvious from Table 1
below that the GR method overestimated the Vsh of the
Lower and Upper Safa members in front of sand
reservoirs.

In the case of the Lower Safa Member (Fig. 5), it is
evident from track 3 (Sw/Sxo) that there is an absence of
mobile hydrocarbons in the sand intervals. However, the
recovery factor indicates that these intervals are filled with
gas. This phenomenon can be attributed to the fact that the
capillary pressure exceeds the buoyancy pressure of the
hydrocarbon. The company's pressure test, which
produced negative results in the Lower Safa Member,
further supports the veracity of this claim. Thus, the Lower
Safa Member was isolated, where production was made
from the Alam El Bueib unit- 6 (AEB-6).
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Table 1. The calculated volume of shale (Vsh) for the Khtatba Formation units (Lower Safa, Upper Safa, and Zahra
members) using the GR-method (Vsh_GR), the Neutron-Density (ND) method (Vsh_ND), the Neutron-Sonic method
(Vsh_NS), the resistivity method (Vsh_R), and the Sonic-Density method (Vsh_SD).

Zone Lithology Vsh_GR Vsh_ND Vsh_NS Vsh_R Vsh_SD

SAND 0.30 0.38 0.09 1.00 0.27
ZAHRA SILT 0.79 0.72 0.01 0.99 0.45
SHALE 0.77 0.72 0.01 0.97 0.32
SAND 0.38 0.25 0.37 1.00 0.25

UPPER
SAFA SILT 0.73 0.47 0.28 1.00 0.43
SHALE 0.85 0.56 0.23 0.98 0.38
SAND 0.12 0.08 0.65 1.00 0.28
Lg;’:i" SILT 0.67 039 | 045 0.99 0.46
SHALE 0.87 0.42 0.17 0.94 0.27
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Fig.5. Petrophysical evaluation of (A): the Upper Safa, and (B): Lower Safa member of the Khatatba Formation in the
Imhotep W-1X well. Track 1: total water saturation (Sw), Track 2: water saturation of flushed zone (Sxo), Track 3:
hydrocarbon mobility (Sw/Sxo), Track 4: hydrocarbon saturation (Sh), Track 5: residual hydrocarbon saturation (Shr), Track
6: movable hydrocarbon saturation (Shm), and Track 7: recovery factor (RF). The final track represents the formation
lithology. Depth is illustrated in meters and feet.
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For the Upper Safa Member, no pay was encountered
since the petrophysical evaluation showed that there was
no pay calculated due to the tightness of the present
sandstone. The average shale volume in front of sand was
high and attained 31% after the correction of shale and a
high-water saturation, which attained 51%. The effective
water saturation was about 46% after applying the
Indochina equation, which takes into account the
correction for the effect of shale. Moreover, the effective
porosity is just 3.7%, which shows how tight the reservoir
is (refer to the table provided in Fig. 6A). The geologists of
the owner company confirm the findings of the
petrophysical analysis (Personal Communications, 2024).

The comprehensive petrophysical analysis of the
Lower Safa sandstone units reveals a total gross thickness
of ~30m, within which about 10 m is considered as net
effective pay. The average effective porosity was
estimated to be around 6%, while the average water
saturation is around 24%. Conversely, the average
hydrocarbon saturation is calculated to be 77%, with an
average shale volume of approximately 12% from the GR
log and 8% from the ND logs. One issue pertaining to gas

(A): Upper Safa Member

Vshale
(VSH_GR | RHOB/ pHIT

reservoirs is that as the depth of the reservoir increases, a
correspondingly higher pressure is required for extraction
purposes. In general, the petrophysical assessment
categorizes the Lower Safa Member as a favorable gas
reservoir, as shown by the determined petrophysical data
(see tabulated data provided in base of (Fig. 6B).

The primary porosity was estimated from the sonic
log to be ~16.35% in the Lower Safa and ~18.13% in the
Upper Safa members. The secondary porosity was
estimated by subtracting the total porosity computed
from the Neutron-Density logs and from the porosity
derived from sonic log. It is observed that diagenesis
played a major role in controlling the reservoir quality,
where the secondary porosity was estimated to be
9.51% in the Lower Safa member, which is higher than
that of the Upper Safa member 7.69%. This may be
related to the effect of digenesis, which is higher in the
Lower Safa and probably created several secondary
pore spaces with better permeability characteristics for
fluid transmission and accumulation as a result of
compaction due to the Lower Safa deep burial (Fig. 6B).
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Fig. 6. The “Computed Petrophysical Interpretation” plot shows the petrophysical data of (A) the Upper Safa and (B) the
Lower Safa “sandstone reservoirs." The lithosaturation panel represents the following: Track 1: gamma Ray (GR) curve;
Track 2: volume of shale (Vsh); Track 3: porosity curves (density-neutron); Track 4: resistivity curves (shallow-deep-micro);
Track 5: total porosity (PHIT); Track 6: permeability (PERM); Track 7: lithology; Track 8: effective porosity; Track 9: water
saturation (SW) and hydrocarbon saturation (SH). The table attached to Figure 6A represents the petrophysical evaluation
of the Upper Safa member, while the table attached to Figure 6B represents the petrophysical evaluation of the Lower Safa
sandstone intervals.
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4.3. Geomechanics results

For a correct and reliable assessment of how brittle a
reservoir is, standard well logs and direct measurements of
geomechanical properties like Young's modulus E and
Poisson’s ratio o0 must be used (Grieser and Bray, 2007;
Rickman et al., 2008). The rock's brittleness increases
proportionally with the magnitude of the brittleness index
(Bl). The analysis of the Bl in conjunction with the
mineralogy logs along the Imhotep W-1X well reveals that
intervals characterized by elevated levels of quartz and
calcite exhibit are more brittleness compared to intervals
with higher clay content, which display lower levels of
brittleness and higher ductility. As mentioned before, the
sandstone in the Lower Safa member contains calcareous
cement, which induces ductility at some intervals in the
sandstone reservoirs.

Although the calcareous inter-layers are usually thin,
they can be identified by combining conventional logging
curves with dip logging curves, as explained by Rubing
(2014). In this method, the well log responses of these thin
calcareous layers can be identified as showing long and
stable drilling times without hole enlargement. The Lower
Safa resistivity log of the sandstones is low on the straight
parts of the Middle Jurassic section of the Khatatba
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Formation. However, it is high in front of the calcareous
inter-thin layers. This can be monitored from the
microspherical focused resistivity curve (MSFL), where it is
greater than 5 Q-m. Moreover, the calcareous cemented
sandstones are characterized by low natural gamma
readings (20—-35 API), high density (over 2.5 g/cm3), low
acoustic time readings, and low neutron porosity readings
of less than 8% (Rubing, 2014). A filter was applied with
the curve limits to identify the calcareous cement layers. It
was discovered that the severe calcareous thin layers are
mostly found in the high-tightness sandstones that are held
together by carbonates or anhydrites. The effect of the
calcareous cement of the sandstone reservoir was also
identified on the electric logs. The presence of the dogleg
shape after a porous and permeable interval indicates the
presence of calcareous cement, which causes low porosity
and permeability (Fig. 7).

In Fig. 8, the relationship between the Poisson’s ratio
and Young's modulus for the Lower Safa sandstone
calcareous cement intervals is illustrated. They exhibit a
moderate Poisson’s ratio and a high Young's modulus. Yet,
the ductile portion of the sandstone is characterized by a
high Poisson’s ratio and a moderate Young's modulus.
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Fig. 7. The bit size (BS) and caliper (CALI) curves are almost in line with each other in front of the Lower Safa sand. A dog-
leg shape indicates calcareous cement, which lowers the porosity and permeability values.
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As seen in Figure 8, there is a positive correlation
between the magnitude of the Bl and the brittleness of the
rock. The lithological composition of the Upper Safa has a
greater tendency for brittleness as opposed to ductile
characteristics.

Figure 9 demonstrates that the Lower Safa reservoir
exhibits ductility in the sand body intervals due to a higher
clay concentration compared to the Upper Safa member.
The penetration rate almost increases linearly with an
increasing rock brittleness index in the Imhotep W-1X well.

As we can see in Table 2 below, the penetration rate in
the Upper Safa member is lower than that in the Lower
Safa member for all lithological content. This suggests that
the Lower Safa is more brittle than the Upper Safa, despite
the few intervals are affected by calcareous cement and
high clay content. As we can see in Figure 10 below, the
ductile shale intervals are consistent with high TOC content
and high GR readings, while ductile sand reservoirs are
related to high clay content.

Table 2. Average penetration rate at different lithologies of the Khatatba Formation members in the Imhotep W-1 well.

Unit Siltstone Sandstone Shale Limestone Coal
Zahra - - 20 ft/hr 17 ft/hr -
Upper Safa 15 ft/hr 20 ft/hr 14 ft/hr 19 ft/hr 13 ft/hr
Kabrit - - - 20 ft/hr -
Lower Safa 21 ft/hr 25 ft/hr 16 ft/hr 23 ft/hr 30 ft/hr
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Fig. 10. The main sandstone reservoir units of
the Upper Safa member. The last track, BI,
shows the brittleness index of sand units and
shale intervals.
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Fig. 11. (a): Brittleness Index vs. Depth for different lithologies of the Upper Safa member (sand, coal, and carbonate)
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This behavior can also be monitored from the crossplot
of Poisson’s ratio versus the Young’s modulus, as
illustrated in Figures 11 b and c below. The ductile shale
shows a high Poisson's ratio and a low Young’s modulus.
The inverse is correct for the brittle shale.

5. Discussion on the petroleum potential
Khatatba Formation in the Imhotep W-1X well

In the early Cretaceous, shale and siltstone sealing
rocks were deposited in the AEB-5 Member. This was
followed by subsidence in the late Early Cretaceous, which
caused the Khatatba Formation source rocks to start to
mature. As a result, some oil was generated, migrated, and
accumulated in the sandstone reservoirs of the Upper Safa
member of the Middle Jurassic Khatatba Fm and the AEB-
6 Member of the Lower Cretaceous Alam El Bueib Fm,
trapped in the pre-existing Jurassic and Early Cretaceous
structural traps. Even though the Lower Safa sandstones
are higher in calcite cement, most of the petrophysical
parameters (net effective pay, average effective porosity,
average water saturation, and average hydrocarbon
saturation) show that they have better reservoir
parameters than the Upper Safa member. Studying the
Imphotep-W-1X well's mud log indicates that the Upper
Safa member has moderately sorted, moderately
consolidated sand, siliceous cement, and traces of free
kaolin. It has poor porosity and a higher average shale

of the

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 in
the Matruh basin, as explained by Ali (2023). This
compositional heterogeneity, due to the high clay mineral
content, downgrades the porosity and permeability of the
Upper Safa member.

Operationally, the geomechanical analysis of such
potential reservoirs is an essential process for the
successful implementation of petroleum activities,
including exploration and production. It requires a
complete understanding of the brittle and ductile
characteristics of the reservoir. High Young's modulus
values and correspondingly low Poisson's ratio values
indicate significant brittleness in the formation. Based on
the geomechanical analysis, the Lower Safa member is a
brittle sand reservoir that is easier to drill into than the
Upper Safa member in the Khatatba Formation in the
Imhotep W-1X well. It was also found that the Imhotep W-
1X gas reservoir was in the Lower Cretaceous AEB-6
member of the Alam El Bueib Formation and the Middle
Jurassic Lower Safa member of the Khatatba Formation.
These layers were full of gas and condensates. However,
the production occurred on the AEB-6 member because
the pressure test showed no depletion in pressure during
the production. The Lower Safa member, when tested
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showed a high decline in production (from 7 to 2 gas
million cubic feet) and pressure depletion to 4500 psi.
Therefore, the lower Safa was isolated after the pressure
test. Adding to that, the deeper Lower Safa gas reservoir
needs high pressure to produce gas and condensates. As
a suggestion, to produce gas from the Lower Safa
member, a station for gas control with a minimum number
of 10-15 wells is needed. It is a production-wise process
to cover the cost of a station built with gas production from
the Imhotep W-1X well.

According to the preceding discussion, the Khatatba
Fm in the Imhotep W-1X well proves superior reservoir
characteristics. Furthermore, in order to evaluate its
potential for hydrocarbon resources in the region, the
Khatatba Fm's diverse source and reservoir properties
must be examined in several areas within the Matruh
Basin using multi-approach analyses.

Conclusion

To investigate the reservoir potential of the Middle
Jurassic Khatatba Fm in Imhotep Field at the Matruh Basin,
analyses were conducted through the Imhotep W-1X well.
The results indicate that no pay was encountered in the
Upper Safa reservoir, which is classified as a tight gas
sandstone reservoir with less hydrocarbon recovery.
According to the geomechanical data, the Lower Safa
member is a brittle reservoir with better drilling capabilities
than the more ductile Upper Safa member. The reservoir's
quality was the biggest risk tested in the Imhotep field. This
is because the vertical facies change, and there are low-
permeability sandstone facies in the Khatatba Fm. The
prospect area's Lower Safa, and Upper Safa members are
shale-dominated. 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.
Because the Upper and Lower Safa sandstone reservoirs
have different petrophysical and geomechanical properties,
we need to look at other parts of the Matruh Basin and
study the elements of the petroleum system to learn more
about their potential to produce hydrocarbons in a regional
scale.
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