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Abstract

This study presents an integrated formation evaluation of the Middle Miocene syn-rift sandstones of the Hammam Faraun
Member from the southern Gulf of Suez. Core data, XRD, wireline logs, and gas chromatography data have been utilized
to assess the reservoir characteristics. Three lithofacies are identified from the cored intervals: (i) fine to medium-grained
massive sandstone (F-1), (ii) low-angle cross-bedded fine-grained sandstone (F-2); and (iii) coarse to very coarse-grained
massive sandstone (F-3). The dominantly massive nature of the sand units with sharp erosive base and bottom rip-up clasts
strongly indicates a high energy channel or fan deposit. XRD analysis reveals quartz and feldspar to be the dominant
constituents of this calcareous arkose. Montmorillonite and kaolinite are the major clay phases, along with minor illite.
Routine core analysis of a total of 168 core plugs indicates meso- to megaporous sandstones with porosity up to 28% and
Kh up to 1171 mD. Permeability anisotropy analysis exhibits the dominance of primary depositional fabric and isotropic
pores. Wireline log analysis yielded shale volume <0.2 v/v, porosity ~0.18-0.24 v/v, and water saturation~0.33-0.49 v/v.
Various gas ratios (wetness, balance, character, and oil indicator ratio) estimated from the chromatograph data indicate
the presence of liquid hydrocarbons within the studied reservoirs. The study concludes excellent reservoir properties in
the Hammam Faraun clastic intervals of the Esh El Mellaha area.

Highlights

e Hammam Faraun reservoirs consist of meso-megaporous calcareous arkose.

e Massive sands with sharp erosive base and bottom rip-up clasts indicates a high energy tidal deposit.
e Wireline logs indicate poor shale volume and considerable hydrocarbon saturation.

e (Gas chromatography data confirms the presence of liquid hydrocarbon.
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The Gulf of Suez (GOS) in Egypt is one of the most pro-
lific hydrocarbon-producing basins in northern Africa. It is
an aborted continental rift basin, however, presently active,
and the footwalls of several major extensional faults are still
rising to this day (Bosworth and Durocher 2017). Almost
one-fifth of the cumulative production of the GOS comes
from the Middle Miocene reservoirs (Patton et al. 1994).
GOS produced 54.5 million barrels of oil in 2020, which
shows a 3.8% decline from the previous year’s production
due to the natural decline of the mature fields (Hussein et
al. 2020). However, GOS remained the upstream activity
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hotspot, along with the Nile Delta and onshore Western Des-
ert regions. The recently discovered Al Wasl field, one of the
biggest in the last 20 years, will start commercial production
in 2024. It has brought attention and renewed interest to the
upstream community about the future GOS potential. Our
study focuses on the southern GOS. Elleboudy et al. (2011)
estimated around 4.764 barrels of oil equivalent of ultimate
recoverable resources and 2.614 barrels of oil equivalent
of remaining undiscovered hydrocarbons in the southern
Gulf of Suez. Recent hydrocarbon discoveries in the pre-rift
Nubia and early Miocene Nukhul intervals of the Geisum
and Tawila West Concessions in the southern GOS indicate
the promising future of this region. Our study area, Esh El
Mellaha, is close to these discoveries and commercially pro-
duces from the Matulla and Nukhul formations (Omran et
al. 2022a).

Previous studies from the southern GOS discussed the
structural geology (Meshref et al. 1995; Omran and El
Sharawy 2014; Nabawy and El Sharawy 2015; Maestrelli
et al. 2020; Van Dijk et al. 2020), in-situ stress state (Bos-
worth and Durocher 2017; Radwan et al. 2021), Miocene
sequence stratigraphy (Ramzy et al. 1996; El-Naby et al.
2016), source rock evaluation of Duwi, Kareem and Rudeis
formations (El Sharawy and Gaafar 2012; El Nady and
Mohamed., 2016), petrophysical analysis of Upper Creat-
ceous successions (El Sharawy and Nabawy 2016; Omran
et al. 2022b; Selim and Sarhan 2024), reservoir character-
ization of Kareem Formation (Farouk et al. 2022a; Hussein
et al., 2024), seismic interpretation and reservoir evaluation
of the Nubia, Nukhul and Rudies formations (Omran et al.
2022b), geostatic modeling and reserve estimation of the
Middle Miocene reservoirs (Amer et al. 2023). The Esh El
Mellaha area of the southern Gulf of Suez is less discussed.
Only two publications are available from this region. Elbah-
rawy et al. (2023) studied the Upper Cretaceous Matulla
reservoirs of the Esh El Mellaha area by integrating the
seismic interpretation and wireline log analysis. Omran et
al. (2022a) interpreted the well logs and characterized the
Rudeis, Nukhul, Matulla, Nubia and basement reservoir
intervals from the onshore West Esh El Mellaha area. How-
ever, a detailed formation evaluation of the Middle Miocene
syn-rift Hammam Faraun Member of the Belayim Forma-
tion lacks in the literature which sets the premise of this
work. We have integrated core data, wireline logs and mud-
logging data to characterize the mentioned reservoir. The
primary objectives of this study are to: (i) infer lithofacies
from core-based observations, (ii) bulk mineralogy and clay
fraction from X-ray diffraction (XRD), (iii) porosity, per-
meability and permeability anisotropy analysis from routine
core analysis (RCA), (iv) quantitative petrophysical inter-
pretation from wireline logs and (v) gas chromatography
data analysis and infer possible hydrocarbon phases based
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on various gas ratio interpretation. The results are discussed,
and inferences are drawn on depositional environment and
reservoir quality.

Geological settings

The GOS rift basin was formed during the Upper Oligocene
to Lower Miocene and continued until the Upper Miocene
(Bosworth et al. 2020). The rift basin, bounded by NW-SE
faults (Fig. 1), was created by a NE to NNE extension during
the separation of the Arabian and African plates (Moustafa
1993; Patton et al. 1994; Younes and McClay 2002). The
maximum horizontal stress azimuth was inferred as N150°E
based on the drilling induced tensile failures reported from
the Hilal oil field of southern GOS (Radwan et al. 2021).
The southern Suez rift ends by creating a triple junction
with Gulf of Aqaba and Red Sea rifting. Meshref (1990)
subdivided the Suez rift basin into various structural prov-
inces based on dip variations within large fault blocks con-
stituting eroded horsts and deep grabens. This study focuses
on the offshore Esh El Mellaha area, located on the southern
offshore part of the GOS (Fig. 1a). Elbahrawy et al. (2023)
interpreted the structural setting of this area by integrating
seismic and remote sensing datasets.

The Precambrian to recent stratigraphy of the study area
is divided into three mega-units (Said 1990): the Precam-
brian to Eocene pre-rift unit, ii) the Miocene syn-rift unit
and iii) the Pliocene-recent post-rift unit. This study focuses
on the Miocene syn-rift interval, which unconformably lies
above the pre-rift sediments. A stratigraphic chart of the
Miocene interval is presented in Fig. 2 (Alsharhan 2003).
Distinct lithological variations are observed in the two major
groups of the Miocene interval. The Lower to Middle Mio-
cene Gharandal Group is devoid of any major anhydrite and
consists of Lower Miocene Nukhul, Rudeis formations, and
Middle Miocene Kareem Formation. These are character-
ized by mixed clastic and carbonate lithologies (Elmaadawy
2020; Elmaadawy et al. 2021). The Middle Miocene Ras
Mallab Group consists of Belayim, South Gharib and Zeit
formations. The Belayim Formation is divided in four mem-
bers: Baba and Feiran are anhydrite dominated, Sidri is
sandstone dominated and Hammam Faraun exhibits mixed
lithologies (Alsharhan 2003). The South Gharib and Zeit
formations are composed mainly of salt and anhydrites. The
vertical and lateral facies variations of the syn-depositional
Miocene units are largely controlled by the structural frame-
work of the southern Gulf of Suez guided by the diapiric
structure of South Gharib Formation (El-Naby et al. 2016).
The marls of the Rudeis and Hammam Faraun formations
along with the Kareem shales are the potential source rocks
(El Nady and Mohamed., 2016). The syn-rift unit hosts
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Fig. 1 (a) Location of the study area - offshore Esh El Mellaha, south-
ern Gulf of Suez, as marked by red square along with the major faults.
The base map is prepared by using CASMI, a visualization tool for the

multiple sandstone and limestone reservoirs within Nukhul,
Rudeis, Sidri, and Hammam Faraun (Amer et al. 2023;
Selim and Sarhan 2024). The Middle Miocene South Gharib
and Zeit formations provided a regional seal to the underly-
ing syn-rift reservoirs (Alsharhan 2003).

Data and methods

We have studied the Middle Miocene syn-rift Hammam
Faraun sandstone reservoir of the Belayim Formation from
five wells drilled in the offshore Esh El Mellaha, southern
Gulf of Suez. The well names are Well-A, Well-B, Well-
C, Well-D and Well-D ST. The well locations are presented
in Fig. 1b. All these wells were drilled to the base of the
Belayim Formation. Conventional cores were acquired in
three wells: Well-B, Well-C and Well-D ST, which were
studied for lithofacies analysis. XRD analysis were per-
formed on three samples from Well-B which provided bulk
rock composition as well as clay mineralogy. Routine core
analysis (RCA) was performed on the 15 plug samples of
Well-B, 95 samples of Well-C and 58 samples from Well-
D ST. Helium porosity and horizontal permeability (Kh)
measurements were available from 153 samples of Well-C
and Well-D ST. Only porosity measurements were avail-
able from Well-B samples, while vertical permeability (Kv)

World Stress Map (WSM) database accessed by the online interface
CASMO (Heidbach et al. 2010). (b) location of the five studied wells
in the study area

was measured only on the Well-C samples. Based on the Kh
and Kv measurements in Well-C, permeability anisotropy
(Ak) was estimated (Nabawy and Al-Azazi 2015a; Nabawy
2018):

Kh

o (1

Ak =

Wireline logs were acquired which covered the target reser-
voir interval in all the wells. Available wireline logs include
gamma ray (GR), resistivity (RLAS and RXOZ), bulk den-
sity (RHOB), neutron porosity (NPHI) and compressional
acoustic slowness (DT). A well-log correlation panel (based
on the gamma-ray log) is presented in Fig. 3. A cross-plot
between RHOB and NPHI was prepared to identify the lith-
ological composition of the studied interval (Asquith and
Krygowski 2004). To infer the mineralogical composition,
we utilized M-N cross-plot based on RHOB, NPHI and DT.
‘M’ and ‘N’ are defined as:

DTf— DT
[ — . *
M (RHOB f R,HOBf) 0.01 )
NPHIf — NPHI
N = RHOB _ RHOBI 3)
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Fig. 2 Miocene lithostratigraphic succession of the study area - off-
shore Esh El Mellaha, southern Gulf of Suez (Alsharhan 2003). The
studied interval, i.e., Middle Miocene syn-rift Hammam Faraun Mem-
ber of the Belayim Formation is marked by blue rectangle and arrow

Where DTf is the slowness of the formation fluid and
RHOBf is the formation fluid density. To infer the matrix
composition, a cross-plot was prepared using apparent
matrix density (RHOMAA) and apparent matrix volumetric
photoelectric factor (UMAA). Key petrophysical param-
eters were estimated utilizing the wireline logs, which
include shale volume (Vsh), total porosity (PHIT), effective
porosity (PHIE), water saturation (Sw) and bulk volume of
water (BVW). Vsh was inferred from the gamma-ray log;
PHIT and PHIE were estimated from RHOB, NPHI and Vsh
(Asquith and Gibson 1982). The Sw was estimated by the
Indonesian model (Poupon and Leveaux 1971):

=

1

Sw = R )

VShl —0.5Vsh + Pem
v/Rsh aRw

Where, R =deep resistivity log response, Rsh =shale resis-
tivity; Rw=resistivity of the connate water, considered as
0.028 ohmm; ‘a’ is tortuosity factor (considered a=1); ‘m’
is cementation exponent and ‘n’ is saturation exponent. We
assumed m=2 and n=2. Net pay interval was distinguished
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based on the petrophysical cut offs of porosity=0.1 v/v,
Vsh=0.35 v/v, and Sw=0.5 v/v, as commonly reported
from Gulf of Suez (Ali et al. 2022). Upscaled log petro-
physical properties are populated across the field to infer the
lateral distribution of reservoir parameters.

Along with the core analysis and wireline log-based
quantitative petrophysical assessment, the gas data from
mudlogging services were also studied to infer the possible
hydrocarbon characteristics. Gas chromatography data was
studied from three wells, Well-C and Well-D. Based on the
total gas and chromatographs (C1 to C5), following wetness
ratio (Wh), balance ratio (Bh), gas character ratio (Ch) and
oil indicator ratio (OI) were estimated (Haworth et al. 1985;
Pierson 2017):

Wh= 01?52135324542505 o0 )
Bh= 03C+IC+4C+2C5 ©
Ch = % )
Ol = {%} %100 (8)

Based on the value ranges of the estimated gas ratios, reser-
voir fluid types are inferred (Haworth et al. 1985; Mode et
al. 2014; Pierson 2017).

Esh El Mellaha.

Results
Lithofacies and XRD analysis

Conventional cores recovered from Well-B, Well-C and
Well-D ST were studied for lithofacies analysis (Fig. 4).
Three distinct lithofacies were identified: (i) fine to
medium-grained massive sandstone (F-1), (ii) low-angle
cross-bedded fine-grained sandstone (F-2) and (iii) coarse to
very coarse-grained massive sandstone (F-3). Deposition of
low-angle crossbed lithofacies (i.e., F-2) usually indicates a
hydrodynamic condition between upper plane bed and ant-
idune formation, therefore representing a subcritical to criti-
cal flow transition. F-1 and F-3 are devoid of any primary
sedimentary structures. F-3 exhibits an erosive base, rip-up
clasts, and sharp contact with the underlying F-2 (Fig. 4).
The XRD measurements were available only from three
samples of Well-B which provided information about the
bulk rock composition as well as clay mineralogy. Results
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Fig.3 Well log correlation panel using the five studied wells in the offshore Esh El Mellaha, southern Gulf of Suez. The studied interval ‘BAL/H.F’
denotes the studied Middle Miocene syn-rift Hammam Faraun Member of the Belayim Formation, denoted by blue bar in each well

are presented in Fig. 5. These samples were recovered from
the F-2 lithofacies. It indicates quartz and feldspar to be
the dominant mineral constituents of the Hammam Faraun
clastic intervals (Fig. 5a). Quartz abundance varies between
51 and 65%, while feldspar ranges between 30 and 38%.
Clay content varies between 4 and 7%. Two of the samples
exhibited minor carbonates, around 5%. Since the point
count data is unavailable from the petrographic thin section
study, we considered the XRD-based relative abundance of
quartz and feldspar for sandstone classification which indi-
cates that the studied Hammam Faraun interval is Arkose in
nature, as per Folk’s (1980) classification. Clay fraction data
is presented in Fig. 5b indicating the presence of montmoril-
lonite as the dominant clay phase with abundance ranging
between 53 and 85%. Kaolinite content ranges between 11

and 33% and illite is the least abundant clay fraction ranging
between 4 and 14%.

Routine core analysis

RCA indicates a porosity range of 13-28% in the Ham-
mam Faraun interval (Fig. 6a) (14.5-25.8% in Well-B,
12.9-28.3% in Well-C and 13-28% in Well-D ST). Kh mea-
surements in Well-C range between 0.6 and 222 mD, while
the Well-D ST exhibits a higher Kh range of 2.7-1171 mD
(Fig. 6a). Majority of the Well-C measurements are indica-
tive of mesoporosity (0.5 pm<R35<2 pum) with some
macroporosity (2 pm<R35<10 pm) (Fig. 6a). Well-D
ST measurements indicate dominantly macroporosity with
some megaporosity (R35>10 um) (Fig. 6a). Kv measure-
ments in Well-C exhibits a wide range between 0.16 and

@ Springer
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485 mD (Fig. 6b), with majorly Kv/Kh <1 indicating the
predominance of primary depositional fabric over second-
ary fabrics (Fig. 7a). Permeability anisotropy of the studied
interval in Well-C ranges between 0.34 and 6.81, however
majority of the data distribution indicates 1 <Ak <2, indi-
cating dominantly isotropic pore system (Fig. 7b). Minor
horizontal and vertical pore communication (scattered or
connected) is also observed based on the Ak-Kh cross-plot.

Wireline log-based petrophysical analysis

Wireline logs of the five studied wells were interpreted for
the formation evaluation of the Hammam Faraun interval.
For lithological and mineralogical interpretation, we gen-
erated the cross-plots between bulk density and neutron
porosity (Fig. 8), M and N (Fig. 9) and apparent matrix
density vs. apparent matrix volumetric photoelectric factor
(Fig. 10). The RHOB-NPHI cross-plot indicates most of the
data distribution between the sandstone and dolomite lines
with porosity tentatively between 10 and 35%. It is to be
noted that the plot represents the entire Hammam Faraun
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intervals of the studied wells. The effect of limestone and
dolomite seen in Fig. 1 may be representative of the calcare-
ous nature of the Hammam Faraun sandstones. This infer-
ence does not contradict the observed sandstone cores and
the presence of carbonates observed from the XRD mea-
surements in Well-B. The M-N cross-plot in Fig. 11 facili-
tated the differentiation between shale and sand intervals.
The cross-plot indicated the dominance of sandstone lithol-
ogies in the Hammam Faraun interval with silica (Quartz),
calcite and dolomite to be the major mineralogy. The effect
of secondary porosity was not observed in Fig. 11. For
matrix identification, the RHOMAA-UMAA cross-plot is
presented in Fig. 12. Based on the large data scatter, any
specific matrix type could not be inferred, however, it shows
the presence of quartz, feldspar, calcite, dolomite, and some
clay minerals. All three cross-plots along with the sandstone
cores and XRD measurements indicate arkose to calcareous
arkose nature of the Hammam Faraun interval.

The quantitative petrophysical interpretations from wire-
line logs of the five studied wells are presented in Figs. 13,
14, 15, 16 and 17. In Well-A, two promising zones were
observed between 2715 and 2770 m and 2850-2890 m,
separated by a thick shale-dominated interval. These two
intervals contribute to 40.5 m of net pay out of 49.5 m net
sand thickness and 248.8 m gross thickness of Hammam
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Neutron porosity (ft3/ft3)

Faraun Member (net to gross ratio of 0.16) with an aver-
age Vsh~0.1 v/v, porosity~0.24 v/v and Sw~0.33 v/v
(Fig. 13). Well-B exhibits hydrocarbon-bearing zones
between 3175 and 3220 m and 3250-3315 m, contributing
to 75 m net sand thickness and 15 m net pay (net to gross
ratio of 0.09) with an average Vsh~0.2 v/v, porosity ~0.21
v/v and Sw~0.41 v/v (Fig. 14). The Hammam Faraun
Member has a 350 m thickness in Well-C with a net sand
thickness of 219 m. Based on the petrophysical cutoffs, a
20.5 net pay is identified between 3350 and 3500 m in Well-
C with an average Vsh~0.12 v/v, porosity~0.22 v/v and
Sw~0.49 v/v (Fig. 15). Well-D exhibits hydrocarbon-bear-
ing interval between 3400 and 3465 m with a net pay thick-
ness of 62.5 m, characterized by an average Vsh~0.3 v/v,
porosity~0.18 v/v and Sw~0.49 v/v (Fig. 16). Well-D ST
shows 43 m of net pay zone between 3375 and 3485 m with
an average Vsh~0.18 v/v, porosity ~0.18 v/v and Sw~0.43
v/v (Fig. 17). A comparison of the ley petrophysical param-
eters from the five studied wells is presented in Fig. 18. All
the upscaled petrophysical properties are populated across
the field to understand the lateral distribution of reservoir
parameters, as presented in Figs. 19 and 20. Briefly, the area
between Well-B and Well-C shows the potential of lower
Vsh and Sw along with higher effective porosity, net sand,
and net pay thickness.
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Gas chromatography analysis Discussions

Gas chromatograph data from mudlogging services was
assessed to estimate various gas ratios which are helpful to
indicate possible hydrocarbons present within the studied
Hammam Faraun reservoirs. Two wells (Well-C and Well-
D) are studied, and the results are presented in Figs. 19 and
20. Between 3355 and 3455 m in Well-C, gas data shows
hydrocarbon-bearing zones with majorly Wh>Bh with
Wh~17-60 and Bh~2-10 (Fig. 19). The corresponding
Ch> 0.5 indicates the presence of liquid hydrocarbon. The
estimated OI varies between 0.02 and 0.56 (Fig. 19). Most
data show 0.1 <OI<0.4 indicating oil, while some data
point exhibits 0.07<OI<0.1 which is indicative of con-
densate or light oil with gas oil ratio (GOR). All the gas
ratios point towards oil-bearing intervals between 3355
and 3455 m in Well-C, which is also supported by the esti-
mated Sw (refer to Fig. 15). The gas data in Well D exhibits
hydrocarbon bearing zone between 3400 and 3550 m with
Wh>Bh, Wh~30-50, Bh~1.2-4, Ch> 0.5 and OI mostly
between 0.1 and 0.4, indicating the presence of oil. The
same interval also exhibits low Sw in the quantitative petro-
physical analysis (Fig. 16).

The studied Hammam Faraun Member hosts oil-bearing,
porous, and permeable, calcareous arkose, as inferred
from the integrated assessment of core analysis, wireline
logs, and gas chromatograph data. The studied interval
was deposited during the Middle Miocene syn-rift stage.
El-Naby et al. (2016) reported that the facies distribution
of the syn-depositional Miocene sediments was guided by
the structural framework of the southern GOSB, where
the sedimentation occurred on the tilted pre-rift blocks.
During the deposition of the Belayim Formation, the sub-
sidence rate decreased (El-Naby et al. 2016). Naggar and
El-Hilaly (1985) and El-Naby et al. (2016) indicated that the
evaporite dominated Belayim Formation was deposited in
a closed lagoonal setup with clastic influx episodes. Based
on the spectral gamma ray logs, Nabawy and El Sharawy
(2015) inferred a lagoonal/shallow marine to continental
depositional environment for the Hammam Faraun Mem-
ber in the southern GOS. The sand fraction of the Hammam
Faraun Member increases towards the basin margin part,
where tidal flat to intertidal environment prevailed (Nabawy
and El Sharawy 2015). Previous works from other parts of
GOS point towards an alluvial fan delta system in a shallow
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Fig. 10 Cross-plot between

apparent matrix density (RHO- Well-A -
MAA) and apparent matrix

volumetric photoelectric factor 2.3 WekB -
(UMAA) of the Hammam Faraun Salt Well-C -
interval of the five studied

wells indicating the lithological wei-d N
composition WeII-D-ST-

Apparent matrix density (RHOMAA) (g/cc)

4

10 13 16

Apparent matrix volumetric photoelectric factor (UMAA) (b/cm?3)

marine setup responsible for the deposition of Hammam
Faraun clastics (Ramzy et al. 1996; Hughes et al. 1997;
Stephen et al. 2005). Summarily, the previous works indi-
cate towards a basin-ward prograde fan deposit during the
high-stand system tract. Our core-based observations also
correlate well with such inferences. The massive nature of
F-1 and F-3 and lack of any stratification is indicative of
rapid deposition in a high discharge depositional environ-
ment (Baouche et al. 2020; Sen and Dey 2019, 2020; Leila
et al. 2023). The abundant fine to coarse pebbles with vari-
ous degrees of roundness (subangular to rounded) within
F-3 (Fig. 4) also support the inference of a high-energy tidal
deposit (e.g., Dey et al. 2018; Dey and Sen 2018; Leila et al.
2023). The massive sands with sharp erosive base and bot-
tom rip-up clasts strongly indicates a high energy channel or
fan deposit (Sen et al. 2016; Farouk et al. 2022b; Ali et al.
2023; Leila et al. 2023). Lack of bioturbation, rootlets, and
pedogenic features indicate the absence of any sub-aerial
exposure during the deposition of all three lithofacies (Dey
and Sen 2017; Abdel-Fattah et al. 2022).

Wireline logs provided critical insights on the reservoir
characteristics, as the effect of diagenesis reflects on the
rock properties captured by the wireline log signatures (e.g.,
Nabawy 2013; Nabawy et al., 2015, 2020; Safa et al., 2021).

@ Springer

Hammam Faraun Member, along with Sidri Member, is a
prolific reservoir of the Belayim Formation in the south-
ern GOS. Nabawy and El Sharawy (2015) inferred very
good porosity (13.5-25%) and Sw~42.3% in the Hammam
Faraun clastic unit from the southern GOS. We presented
the first routine core analysis of the studied interval from
southern GOS. The available direct measurements clearly
indicate a superior reservoir quality characterized by meso-
to megaporous sandstones with porosity up to 28% and Kh
up to 1171 mD. The inference is supported by the quantita-
tive petrophysical interpretation, which indicates Vsh<0.2
v/v and Sw< 0.5 v/v in all five studied wells. Gas chroma-
tography analysis confirms the presence of liquid hydro-
carbons in these intervals. In previous studies, researchers
indicated potential hydrocarbon-bearing reservoir intervals
in the Matulla, Nukhul and Nubia units of the Esh El Mel-
laha area (Omran et al. 2022b; Elbahrawy et al. 2023), and
our study adds the Hammam Faraun reservoir potential,
which translates excellent exploration and appraisal oppor-
tunities within the Middle Miocene and older stratigraphic
succession of the study area.
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Fig. 11 Petrophysical interpretation of the Hammam Faraun interval in Well-A indicating key petrophysical properties estimated from wireline
logs

e XRD indicates quartz and feldspar to be the dominant

Conclusions constituents of this calcareous arkose. Montmorillonite
is the dominant clay phase.

e Routine core analysis and wireline log-based petrophys-

Integration of core-based lithofacies, XRD, routine ical interpretation indicate highly porous and permeable
core analysis, wireline logs, and mudlogging gas chro- nature of the studied sandstones with Vsh <0.2 v/v and
matography data shed critical insights on the reservoir Sw<0.5 v/v.
characteristics of the Middle Miocene syn-rift Ham- e Various gas ratios (wetness, balance, character, and oil
mam Faraun interval, which are summarised as below: indicator ratio) estimated from the mudlogging chro-
matograph data indicates the presence of liquid hydro-
e The analysed clastic interval is composed of massive carbons within the studied reservoirs.

medium to coarse-grained massive sandstone and low-
angle cross-bedded fine-grained sandstone.

e The sharp erosive base and bottom rip-up clasts of the
massive sandstone unit indicate a high energy tidal
deposit.
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Fig. 12 Petrophysical interpretation of the Hammam Faraun interval in Well-B indicating key petrophysical properties estimated from wireline
logs. Red dots on the porosity track represent the helium porosity measurements available from routine core analysis
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Fig. 13 Petrophysical interpretation of the Hammam Faraun interval in
Well-C indicating key petrophysical properties estimated from wire-
line logs. Red dots on the porosity track represent the helium measure-
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ments and blue dots on Kh track represent the horizontal permeability
measurements available from routine core analysis



Marine Geophysical Research (2024) 45:19 Page 130f19 19
DT Well-D [] HCV
240-40 pus/ft BVW
GR RHOB m Vsand
0-150 API 1.95-2.95 glcc RX0OZ PHIT Vdol
Depth Caliper Vsh NPHI RLAS5 PHIE Sw Vsh
Feet 6-16 inch 0-1 VvV 0.45--0.15 ft3/st3 0.02-200 ohmm 0-0.5 viv 1-0 viv 0-1
>
3450 4
p
3500 9
b
; ——
b
04 | P b
: -
5| | -
©
3600 o=
1
=
&
3650 -
|}
3700
3750 1

1
o
<

Fig. 14 Petrophysical interpretation of the Hammam Faraun interval in Well-D indicating key petrophysical properties estimated from wireline
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Fig. 15 Petrophysical interpretation of the Hammam Faraun interval
in Well-D ST indicating key petrophysical properties estimated from
wireline logs. Red dots on the porosity track represent the helium mea-

Fig. 16 Comparison of key petro-
physical properties of the Ham-
mam Faraun Member in the five
studied wells that include gross
interval thickness, net sand, and
net pay thickness along with the
average shale volume, porosity,
and water/hydrocarbon saturation
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Fig. 17 Distribution of (a) shale volume, (b) effective porosity and (¢) water saturation within the Hammam Faraun Member across the study area

33'3700°E 33'3730°E 33'3800°E

33'3830°E

33'3900°E  33'3700°E

33°3730°E 33'3800°E 33°3830°E

33'3900°E  33'3700°E 33°3730°E

33'3800E 33'3830°E 333900

27°2800°N 27°2830N 2772900°N

£
8
&
&
&
8
&
&
WITNE | IINE | IIBO0E
[ 500

o

33'3830°E

33'3900€

10 2w 2soom

1:24395

1:24395

z K3
8 8
& &
b &
z z
8 8
& &
& &
£ -
g 8
&
& &
Z | et votume (map) M £
8| g 8
B g
£180.00
!'MM
I g
1 e &
8 &
y
33°3T00E 33°ITI0°E 33°3800°E 33'3830°E 33'3900°E  33°3700°E 33°3730°E 33°3800°E 33°3830°E 33°3900E
0 500 1000 1500 2000 2500m 0 500 1000 1500 2000 2500m

1:24395

Fig. 18 Distribution of (a) total thickness of Hammam Faraun Member, (b) net sand and (c) net pay across the study area

@ Springer



19 Page 16 of 19 Marine Geophysical Research (2024) 45:19

Vsh  c1 Eg c3 Wh Well-C
i MLy Character Ratio (Ch . . .
Depth Vsand iC4, nC4, C5 Bh () Oil Indicator Ratio
Feet 0-1 v/iv 100-1000000 ppm 1-100 0.1 1 10 0.01 0.1 1
3350 1 3350 i KRR
250 : oo
i @ ! 1
1 i
o o B
p_— 3375 - ‘ 3375 :
¢) i
i i i
| 8
3400 _ 3400 o (] 3400 i '. |.
S 1 ) 1
8 : I
© = i il 1
b ; : I
3425 £ L 3425 - i 3425 - : “ I
o % I‘ .. 1 ..
E @ 1 [ 1
= a I‘ .“ i
3450 | % i il i
3450 : 3450 - pry gas : : :
'-0: Ch>05 : : :
?: Liquid phase LI i
= =0 /11 1
O 5 g
3475 7 3475 i 75+ 36/11 13
o £ &
i g2 )1 9 1=
Ch<05 1 g€ 11 18
Gas phase: é : : :
3500 3500 H 3500 : : :

Fig. 19 Gas chromatograph analysis of the Hammam Faraun interval in Well-C indicating possible oil-bearing zones between 3355-3455 m based
on gas wetness (Wh), balance (Bh), character (Ch), and oil indicator ratio (OI)

@ Springer



Marine Geophysical Research (2024) 45:19

Page 170f 19 19

TG Well-D
Vsh C1,C2,C3 Wh
Depth Vsand iC4,nC4,C5 Bh
Feet 0-1v/v  100-1000000 ppm 1-100
s \ 3400
3425 3425
3450 3450
8 (=
3475 = 3475
g =
&
35004 £ = 3500
© a
£ 3
§
3525 | T 3525
3550 - 3550
3575 3575
3600

Character Ratio(Ch) Oil Indicator Ratio
0.1 1 10 0.01 0.1 1
A L 3400 L B B R
1 [ 1
1 1
[} = 1
a 11-0A |1
i i i
1 H 3425 - i i
1 [} 1
1 1
I i 1
1 1 ~
1Y o
3450 - i :
] i 1
1 i 1
] [} 1
: i O
! 3475 1 a I
0! -
! Sha T
1 1 1
1 i
] i
4 1 3500 - [N
1 [ |
1 Drygas || 1
1 [}
1 1
Ch<05 | i
| Gas phase | 3525 - i i
: z T
i EE LI
i -0 /:
1 25711
1 3550 - 2.: 11 ==
= =
i Ch>05 2% ii oi E%
Liquid phase <] 3
o CET e
I o Hoo
<
(3} i i
1 1 1
1 i i
! ! 3600 oL :

Fig.20 Gas chromatograph analysis of the Hammam Faraun interval in Well-D indicating possible oil-bearing zones between 3400-3550 m based
on gas wetness (Wh), balance (Bh), character (Ch), and oil indicator ratio (OI)
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