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Abstract

This study introduces an integrated evaluation of geological and geophysical data, including
sedimentology, diagenetic alteration, image log analysis, core measurements, formation
evaluation, and a neural analysis technique (K-mode algorithm) to characterize the upper
Messinian heterogeneous reservoirs of the Salma Field, Nile Delta, Egypt. It links observed
reservoir permeability and flow zone indicators (FZI) to predict reservoir quality and
distribution within un-cored parts of the field. Core and image log analysis show that the Abu
Madi sandstone reservoir is composed of seven clastic litho-facies deposited within fluvial to
deltaic environments. The reservoir is controlled by four hydraulic flow units (HFU’s) and five
flow units (FU). Fluvial channel facies, tidally influenced fluvial channel facies, and
uppermost parts of bayhead delta facies are dominated by clean sandstone with a low clay
content (avg. 20%). These facies are characterized by the high pore-throat sizes (R35 and FZI
values), indicating a pore system dominated by mega- to macro-pores. The estuarine facies
is composed of mudstone, siltstone, and argillaceous sandstone, with 25% average clay
content and moderate R35 and FZI values, indicating a pore system dominated by macro- to
meso-pores. The heterolithic estuarine and bayhead delta facies contain abundant
argillaceous-rich sandstones, with 29% average clay content and low R35 and FZI values,
indicating a pore system dominated by micro-pores. A neural log technique was applied to
predict FZIs and permeability in un-cored intervals. Paleocurrent analysis was conducted
using image log data to guide sweet spot and reservoir quality tracking across the field.

Reservoir quality is controlled by both diagenetic and depositional processes, chiefly an
1
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abundance of detrital clays, grain size, and sorting. In the Salama Field reservoirs, mineral
dissolution, cement dissolution, and micro-fractures enhance the pore system, while pore-
filling and grain-coating detrital clays reduce reservoir quality. These results are important as
they improve the wider understanding of the Messinian Abu Madi reservoir in the wider
Mediterranean region.
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1. Introduction

This study evaluates the Upper Messinian reservoir rocks and in-particular the Abu Madi
reservoirs of the Salma Field. The Abu Madi sandstone is the main gas-producing formation
from the Salma Field in the East Nile Delta region (Fig. 1). The Upper Messinian succession is
considered the main hydrocarbon reservoir interval that contains substantial gas reserves
within the Nile Delta area, with a number of fields currently in production (EGPC, 1994;
Barakat et al., 2021). The Upper Messinian has variable sedimentary lithofacies as a result of
deposition in a range of different environments through time (EGPC, 1994; Dolson et al.,
2005; Leila et al., 2015). During the late Miocene to early Pliocene, an entrenched valley
system was filled with mainly sandstones (Leila & Moscariello, 2019), which were deposited
during a series of fluctuation in relative sea level (EGPC, 1994; Dolson et al., 2001; Salem et
al., 2005). The marine influence on deposition during Abu Madi times became stronger
towards the end Miocene (Palmieri et al., 1996; Dalla et al., 1997), which resulted in the

deposition of thick marine mudstones in-between sandstone bodies (Dolson et al., 2001).

The primary goal of reservoir evaluation is to characterize reservoir units and understand
their relevant geology and reservoir properties, which is one of the key challenges in
developing a reservoir model (Novak et al., 2014; Ali et al., 2021; Radwan, 2022a, b). Various
methods were developed for consistent interpretation of available data to describe reservoir
properties of the zone of interest in wells (Ezekwe & Filler, 2005), as well as prediction of
petrophysical parameters throughout a reservoir using geostatistical and classical methods
(Maschio et al.,, 2008; Demyanov et al., 2015; Abdullah et al., 2021a). Petrophysical
parameters such as porosity and permeability are common aspects of fluid flow modeling
(Corbett, 2009; Heidari et al., 2012; Mirzaei-Paiaman et al., 2018; Abdullah et al., 2021b).
The significance of property modelling for petrophysical parameters and facies distribution
characterization relevant to flow performance has been widely investigated (e.g., Corbett
and Jensen, 1992; Jensen et al., 2000; Corbett, 2009; Soleimani and JodeiriShokri, 2015;
Ghandra et al., 2015; Corbett and Duarte, 2019; Radwan et al., 2021b; Radwan, 20223, b).

The quality of petroleum reservoirs is determined by their storage volume and flow capacity,

which are intrinsically related to pore type and size distribution (e.g., Corbett, 2009; Taylor
3
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et al., 2010). Calculating accurate hydrocarbon reserves is often challenging, largely due to
reservoir facies variability and its impact on reservoir parameters, which ultimately effects

the total available pore hydrocarbon volume.

The reservoir environment and depositional processes have an impact on the pore system in
petroleum reservoirs (Soleimani et al., 2017; Radwan, 2021; Radwan et al., 2021a, c).
Petrophysical properties of the reservoir are best-informed by an in-depth understanding of
sedimentary process of emplacement and overall depositional setting. Reservoir diagenesis
plays a critical role in the improvement and/or reduction of reservoir quality (e.g.,
Ajdukiewicz and Lander, 2010; Taylor et al., 2010). Integrated reservoir characterization
using a variety of datasets is essential in the evaluation of static and dynamic properties

(Jones et al., 2009; Radwan, 2022).

Reservoir rock-typing is the main process for reservoir classification into flow units (Mirzaei-
Paiaman et al., 2018; Nabawy et al., 2018a; Radwan et al., 2021b). Analysis techniques that
can be combined to determine reservoir flow unit parameters include core analysis, image
log analysis, and log data analysis (Beiranvand & Kamali, 2004; Al-Ibadi & Al-Jawad, 2020;
Radwan et al.,, 2021). Rock-typing is an integrated multi-proxy approach for reservoir
characterization and field production optimization that employs geological, petrophysical,
and engineering data to better-characterize heterogenous reservoir units and define their
potential performance (Guo et al., 2005; Gomes et al., 2008; Al-Farisi et al., 2009; Masalmeh
et al., 2012; Skalinski & Kenter, 2014; Nabawy et al., 2018b; Radwan et al., 2021; Barakat,
2022; Nabawy et al., 2022a,b). Most advanced rock typing techniques, such as the ‘Winland's
R35" method (Pittman, 1992), the reservoir quality index (RQIl) determination (Leverett,
1941), and the flow zone indicator (FZI) calculation for flow unit identification, rely on data
from core measurements (e.g., Amaefule et al., 1993; El-Sharawya et al., 2020; EI-AdI et al.,

2021).

There is a general lack of core data through the key reservoir section within the Salama Field,
and so accurate lithological and reservoir parameter information has limited the

understanding of the pore system. This integrated study combines a comprehensive
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evaluation and characterization of geological and petrophysical datasets, including analysis
of sedimentary facies, diagenetic alteration, image data covering non-cored intervals, core
data, petrophysical evaluation of well-logs, and artificial neural analysis techniques to better
understand the reservoir characteristics. The application of artificial neural analysis
techniques to the wider well dataset may provide an appropriate solution to aid the
prediction of petrophysical parameters within the reservoir, especially in non-cored

intervals.

Through this analysis, this study 1) examines and characterizes the lithofacies and their
dynamic flow results to improve estimates of reservoir flow units within the Abu Madi
sandstone; 2) constructs a depositional model for the Abu Madi sandstone reservoir using
core and image log data; 3) explores the effects of diagenesis on reservoir quality; and 4)
applies an artificial neural analysis technique for predicting the FZI and permeability
distribution of un-cored intervals. The results of this study have basin-scale implications in
terms of improved hydrocarbon reservoir understanding in the East Nile Delta region, and
more-widely through the characterization of the Messinian sedimentology, stratigraphy, and

reservoir quality in the Mediterranean region.

2. Geological setting

In the Nile Delta and the Mediterranean, hydrocarbon reservoirs in the onshore region are
formed by Neogene-Quaternary siliciclastic sequences (Fig. 2; EGPC, 1994; Leila et al.,
2022a). The Messinian section, including the Qawasim and Abu Madi formations, hosts the
most economically important potential reservoirs in the Nile Delta (EGPC, 1994; El-Nikhely et
al., 2022). The Abu-Madi Baltim trend in West El Manzala has been described as a series of
backstepping fluvial channels (Palmieri et al., 1996; Dolson et al., 2005; Abdel-Fattah and
Slatt, 2013). This backstepping was formed by transgressions that reached further south over
time, finally resulting in the major transgression that gave rise to the deposition of the Kafr
El Sheikh Formation (EGPC, 1994; Abdel-Fattah and Slatt, 2013). During transgression, the
deposited sediments were shifted south into the eroded valleys, closer to the sediment

source (EGPC, 1994). The dramatic fluctuations in relative sea-level, both during and after

5
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the Messinian salinity crisis formed the deeply incised valley of the Eonile Canyon (EGPC,
1994; Abdel-Fattah and Slatt, 2013; Leila and Moscariello, 2019). The Eonile Canyon was
infilled by deposits of the Messinian salinity crisis and was covered by a thick pile of
Pliocene-Pleistocene sediments (EGPC, 1994). The large Eonile Canyon forms in both
modern-day onshore and offshore areas (Barber, 1981; Dalla et al., 1997; Dolson et al., 2001;
Barakat et al., 2019). Extensive areas outside the incised canyon were subjected to erosion
during low sea-level periods, and experienced sediment aggradation during initial period of
transgression (EGPC, 1994). Marine clays were deposited when the transgression reached its
peak. Figure 2 shows the tectonostratigraphic framework of the Nile Delta and the
Mediterranean, with hydrocarbon reservoirs in the onshore region represented by Neogene-
Quaternary siliciclastic sequences (EGPC, 1994; Leila et al., 2022a). The Messinian section,
including the Qawasim and Abu Madi formations, hosts the most economically important

potential reservoirs in the Nile Delta.

Messinian depositional trends were affected by Miocene faults, as well as older fault trends.
The base Messinian surface is more affected by older faults, whilst the younger Messinian
being influenced by reactivated Miocene faults (Fig. 3). This resulted in Messinian
depositional trends that vary from the north-west to the south-east at the base, and from
broadly north to south at the top. The highest area in the east of the Nile Delta today is in
the southernmost part, which represents a north-west dipping paleo-high structure that has
existed since the Messinian (Fig. 3). This paleo high controlled the thickness and palaeo-flow
direction of the Messinian sedimentary pile (Yehia et al., 2019). Deep faults crosscut the
crest of the structure, and form potential vertical hydrocarbon migration pathways into

available traps (EGPC, 1994; Abdel-Fattah and Slatt, 2013; Leila and Moscariello, 2019).

Within the area of the Salma Field, the Abu Madi Formation is interpreted as deposits of a
broad fluvial channel system, aligned roughly parallel to the gas-producing system of the
Abu Madi to the west (Leila et al., 2022b). The Abu Madi Formation is sub-divided into two
units in the Nile Delta region, including the upper Abu Madi unit and lower Abu Madi unit;

the upper Abu Madi unit is absent within the Salma Field.
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3. Methodology

All available data were used for the study of the Salma Field, west of the Qantara
concession, Nile Delta, Egypt (Fig. 1). This included information from two key wells: Salma 2
and Salma 4, which are from within the Salma Field. A complete set of well logs were
available, including core petrography, thin sections, and formation micro image logs (FMI)
for both the Salma-4 and Salma-2 wells; only core analysis data was available for the Salma-2
well. For this study, Techlog™ (Version 2015) from Schlumberger Inc. was utilized for log

data evaluation.

3.1 Core petrography

The uppermost part of the Abu Madi Formation reservoir is intersected in the two wells. The
petrographical study was carried out on 25 thin sections that were prepared using selected
core samples from the Salma-4 well. Thin section preparation included the injection of blue
dye resin to enable porosity identification, and staining by a solution of Alizarin Red-S and
potassium ferricyanide mixture to enable carbonate mineral identification. In addition,
samples were stained with a solution of sodium cobalt nitrate to aid in the identification of
alkali feldspar (sensu Tucker, 1988). Thin sections were examined under a polarizing
microscope to study mineral composition and texture. Sandstones were classified according
to the modified version of the sandstone classification scheme, as described by Dott (1964).
For each thin section, the mineralogy, texture, and pinpoint porosity were defined. The
relative abundances of authigenic and detrital components were calculated in percentage
(%) by volume. Porosity was determined using a point counting technique (200 points for

each sample).
3.2 Borehole image logs

Borehole image logs provide high-resolution information to visualize sedimentary structures,
facies types, geomechanical characteristics, and depositional trends (Lai et al., 2018; Hassan
et al., 2022). Significant advancements in imaging technology have been made, especially in

its application to non-cored intervals (Lai et al., 2018; Hassan et al., 2022).
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Core image data was available for 49 m of the Salma-2 well, and 41 m for the Salma-4 well.
The core image data were used for sedimentary logging, facies description, and depositional
environment interpretation. Image log (FMI) data from both cored and non-cored intervals
were used to evaluate lithofacies, depositional elements, and paleo-current direction (sensu
Tucker, 2001; Donselaar and Schmidt, 2005; Folkestad et al., 2012; Miall, 2014; Lai et al.,
2018; Hassan et al., 2022). The interpretation of borehole imaging data from the studied
wells followed the modern standard techniques in the oil and gas industry (e.g., Lagraba et

al., 2010; Lai et al., 2018; Hassan et al., 2022).

3.3 Core analysis

Core analysis was performed at the Corex Laboratory in Egypt. Grain density, porosity, and
permeability were measured from 58 conventional core plugs taken from the Salma-2 well
and 90 conventional core plugs in the Salma-4 well. Special core analysis (SCAL) was
completed on 23 core plugs from the Salma-2 well and 56 plugs from Salma-4. Analysis
included electric reservoir properties such as Archie exponents (a, m, n), porosity and
permeability under overburden pressure, and fluid mercury injection for pore throat and
capillary pressure tests (MICP). A gamma-ray correction of the core depth with respect to log
depth was conducted. Porosity and permeability data were corrected to net overburden

pressure at reservoir conditions to achieve in-situ values (Dubois et al., 2006).

This study applies various methodologies to distinguish between different flow units within
the Abu Madi Formation reservoir. Rock typing is used for classifying reservoir facies into
rock types based on their dynamic behavior (Varavur et al., 2005). The dynamic behavior
depends on the diagenetic processes, textures, and fluid relationships within the rock mass
(Bear, 1972; Gomes et al., 2008). Semi-empirical equations can be applied to optimize rock
permeability determination under various loading conditions (Panda and Lake, 1994;
Bernabé et al., 2003; Costa, 2006; El -Gendy et al., 2020). Winland (1972) constructed an
empirical relationship to predict rock flow units (Tiab and Donaldson, 1996; Gunter et al.,
1997). The porosity and uncorrected air permeability were measured using conventional

analytical techniques, whilst pore throat radii were determined using mercury injection.
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In the reservoir, the flow unit (R35) is defined according to a uniform pore throat size
distribution and similar flow performance. The R35 Equations are provided below (1&2;

Kolodzie, 1980; Pittman, 1992).

Log R35=0.732 + 0.588 log Ka -0.864 log ® core (1)
R35 = 10 A(0.732 + 0.588 log Ka — 0.864 log ®) (2)
Where: R35 is the radius of pore throat parallel to the 35% of mercury saturation,

Ka is uncorrected air permeability (in mD), and @ is effective porosity in (%).

R35 indicates the inflection point when pore throat size is cross plotted against mercury

saturation (Katz, 1986; Gunter et al., 1997).

The second approach is based on the reservoir quality index (RQl) (Leverett, 1941), and flow
zone indicator (FZI) (Amaefule et al., 1993; Barakat and Nooh, 2017; Nabawy et al., 2020;
Radwan et al., 2021b). Rock is classified according to RQl and flow properties (Amaefule et
al., 1993; Nabawy and Barakat, 2017; Radwan et al., 2021b). The RQl equation is based on
the theory that a porous medium can be represented by a package of capillary tubes

(Kozeny, 1927), and permeability can be expressed as follows:

_ 90
K—a r2 (3)

Where K is permeability in um?, @ is effective porosity infraction, r is the radius of the

capillary tubes and t is tortuosity.

Carmen, (1937) modified Equation 1 into the ‘Kozeny-Carmen’ model with the following

generalized form:

3
K= (lﬁfs.tz. Szgv) -2 K(l —@)? (4)

Where fs is shape factor and S?gv is specific surface area for the grain volume unit in um.

Amaefule et al. (1993) addressed the variables of the Kozeny constant and S2 characteristics

of porous media.

FZl = 1/ Vfs.t"2. S2gv (5)
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K = 93/(1 gy 2P (6)

vK/ @ =[@d /(1—@)]*Fz (7)
Where permeability is expressed in mD, and RQI (um) is written as:
RQl = 0.0314V K/ @ (8)

The hydraulic flow concept is used to divide a reservoir into units with unique FZI values (Al-
Ajmi & Holditch, 2000). The FZI approach combines petrophysical data with environmental
factors to classify the reservoir into different hydraulic flow units (HFUs), which are defined
as a representative reservoir volume with almost identical petrophysical and fluid properties
(Amaefule et al., 1993). FZI was calculated using RQl and normalized porosity after applying
the correction for porosity and permeability related to reservoir conditions. HFU’s were
defined from the FZI normal distribution values with the cumulative FZI curve, where the
change in the slope of the cumulative curve represents a change in flow unit at the inflection

point. The HFU in a reservoir is calculated from FZI and RQI (Amaefule et al., 1993; Guo et al.,

2005).
FZI = RQI/QZ (9)
0z=2/, 4 (10)

Where @z is the normalized porosity.

3.4 Well logs analysis

All available wells for Salma Field were used for petrophysical analysis (clay content,
porosity, lithology, and fluid saturations). A quantitative evaluation of the muddy sandstone
reservoir requires an accurate estimation of the clay volume (VSH). The gamma-ray indicator
was used in the clay content calculation. The density-neutron and photoelectric curve (Pef)
were used for lithology identification (Radwan et al., 2020). Effective porosity (PHIE) was
computed from the neutron-density endpoint matrix cross-plot (Bateman, 1985) and
corrected for VSH and gas effects. The lithology and grain density from the core data were

used in the evaluation. The ‘Indonesian Model’ was applied (Poupon and Leveaux, 1971;
10
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Archie, 1942; Bhatt et al., 2001) to determine the reservoir water saturation volume in the
muddy sandstone formations. This assumed that formation waters are relatively fresh
(salinity = 20,000 NaCl equivalent) and there is a high mudstone content. The cementation
factor (m) and saturation index (n) were estimated from SCAL. The formation water

resistivity (Rw) was calculated using a reservoir water production sample.

3.5 Neural log analysis

Petrophysical analysis and reservoir character attributes form as 1-D datasets within the
borehole, and it is challenging to predict how they vary away from wells (Lucia, 2007; El-
Gendy, 2017). Simulation-based methods are often applied to consistently identify rock
types in sedimentary well logs (Gandhi et al., 2010; Heidari et al., 2011). To further aid this
prediction away from the well bore, artificial neural networks have been applied to rock type
classification and flow unit identification. Artificial neural network (ANN) techniques are
important for well logging prediction (Dubois et al.,, 2006). ANN can be used to investigate
the relationship between linear or non-linear input-output patterns, to generalize training
groups, and estimate test groups. The neural log technique (K-mode) used in this study
applies powerful neural network capabilities to predict poor or un-recorded
data/parameters (e.g., ‘K’). FZI data obtained from core tests and logging curves are used as
training data for the FZI prediction in non-cored intervals. Using ‘TechlogTM’ software (K-
mode), a statistical model using petrophysical parameters from well logs, and FZI from core
measurements, was developed to predict the FZI curves on a log basis within cored intervals.
Subsequently, this methodology was applied to un-cored intervals to gain additional
information about those reservoir units. To create and develop a neural network model,
input and training data are used, including input parameters (VSH, PHIE, Pef, and FZI),
followed by application data, which will be used in the final prediction of required data (VSH,

PHIE, and Pef).

3.6 Stratigraphic modified Lorenz plot (SMLP)
This graphical technique is the most effective for evaluating and separating the reservoir into
distinguishable flow units (Tiab and Donaldson, 1996; Gunter et al., 1997), as well as

assessing how each unit contributes to reservoir performance (Chopra et al., 1998; Gomes et

11
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al., 2008). Stratigraphic modified Lorenz plots (SMLP) are constructed by plotting flow
capacity (%Kh) versus storage capacity (%®h), where h is sample interval thickness, and k is
permeability (mD). The partial sums are computed and normalized to 100%, then arranged
in stratigraphic order (Gomes et al., 2008). Gradients with steep angles represent a higher
flow capacity in relation to unit storage capacity, which are often referred to as ‘speed
zones’ (Chopra et al., 1998). Intervals with low storage capacity and minor flow capacity
typically form baffles to flow within the reservoir. Finally, intervals with no flow or storage

capacity are regarded as sealing units (Salazar, 2006; Gunter et al., 1997).

4. Results

4.1 Core and image log interpretation

The core data and image log were interpreted for contained lithofacies, depositional
elements, and overall environment of deposition. The reservoir interval within the Salma-2
and Salma-4 wells was divided into the lower, middle, and upper units, which are

characterized by seven facies.

4.1.1 Sub-aerial gravity-flow facies
The sedimentary facies of the basal zone consist of deformed mudstone and mixed
mudstone and sandstone heterolithic deposits. These sedimentary rocks display erosional

basal contacts (see incision facies C in Fig. 4) and form repeated successions.

It is interpreted that these deposits represent sub-aerial gravity-flow facies, which were
accumulated directly after the scour of the canyon, and formed through the de-stabilization
of the canyon walls. Other evidence of valley bank collapse accompanying local collapses and
mudslides during within this interval have been observed elsewhere (sensu Blair and
McPherson, 1994; Hunger et al.,, 2001). However, It is also possible that these mudslides
formed through a complex sequence of erosion, iso-static distortion, sea-level drop, and
water release processes that occurred during the Messinian Salinity Crisis (MSC) (Gargani et

al., 2010).

4.1.2 Fluvial channel facies

12
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The fluvial channel facies represent the majority of the Abu Madi basal reservoir unit. It is
composed of blocky massive coarse-grained sandstones, and occasional conglomeratic
sandstones, with sharp and erosional contacts that represent the scour surface at the base
of this facies. The sandstone is poorly-sorted at the base, becoming moderately-sorted
towards the top, where an overall fining-upward trend is observed. Massive kaolinitic pebbly
sandstones (Fig. 4) are interpreted as being deposited rapidly, during a high-energy flow
event. The lack of interbedded mud-drapes or mudstone beds supports a period of high

hydrodynamic energy.

The multiple amalgamated scour surfaces filled with coarse-grained poorly-sorted and
moderately-sorted sandstones, as well as the distinct lack of intervening mudstone units,
indicates the presence of stacked fluvial channel elements (Bridge, 2006). The presence of
sandstone beneath and overlying horizontal laminations of very light brown colored
mudstone, as well as the absence of any bioturbation or ichnofossils, suggests a high energy

fluvial channel formed in a terrestrial setting (Miall, 1977; Tucker, 2001).
4.1.3 Tidal channel facies

This tidal channel facies consists of lowermost beds of poorly-sorted coarse-grained massive
(or structureless) sandstones with sharp-bases, and a fining-upwards succession of
moderate- to well-sorted sandstones (Fig. 5). The sandstones are characterized by parallel
lamination and trough cross-bedding, ripple-cross lamination, upwards increasing

bioturbation, an upward increase of mud-drapes, and glauconite.

The normally graded sandstones with trough cross bedding, followed by parallel lamination
and/or ripple cross bedding, is interpreted as representing in-channel deposition. The fine-
grained glauconitic sediments and mud-drapes at the top of these deposits indicate the
influence of shallow waters and tidal currents (Terwindt, 1971; Van den Berg, 2007). The
upwards increase in bioturbation can be used to infer a transition from brackish to

freshwater conditions (MacEachern and Bann, 2008).

4.1.4 Tidal flat facies

13
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The tidal flat facies are composed of grey laminated mudstones, siltstones, and occasionally
very fine-grained lenticular sandstones. Low-angle to horizontal laminations and mud-drapes
form wavy bedded heterolithic units, which contain abundant bioturbation and rhizoliths

(Figs 4A and 5D).

These facies are interpreted to have formed in a restricted tidal flat environment. The
presence of lenticular beds, mud-drapes, and wavy bedding can be used to indicate a
complex mixture of higher energy oscillatory wave action, and intermittent periods of lower
energy sedimentary processes, which together suggests a component of tidally-influence on
sedimentation (Klein, 1971; Buatois, 1999). The presence of abundant bioturbation, and
importantly the development of rhizoliths, indicates a very shallow water setting, certainly
where parts were exposed for prolonged periods, during which time roots were able to

establish within the substrate.

4.1.5 Tidally influenced fluvial channel facies

The tidally influenced fluvial channel facies are composed of brown moderately-sorted,
occasionally poorly-sorted, coarse- to very coarse-grained, massive (structureless), pebbly or
kaolinitic sandstone. The basal part comprises brown sandstone with intercalated multi-
colored mudstones (Fig. 5). An overall fining-upwards is recognized within this unit, with
sediments becoming fine-grained and moderately-sorted towards the top. Parallel
laminations and abundant mud-drapes are recognized throughout, and glauconite plus flame
structures are present near to the top. The fine-grained sandstones typically display wave
ripple-cross lamination, cross-stratification, wavy bedding, flaser lamination, and abundant

reactivation surfaces (Fig. 5).

The erosive-bases and fining-upward trend may be used to indicate deposition in a tidally
influenced channel (Terwindt, 1971), whilst multiple stacked erosion surfaces, which form an
amalgamated succession, suggest the presence of multiple stacked channels (sensu Van den
berg et al.,, 2007). The presence of massive pebbly sandstones at the base and flame
structures at the top suggests rapid deposition under a high hydrodynamic regime. Multi-

colored mudstones and glauconite suggests complex reducing conditions, which is normally-
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indicative of a restricted shallow water environment. The abundance of flaser
lamination/bedding, wavy bedding, abundant reactivation surfaces, and mud-drapes

strongly suggest tidal influence on sedimentation.

4.1.6 Flood plain facies

The flood plain facies consists of light grey siltstones and poorly- to moderately-sorted very
fine-grained glauconitic and bioclastic sandstones and interbedded mudstones (Fig. 5).
Sandstones display both symmetrical and asymmetrical ripple cross-lamination, tidal
bundles, and mud-draped reactivation surfaces, the latter being more common near the top

of the succession.

The light grey mudstones and siltstones reflect well-drained proximal floodplain deposition
in a hydrodynamically low-energy setting. Evidence for intermittent tidal influence on
sedimentation is provided by interbedded sandstones, with tidal bundles, glauconite,
symmetrical ripple cross-lamination, and mud-draped reactivation surfaces, which are

interpreted to reflect the deposits of a progressive transgression of the shelf.

4.1.7 Sabkha facies

The sabkha facies comprises multi-colored laminated mudstones with very brittle and
indurated surfaces (indicating sub-aerial exposure), bioturbated siltstones, and occasion
muddy-sandstone interbeds. Anhydrite is observed formed as nodules within the
argillaceous matrix (Fig. 5). An upwards increase in evaporite textures occurs, which is

succeeded by a thick anhydrite bed.

This facies reflects a low-energy restricted shallow water environment, most likely within a
sub-tidal lagoon setting. Anhydrite nodules were formed during periods of sub-aerial
exposure (Kinsman, 1969). The bioturbated siltstones and muddy-sandstones interbeds are
interpreted to have been deposited during semi-arid periods. Importantly, and largely
because of the bedded anhydrite, this facies represents a non-permeable layer that may

form a potential intra-reservoir barrier to fluid flow.

4.2 Facies characteristics of the Abu Madi reservoir
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Detailed thin section (TS) analysis allowed the identification and characterization of the
detrital and authigenic components of the Abu Madi reservoir. Relative abundances of
components (% by volume) were obtained through point counting on thin sections
(200 points for each TS). The analyzed sandstone samples from the Salma-4 well include sub-
feldspathic arenite (48%), sub-feldspathic wacke (28%), sub-lithic arenite (8%), feldspathic

wacke (8%), anhydrite sub-feldspathic (4%), and lithic arenite (4%) (Fig. 6; after Dott, 1964).

The sabkha facies (Fig. 7A) contains mudstone and argillaceous matrix composed of
anhydrite, sub-feldspathic arenite, and silt to coarse-grained sand. It is moderate- to well-
sorted, rounded- to sub-angular, moderately cemented, and occasionally highly cemented.
Frequent monocrystalline quartz grains (Qz) occur, as well as K-feldspars (K) and traces of
mica flakes. Opaque minerals and pore-filling anhydrite crystals (An) are observed. This

facies displays poor to moderate pore interconnectivity.

The flood plain facies (Fig. 7B) comprises silt to coarse-grained sand, represented by sub-
feldspathic arenite and wacke, which are poorly-cemented, moderately-compacted, and
contain abundant monocrystalline quartz grains. Small amounts of K-feldspar, detrital
glauconite pellets (G), bioclasts (B), and plagioclase feldspars (Ps) are present. The sandstone

has moderate to good pore interconnectivity.

The tidally influenced fluvial channel facies is composed of mainly fine- to coarse-grained
sand (Fig. 7C) that can be classified as a sub-feldspathic arenite. These rock units are
dominated by quartz grains that are moderate- to well-sorted, rounded to sub-angular,
poorly cemented, and moderately compacted. It contains small amounts of K-feldspars,
bioclasts, and rare amounts of heavy minerals and opaques (see green arrows on Fig. 7). The

sandstones of this facies have good pore interconnectivity.

The fluvial channel facies can be classified as a sub-lithic arenite (Fig. 7D). It is mainly
composed of silt to granule grade material, the latter of which are typically poorly-sorted
and sub-angular to rounded. The sandstones are poorly-cemented and moderately-

compacted, with common pore-filling and grain-coating detrital clays (Dc), as well as small
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amounts of bioclasts (B) and shell fragments. The sandstones of this facies have moderate to

good pore interconnectivity.

The tidal flat sedimentary facies are composed of very fine-grained sandstones and
siltstones (Fig. 7E). The moderately sorted- to well-sorted, rounded to sub-angular
sandstone, which are poorly-cemented and weakly compacted, can be classified as a sub-
feldspathic wacke. The sandstones contain frequent examples of pore-filling and grain-
coating detrital authigenic clays (Dc), as well as small amounts of K-feldspars. The

sandstones of this facies have poor pore interconnectivity.

The tidal channel facies (Fig. 7F) is represented by sub-feldspathic arenites and wackes. The
sandstones are poorly- to moderately-sorted, rounded to sub-angular, poorly cemented, and
moderately compacted, with small amounts of K-feldspar. The sandstones of this facies have

moderate pore interconnectivity.

4.3 Diagenetic features

The Abu Madi sandstone samples show multiple diagenetic features, including dissolution,
fracturing, cementation, and compaction, which all play a role in the development of the
final pore network. Diagenetic features related to fracturing were also recorded, which when
present can act to enhance reservoir characteristics (Figs 7E, 7F). Grains show evidence for
moderate compaction and associated microfractures resulting from grain-to-grain point
contacts (Fig. 7). Cementation by micro and pseudo sparite was observed in TS, particularly
where detrital clays were dominant (Figs 7A, 7B, 7E, 7F). Anhydrite cementation is dominant
in the heterolithic sandstones (Fig. 7A), which can act to block pore throats and reduce
overall reservoir quality. The dissolution of cement and feldspars is recoded in a few samples
(Figs 7E, 7B). Finally, in some cases residual hydrocarbons are observed filling pore spaces
(i.e., pore spaces related to dissolution of the cements and feldspars) that were formed during

the late stages of diagenesis (Fig. 7E).

4.4 FMI Image data analysis from non-cored intervals
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The Abu Madi facies identification in non-cored intervals was completed using formation
image data (FMI) from the Salma-4 well between 2080-2280 m MDBRT (Fig. 8). These logs

were interpreted for lithology, sedimentological features, and sedimentary facies.

The lowermost unit between 2280-2180 m MDBRT is dominated by a repeated (cyclic)
fining-upwards succession of coarse- to very coarse-grained pebbly sandstones that are
massive or cross-stratified, with numerous scour surfaces. The dip data display average
north-west dip azimuths associated with paleo-current indicators. This unit is interpreted as

fluvial channel deposits.

The middle unit between 2180-2138 m MDBRT and 2125-2100 m MDBRT is composed of
horizontally-stratified and massively-bedded units in the lower part, while the upper part
comprises laminated muddy-sandstones, laminated siltstones, and heterolithic sediments,
with a general fining upward pattern (Fig. 9). The presence of siltstone and mudstone
interbeds indicates the periods of energy decrease and deposition from lower energy flows.
Based on the observed lithofacies and dip data, the middle unit is interpreted as

amalgamated tidal channel and tidal flat deposits.

The upper unit between 2100-2080 m MDBRT (Fig. 9B), is formed by alternating units of
massively-bedded muddy sandstones with cross-stratified sandstones, which is especially
clear near the top of the unit. The unit displays an overall coarsening-upward pattern. The
dip data show an east to north-east dip azimuth. This unit is interpreted as deposits of a tidal
bar in a bayhead delta setting. However, the very upper-most zone of this interval shows
slightly divergent dip data relating to palaeocurrent direction, which trends in both north-
east and north-west dip azimuth. It is interpreted that these palaeocurrent directions
represent deposition within the original fluvial channel direction, but which are modified by

the influence of a contrasting tide direction (Fig. 10).

4.5 Depositional model from image data
The Abu Madi facies sediments are represented by three key zones (Fig. 11): the upper,
middle, and lower. The lower zone (A) represents a fluvial channel depositional environment

(Fluvial Domain). It consists of sharp-based aggrading fluvial facies, with stacked fluvial
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channel-fill sediments, and finning-upward successions, which collectively represent an

initial north-westerly directed progradational phase.

The middle zone represents a tidally-influenced marginal marine depositional environment
with three internal sub-units represented by an estuary, delta progradation, and finally a
return to estuarine conditions. The lower sub-unit is represented by an estuarine
environment (B; estuarine domain) and formed through the deposition under low
accommodation space corresponding to a retro-gradational phase and transition from
terrestrial to marine sedimentation. The middle sub-unit reflects deposition in a bayhead
delta setting (C; tidal domain), during which gradual cyclic progradation of the sediments
under tidal action occurred. Beds show a progradational phase. The facies are primarily
composed of sandstone, with sandy tidal flats formed on a bayhead delta plain, and
heterolithic facies representing tidal influences in adjacent areas. The upper sub-unit marks
a return to estuarine deposition (B; estuarine domain) following the progradation of the

bayhead delta during middle sub-unit times.

The upper zone represents a tidal environment and consists of two sub-units. The lower-
most sub-unit represents a tidally influenced fluvial channel system (D; tidal domain). It also
displays a change in palaeocurrent direction, as indicated by north-east to north-west dip
azimuths. The upper-most sub-unit is represented by Sabkha deposits (E; tidal domain),
which formed in a supratidal setting. The Sabkha deposits contain intercalated and bedded

anhydrite, as well as fine-grained tidal flat facies.

The facies and depositional model (Fig. 11) depicts initial deposition in a continental setting
in which fluvial processes dominated. This was followed by an fining-upward pattern, with
an erosive scouring possibly related to lowstand to transgressive system tract conditions.
Continued and widespread transgression of the palaeoshelf occurred resulting in a switch to
marginal-marine sedimentary processes. Initial deposits were formed in a tidally-dominated
estuary, with subsequent phases of progradation forming fluvial-dominated deposits within
a bayhead delta. Finally, the depositional environment transitioned into a restricted tidal flat
setting and/or Sabkha associated with the early onset of highstand conditions.

4.6 Rock type classification and flow unit identification
19
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Rock typing is a technique used for classifying the reservoir into units of unique

petrophysical characteristics. It is used to establish the relationship between reservoir

parameters from different sources, such as core data, logs, production data, and geological

descriptions (Amaefule et al., 1993).

4.6.1 Winland’s R3s and flow units (FU)

Flow units were distinguished from the porosity-air permeability plot of cored intervals of

the Abu Madi Formation (Fig. 12). The results of the flow unit assessment are presented in

table (1), based on the range of pore-throat radii (R35) to five flow units (FU’s):

1.

FU-I: A flow unit with a R35 value of above 15 um, which can be classified as having
mega-pores. The porosity range is 24-39 % and permeability is often >900 mD. FU-|
directly relates to fluvial channel and tidally influenced fluvial channel facies within the
reservoir. The sandstones are relatively clean, contain only small amounts of

argillaceous material, and have excellent reservoir quality.

FU-II: A flow unit with a R35 value ranging from 6-15 um, which can be classified as
having macro to mega-pores. The porosity range is 20—32 % and the permeability is
150-900 mD. It relates to the fluvial channel facies and tidally influenced fluvial channel

deposits, which form very good reservoir units.

FU- lll: A flow unit with R35 values ranging from 3.5—-6 um, which can be classified as
having macro-pores. The porosity ranges between 16-30 % and the permeability ranges
between 50-150 mD. This unit represents the estuarine tidal channel facies and the

tidally influenced fluvial channel facies, which form good-quality reservoir units.

FU- IV: A flow unit with a R35 value ranging from 2—3.5 um, which can be classified as
having meso-pores. The porosity range is 13—31 %, while the permeability is 10-60 mD,

and therefore represents medium to low-quality reservoir units.

FU- V: A flow unit with a R35 ranging from 0.5-2 um, which can be classified as having
micro-porosity. The porosity range is 14—26%, and the permeability range is 0.8—10 mD.
This unit represents fluvial channel and the tidal channel (estuarine) facies, which form

low-quality reservoir units.
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Table 1: Statistical variability of petrophysical properties associated with each flow unit,

based on Winland’s flow unit classification:

Flow R35 Pores type Porosity Permeability Reservoir

unit (m) (%) (mD) quality

FUI >15 Mega pores 24-39 >900 Excellent

FUII 6-15 Macro- to Mega 20-32 150-900 Very Good
pores

FU Il 3.5-6 Macro pores 16-30 50-150 Good

FU IV 2-3.5 Meso pores 13-31 10-60 Moderate

FUV 0.5-2 Micro pores 14-26 0.8-10 Low

4.6.2 Normalized cumulative reservoir quality index (NCRQI)

Rock typing classification is based on the (RQl) concept and dynamic flow properties. From
corrected core data that considers the reservoir condition in terms of porosity and

permeability. RQl is calculated and used to determine (NCRQI) for each data point as follows:

i K
®=1 /i

NCRQI = (11)

n [Kn
x=1 .\ pn

Where n and i are the total numbers of data and number of data points at sequential steps
of computation, respectively. NCRQI depth curves for Salma-2 and Salma-4 wells (Fig. 13)
show that the slope change NCRQI curve represents the change in reservoir flow unit
(Gomes et al., 2008). The slope of the curve represents the rate of change of NCRQI with
depth, where a high rate represents both high reservoir quality and flow rate. The reservoir

units are separated (graphically) into different flow units based on change of curve slope.

The reservoirs show high-quality in units 1 & 2 (Table 1). These units have the highest
porosity and permeability and are associated with fluvial and tidally--influenced fluvial
facies. Unit 3 represent the medium-quality unit and is related to tidal channel facies, while

the low-quality unit 4 corresponds to the heterolithic and argillaceous sandstones.

4.6.3 Hydraulic flow units (HFU)
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The core data of Salma-2 and Salma-4 wells (Fig. 14) show four main HFU’s controlling the
Abu Madi reservoir performance for the cored intervals. The defined HFU’s and reservoir
facies are described in (Fig. 15), and the final HFU results for the Abu Madi Formation are

summarized in Table (2).

HFU-I: The average FZl is between 4.5-10 um, which represent excellent sandstone reservoir
quality. Porosity ranges between 25-33 % and permeability exceeds 900 mD. This unit is

mainly composed of fluvial channel and tidally influenced fluvial channel facies.

HFU-II: The average FZl is between 1.7-4.5 um, reflecting a good to very good quality
sandstone. Porosity ranges between 17-33 %, and permeabilities are between 70-900 mD.
This unit is mainly composed of fluvial channel, tidal influenced fluvial channel, and clean

sandstones of the tidal channels.

HFU-lll: The average FZI is between 0.6—1.7 um, reflecting a moderate quality sandstone.
Porosity ranges between 12—-33% and permeability between 4—-100 mD. This unit is mainly
composed of tidal channel and tidal flat sandstones (estuarine), with argillaceous parts of

the fluvial and tidal influenced fluvial channel.

HFU-IV: The average FZI is between 0.2-0.6 um, reflecting a low-quality sandstone. Porosity
ranges between 15-30% and permeability between 0.6—8 mD. This unit is represented by

heterolithic sandstones of tidal flat facies.

Table 2. HFU data for the Abu Madi Formation.

Hydraulic flow unit | FZI (um) | Porosity (%) | Permeability (mD) | Reservoir quality
HFU | 4.5-10 | 2533 >900 Excellent

HFU Il 1.7-4.5 | 17-33 70-1000 Good - Very good
HFU I 0.6-1.7 | 12-33 4-100 Moderate - Good
HFU IV 0.2-0.6 | 15-30 0.6-8 Low

4.7 Formation evaluation
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The evaluation of well logs has been performed to determine the petrophysical properties of
the Abu Madi reservoir using graphical and computational methods. Log evaluation using
‘TechlogTM’ (Version, 2015) has been applied to determine shale volume, effective porosity,
lithology, and hydrocarbon saturation. A large proportion of the data within the neutron-
density raw data cross-plots for Salma-2 and Salama-4 wells demonstrate conformance with
the sandstone trendline (Figs 16 and 17). Some points plot closer to the limestone line,
which is interpreted as reflecting the presence of carbonate cementing minerals. Other
points plot concordantly along the dolomite line, where the deposits contain shale. Finally, a
cluster of data points plot above the sandstone line, which is likely caused by the gas effect
(sensu Radwan et al., 2020). The thicknesses of the gas-bearing zone (net pay) for the two
wells and other petrophysical analysis parameters are summarized in table (3). The Salma-2
well (Fig. 18), shows that all of the sandstone reservoir intervals are above the gas-water

contact within the pay zone.

The Abu Madi sandstone is characterized by excellent reservoir quality, with high porosity
(average porosity of 22%), and low clay content (average shale volume of 19%). This is
especially the case in the lower zones, which represent the coarse-grained sandstone of
fluvial channel facies with water saturation ranges between (20—40%). The upper zone of the
reservoir is composed of lower quality fluvial channel facies, where the sandstones are finer-
grained, and the clay content is higher. The upper part of the reservoir is interpreted as tidal
channel and tidal flat facies, comprising fine- to very fine-grained sandstone, with mudstone
intercalations. The Salma-4 well interpretation (Fig. 19) shows very good reservoir quality,
with gas-bearing zones above 2113.4 m and water zones below 2117.5 m. The main pay
zones in the upper part of Abu Madi are within high porosity tidally influenced fluvial
channel sandstones. A small part of the good quality (average porosity of 22%) tidal channel
sandstone net pay zone is above the ‘gas down to’ (GDT) level. The rest of Abu Madi
reservoir is below the gas zone, with bayhead delta and fluvial channel sandstones being
‘water-wet’. In general, the upper part is characterized by very fine-grained and clay-grade
tidal flat sediments, with an overall high clay content (average shale volume of 21%). Clay

content reduces resistivity (+/-3 ohm.m), whilst increasing irreducible water saturation
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(>40%) (Tiab and Donaldson, 1996). The estuarine zone shows evidence for calcareous
cements within the bayhead delta facies, which are interpreted to be formed through

secondary processes during diagenesis within the estuarine environment.

Table 3: Petrophysical analysis of net pay zones in the Abu Madi Formation.

well Zones Top | Bottom .Gross Net pay| Av. shale poﬁ;ls:ity Av. V\{ater
(m) (m) |thickness (m)| (m) | volume (%) (%) saturation (%)
Salma-2 Estuarine [2014.7| 2025.4 10.7 2.60 26.0 18 36
Salma-2 Fluvial 2025.4| 2070.0 44.6 22.70 19.0 22 40
Salma-4 Sabkha 2080.0| 2088.5 8.5 0.15 34.0 19 47
Tidally
Salma-4 influenced |2088.5| 2100.0 11.5 9.80 214 24 39
fluvial channel
Salma-4 Estuarine  |2100.0| 2115.0 15 2.29 21.0 22 60

4.8 FZI and permeability prediction

The neural log techniqgue (K-mode) is statistical in nature and uses 148 core points for input
data (PHIE and FZI based on core analysis) to predict FZI, with HFU’s based on log data (PHIE,
Pef, and Vshale). Using both log and core data within the cored zones, the neural analysis
method iteratively uses FZI as a function related to log data to predict a FZI curve for non-

cored intervals.

Using permeability (K) as a function on porosity(@), and FZI (Eq. 12).

K= 1014FZI** @3/ (1 —©)? (12)

The result of neural analysis of predicted FZI neural-derived and permeability calculations
are presented in table (4). Although HFU’s are limited by different FZI ranges, each unit may
contain a wide range of potentially overlapping porosity and permeability values. The FZI
values, along with seismic attribute information and sedimentary facies models, are used to
define the character and distribution of flow units within the full reservoir model. The data
from the core in Salma-2 and Salma-4 wells (Fig. 14) shows wide ranges of FZ| across the
main HFU’s. Selected training data from cores covers most reservoir types and has been
verified later with other cores. The resulting model provides an important tool for

permeability prediction in reservoir flow simulation and production optimization.
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In the Salma-2 well, FZI values are high within most reservoir intervals, including the un-
cored sections dominated by flow units 1 and 2 (Figs 20 and 21), reflecting the high reservoir
quality of fluvial channel sandstones. More minor intervals of the argillaceous fluvial channel
flow unit 3 are also present. Permeability prediction shows a high permeability range in the
lower zone, with a moderate range in other zones. The Salma-4 well contains alternating
high and medium FZI values within the pay zone intervals, with medium-to-high permeability
ranges. The middle part of the Abu Madi reservoir is below the gas zone (Fig. 21) and
displays a low to moderate FZI range (flow units 3 and 2) in bayhead delta, estuarine, and
tidal flat facies. The lower part of the Abu Madi reservoir is represented by a high range of
FZI (flow unit 1), reflecting the variable sorting and coarser grain-sizes. The summary of HFU
distribution for different reservoir units and environments is shown for Salma-2 (Fig. 22A)

and Salma-4 (Fig. 22B).

Table 4: Petrophysical and neural analysis (FZI, Permeability) of reservoir zones for Abu Madi

Formation.
_Gross Net . Av. shale AV'. I F_IOW zone Av. flow zone Av. horizontal
Well Zones thickness | reservoir volume (%) porosity [findicator (um) indicator (um) | permeability (mD)
(m) (m) (%) Min - Max wml|p y
Salma-2 Estuarine 10.7 2.6 26.0 18.0 1-7.2 3.9 356.7
Salma-2 Fluvial 44.6 229 19.0 22.0 1.8-7.0 4.5 648.3
Salma-4 Sabkha 8.5 0.3 29.6 17.3 0.5-2.0 1.8 24.7
Tidal
salma-4 | Influenced |y, g 9.8 21.4 24.0 1.8-8.5 3.7 676.7
fluvial
channel
Salma-4 Estuarine 66.9 10.7 25.0 18.9 1-9.0 2.2 173.4
salma-a | Bavhead 13.9 10.4 24.6 18.3 1-6.0 1.9 83.1
delta
Salma-4 Fluvial 94.4 64.9 21.0 19.7 1-10.6 3.5 683.9

4.9 Stratigraphic Modified Lorenz Plot (SMLP)

The cumulative percent of flow capacity (%Kh) was plotted versus the cumulative percent of
storage capacity (%@h). Each slope segment represents the flow performance of a specific
reservoir unit (Figs 23 and 24). The application of the ‘Stratigraphic Modified Lorenz Plot’

(SMLP) technique displays the main flow units, stratigraphically.
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In Salma-2, flow performance is controlled by five units (A, B, C, D, and E; Fig. 23). The main
units that contribute to the maximum storage and flow capacity are unit-A (45% storage and
40% flow) and unit-B (22% storage and 52% flow), which are fluvial channel facies in the
middle and lower parts of the reservoir. The argillaceous fluvial channel deposits of units C
and D in the upper part of the reservoir have low storage and flow capacity, whilst estuarine

facies of unit E are sealing (7% storage and 6% flow).

In Salma-4, overall flow performance is controlled by 11 separate flow units (A—K; Fig. 24).
The units that contribute the main storage and flow capacity are A, C, E, G, and J (35%
storage and 86% flow, collectively), which are mostly related to tidally-influenced fluvial
channel and estuarine facies of unit A. Unit E displays maximum flow performance (36%),
which represents a ‘speed zone’, whilst flow units K and | represent low-quality reservoir
intervals or baffles (22% storage and 4% flow, collectively). Units B, D, and F display very low-

quality flow performance (20% storage and 1% flow) and considered as sealing units.

5. Discussion

5.1. Depositional and diagenetic controls on the reservoir quality

In general, fluvial deposits form highly heterogeneous reservoirs, where the connectivity of
sand bodies and their characteristics control the reservoir quality at multiple scales (Gibling,
2006). In the study area, the Abu Madi Formation is composed of sabkha, fluvial channel,
flood plain, tidally influenced fluvial channel, tidal flat, and tidal channel facies. This dynamic
sedimentary system resulted in the deposition and preservation of variable sandstone types,
including sub-feldspathic arenites, sub-feldspathic wackes, sub-lithic arenites, feldspathic
wackes, anhydrite sub-feldspathic arenites, and lithic arenites. Each lithofacies has different
characteristics and depositional conditions that control the texture, grain size, and sorting,
which affect the reservoir quality. Additionally, diagenetic processes such as dissolution,
fracturing, cementation, and compaction act to control the pore network in sandstone

reservoirs (e.g., Worden and Burley, 2003; Taylor et al., 2010).
5.1.1 Sabkha Facies

The sandstones of the sabkha facies in Abu Madi reservoir (Figs. 5A and 7A) are dominated

by anhydrite sub-feldspathic arenites, with argillaceous-rich silt grade to coarse-grained
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sandstones. Detrital clays within the matrix have a significant impact in terms of reducing
reservoir quality, as do pore-filling anhydrite crystals (Fig. 7A), siderite bands, and anhydrite
nodules, all features that can act to reduce overall porosity and permeability within the
reservoir (sensu Elias et al., 2004). The grain contacts are dominated by point contacts, with
only a few long concavo-convex contacts, which indicates low to moderate compaction.
Overall, the sabkha facies sandstones in the Abu Madi reservoir are interpreted as poor to

moderate in terms of reservoir quality (Fig. 7A).
5.1.2 Fluvial Channel Facies

The fluvial channel facies typically represent significant reservoir intervals, with high-quality
porous and permeable sandstones often deposited and preserved in these settings (Mial,
1988; Luo et al., 2009; Morad et al., 2010; Leila et al., 2022a, b; Abdel-Fattah et al., 2022).
The fluvial channel facies (Fig. 4B) are dominated by blocky and massively-bedded silt to
granule grade poorly-sorted sandstones of the sub-lithic arenite type (Figs 4B and 7D), which
show an overall fining-upwards trend. The massively bedded kaolinitic pebbly sandstones,
along with the interbedded mudstone beds, absence of bioturbation, and mud-drapes,
collectively suggest deposition in a fluvial channel setting (Allen, 1982; Mial, 1988; Bridge,
2006). The sandstones display a well-preserved primary porosity, with low amounts of pore
filling and grain-coating detrital clays (Dc). The grains show only minor evidence of
microfractures and grain contacts are dominated by point contacts, indicating a limited
influence of compaction on reservoir quality (Fig 7D). The lateral continuity of correlated
fluvial channel sandstones between the Salma-2 and Salma-4 wells is observed in the lower
parts of the reservoir. In summary, the fluvial channel sandstone facies have very good pore
interconnectivity, very good reservoir quality, and are more widely recognized as forming

ideal intervals for gas storage and fluid flow (Allen, 1982; Mial, 1988; Bridge, 2006).
5.1.3 Flood Plain Facies

The flood plain facies (Fig. 7B) are dominated by silt to coarse-grained sub-feldspathic
arenites. Grain contacts are dominated by point contacts, with a few long and concavo-
convex contacts, reflecting low to moderate compaction. The grains are less compacted and

have more space than compared with the sabkha facies. Thin section analysis shows
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scattered detrital clays that rare block pore spaces (Fig. 7B). Detrital clay abundance is less
than compared with the sabkha facies (Fig. 7A) and the fluvial channel facies (Fig. 7D), which
indicates higher porosity in the flood plain facies. Additionally, cementation by micro and
pseudo sparite act to reduce the pore network, although porosity is observed to be fair to
good. In summary, the flood plain facies have moderate to good pore interconnectivity and

reservoir quality (Fig. 7B).
5.1.4 Tidally influenced Fluvial Channel Facies

The tidally influenced fluvial channel facies is a favorable reservoir in many petroleum
systems worldwide (Hein, 2015). These facies are dominated by coarse-grained sub-
feldspathic arenites (Fig. 7-C), with occasional gravelly-pebbly grains. Pore-filling kaolinite
cements are observed (Fig. 5C). Grain contacts are dominated by point contacts, reflecting
low to moderate compaction with visible preserved porosity (Fig. 7C). The commonly
observed mud drapes are indicative of tidal influences on sedimentation (e.g., Allen, 1982;
Martinius and Van den Berg, 2011; Hein, 2015). A good pore interconnectivity is observed in
these facies (Fig. 7C). In HFU-II and HFU-III, the reservoir quality is affected by pore-filling
cementation. The accumulation of K-feldspars, glauconite, and heavy minerals in the pore
spaces blocks pore throats and reduces overall pore connectivity (Fig. 7C); these diagenetic
factors are less prevalent in (HFU-I). Overall, the tidally influenced fluvial channel facies are

interpreted as excellent to very good in terms of reservoir quality.
5.1.5 Tidal Flat Facies

Good-quality sandstone reservoirs, with good porosity and permeability, exist within tidal
flat environments (e.g., Seaiag et al., 2016). In this study, the tidal flat facies are dominated
by fine- to coarse-grained sub-feldspathic wackes (Fig. 7E), which are heterolithic at the
lamination scale, and bioturbated (Fig. 5D, 4A). The grain contacts in the tidal flat facies are
dominated by point contacts with few long and concavo-convex contacts, contain limited
examples of intragranular microfractures, and therefore were likely exposed to low to
moderate degrees of compaction. Pore-filling detrital clays are observed (Fig. 7E), which act
to reduce overall reservoir quality; pore-filling residual hydrocarbons and grain-coating

detrital clays (Dc) are also observed. Collectively, these observations suggest poor
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interconnectivity in the tidal flat facies and therefore poor reservoir quality. The heterolithic
sandstone group of samples (HFU IV) has the lowest reservoir quality in the studied Abu

Madi reservoir.

5.1.6 Tidal Channel Facies

Tidal channel facies can form good-quality reservoirs in petroleum systems worldwide (e.g.,
Weimer et al., 1982; Reinson et al., 1988). In this study, this facies are dominated by silt to
fine-grained, poorly to moderately-sorted sub-feldspathic arenites and wackes (Fig. 7F).
Point-to-point grain contact demonstrates that these deposits have been affected by
moderate compaction (Fig. 7F). The existence of pore-filling detrital clays decreases the pore
system effectiveness and reduces reservoir quality. Moderate cementation of this facies has
reduced the total pore volume, with some evidence for moderate pore interconnectivity

suggesting moderate reservoir quality (Fig. 7F).

To summarize, the reservoir quality of the Abu Madi reservoir is controlled by both
depositional and diagenetic processes. There is an inverse relationship between the porosity
and detrital clay volume, where a high detrital clay content indicates poor reservoir quality.
The grain size analysis reflects some enhancement of the reservoir quality associated with
the presence of coarse-grained sediments. Most sediments are poorly- to moderately-
sorted. This study interprets that the abundance of detrital clays plays the main controlling
parameter in reservoir quality, followed by grain size, and sorting. Reservoir quality-
enhancing diagenetic controls include dissolution of cement and feldspars (Fig. 7E, B), and
micro-fractures (Fig. 7E, F). On the contrary, the impacts of the reservoir quality-reducing
diagenetic controls were primarily dependent on the cementation (i.e., argillaceous material
and kaolinite) that led to a partial reduction of the pore network. The studied intervals
displayed low to moderate degrees of compaction, and so it’s influence on reservoir quality

is thought to be low.

5.2. Pore systems, flow units, and links with depositional lithofacies
The Abu Madi reservoir is characterized by a wide range of facies and flow units, which

reflects the variation in the depositional environment. Fluvial channel facies, tidal influenced
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channel facies, and the upper part of bayhead delta facies are dominated by clean
sandstones, with a low clay content (average 20%). These are characterized by the highest
R35 and FZI values, indicating a pore system dominated by mega-to macro-pores (FU-I and
FU-1I; HFU-I and HFU-II). The estuarine facies are dominated by siltstone and mudstone, as
well as argillaceous sandstone, with an average clay content of 25%. The estuarine facies are
characterized by moderate R35 and FZI values, indicating a pore system dominated by
macro-to meso-pores (FU-IIl and FU-1V), and (HFU-III). Heterolithic deposits of the estuarine
environment and bayhead delta sandstone facies are abundant in mudstones and
argillaceous-rich sandstones. The argillaceous-rich sandstones contain an average clay
content of 29%, forming poor quality reservoir intervals characterized by low R35 and FZI
values, indicating a pore system dominated by micro-pores (FU-V) and (HFU-IV). The high
storage and flow capacity of the Abu Madi fluvial channel facies and tidal influenced fluvial
channel facies (HFU-1, HFU-2) is largely controlled by the sedimentological distribution of
low detrital clay and siltstone content. In addition, reservoir quality-enhancing diagenetic
controls, including dissolution of cement and feldspars (Fig. 7), and micro-fractures (Fig. 7)
aid in their high reservoir performance. The storage and flow capacity of the estuarine
facies/flow zones (HFU-IIl, HFU-IV) are low due to their high detrital clay and siltstone
content. In addition, reservoir quality-reducing diagenetic controls, including cementation

and compaction (Fig. 7) act to further reduce the performance of these intervals.

Despite these observations, there is no fixed relationship between the lithofacies and the
petrophysical parameters (e.g., the porosity/permeability values and the HFU’s/FU’s), where
the observed porosities and permeabilities vary across lithofacies. HFU’s and FU’s have been
observed in both poor and excellent reservoir quality zones. This phenomenon highlights the
high-degree of heterogeneity of the studied Abu Madi reservoirs, which is reported in similar
studies of comparable sedimentary settings, worldwide (Moraes and Surdam, 1993; Alaa et
al., 2000; Pranter et al., 2007; Luo et al., 2009; Colombera et al., 2012; Henares et al., 2016;
Sahoo et al., 2016; Abdel-Fattah et al., 2022).

5.3. Implications for hydrocarbon exploration and production
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The Abu Madi Formation is an important rock unit in the Nile Delta petroleum system
because they contain potentially economically-significant volumes of reservoir rocks (EGPC,
1994; Dolson et al., 2005; Leila et al., 2015). As a result, investigating the petrophysical and
sedimentological controls on the Abu Madi sandstone reservoir is useful for effective
reservoir quality prediction, which contributes to the overall understanding of the Messinian
hydrocarbon plays. A better understanding of the Abu Madi subsurface reservoirs can be
gained by accurately predicting the connectivity, rock type, and flow behavior of these
deposits, which ais in further reservoir simulation and modeling. The identification of five
different flow units (i.e., FU-I, FU-II, FU-Ill, FU-IV, and FU-V) based on the application of
Winland’s R35 technique, as well as four HFU’s (i.e., HFU-I, HFU-II, HFU-IIl, and HFU-IV)
improves reservoir prediction and simulation for reservoir management and recovery in such

heterogeneous sandstone reservoirs.

In terms of reservoir quality, the integrated core measurements, image log interpretation,
and petrophysical analysis indicate that HFU-I has the highest reservoir quality, which is
characterized by excellent porosity of 25-33% and excellent permeability of >900 mD. HFU-II
has very good reservoir quality, which is characterized by between 17-33% porosity and very
700— 1000 mD permeability. The HFU-IIl has moderate to good reservoir quality, with 12—
33% porosity and 4—-100 mD permeability. This may shed light on the HFU-I, HFU-II, and HFU-
Il of the fluvial and tidally-influenced fluvial sandstones, which can now be further appraised
during continued field development. HFU-IV has the lowest reservoir quality, which is

characterized by low permeability (0.6—8 mD).

The inferred data from image logs allows us to define the average paleo-current direction in
the studied fluvial to deltaic setting. The fluvial channel dip data shows a north-west
azimuth, suggesting that the rivers were flowing in a north-westerly direction. In-
comparison, the estuarine dip data shows an east to north-east dip azimuth, suggesting the
marine-dominated sedimentary systems were oriented slightly oblique to the overall strike
of the in-draining fluvial systems. The tidally influenced fluvial channel deposits dip data
shows a north-east to north-west dip azimuth, representing the fluvial channel direction
with the superimposed and opposing bi-directional marine tide direction (Fig. 10). The paleo-
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current direction information is important as at the field scale it can be used to guide
tracking of these reservoirs across the field, and at the regional scales it provides
information on the overall palaeoflow direction of the sedimentary systems during the

Messinian in the Nile Delta area.

The neural log technique succeeded in predicting FZI, permeability, and petrophysical
parameters in the un-cored intervals. The resulting distribution of hydraulic flow units
method honored the geology of the reservoirs, as well as static and dynamic petrophysical
properties. Flow units take into account both pore structure and fluid-flow performance,
which improves permeability estimation and reduces the uncertainty in petrophysical
assessments. Derived empirical relationships of porosity and permeability for different types
of sandstone and combined empirical and theoretical models with laboratory-measured
data, show a good agreement between estimated FZI and permeability and core
measurements. The prediction of FZI and permeability in the non-cored intervals is of great
importance in the field development and can be used in other drilled and future planned

wells for production optimization.

The modified Lorenz Plot SMLP was able to improve the knowledge of the Abu Madi
reservoir storage capacity and flow performance, which is controlled by five flow units in the
Salma-2 well and 11 flow units in the Salma-4 well. Based on the previous results, it is
concluded that the Abu Madi reservoir in the Salma-4 is more heterogeneous. In the Salma-2
well, the maximum storage and flow capacity are associated with the clean sandstones of
fluvial channel deposits in the middle and lower parts of the reservoir. The low storage and
flow capacity is associated with argillaceous-rich fluvial channel facies in the upper part of
the reservoir. In the Salma-4 well, the main storage and flow capacity is related to tidally-
influenced fluvial channel deposits and tidal channel sandstones. Flow units K and |
represent low-quality reservoirs (baffles). Flow performance in the Abu Madi reservoir is
primarily controlled by the character and distribution of fluvial channel and tidally influenced

fluvial channel deposits, with little contribution from estuarine deposits.

Conclusions
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This comprehensive integrated study has improved the geological understanding of the
Messinian deposits, and in-particular the reservoir units, in the Nile Delta area. In-particular,
an improved geological understanding of the Abu Madi reservoirs is provided, which exhibit
multi-scalar heterogeneities in depositional environments, fluid flow, and rock types. This
study demonstrates that the Abu Madi Formation in Salma Field is composed of a range of
different facies, including sub-aerial gravity-flow facies, fluvial channel facies, tidal channel
facies, tidal flat facies, tidally influenced fluvial channel facies, flood plain facies, and sabkha
facies. The sedimentary processes responsible for depositing these facies formed a range of
sandstone types, including sub-feldspathic arenites, sub-feldspathic wackes, sub-lithic
arenites, feldspathic wackes, anhydrite sub-feldspathics. Reservoir quality is controlled by A
combination of these depositional processes (sedimentary facies) and diagenetic processes.
The abundance of detrital clays plays the main controlling parameter in reservoir quality,
followed by grain size and sorting. The dissolution of cement and feldspars, along with the
presence of micro-fractured grains form the main reservoir-quality-enhancing diagenetic

factors, whilst pore-filling detrital clays led to a partial reduction of the pore network.

The neural log technique (K-mode) has succeeded in predicting FZI, permeability, and
petrophysical parameters in the non-cored intervals. The resulting model can be used to
obtain a reliable permeability prediction based on combining porosity and FZI| to provide
more accurate reservoir flow simulations. The Modified Lorenz Plot SMLP shows that the
storage capacity and flow performance is controlled by five flow units in the Salma-2 well,

whilst 11 flow units were detected in the Salma-4 well.

The Abu Madi reservoir is divided into four HFU’s, including HFU-I (excellent reservoir quality
and dominated by fluvial channel and tidal influenced fluvial channel facies), HFU-II (very
good to good reservoir quality and dominated by fluvial channel, tidal influenced fluvial
channel, and tidal channel facies, HFU-IIl (moderate quality sandstone dominated by tidal
channel and tidal flat sandstones, with argillaceous parts of the fluvial and tidal influenced
fluvial channel), and HFU-IV (low-quality reservoir and dominated by heterolithic sandstones
of tidal flat facies). The storage and flow capacity of the fluvial channel facies and tidally

influenced fluvial channel facies (HFU-1, HFU-2) samples are the largest due to the lower
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detrital clay and silt content. The storage and flow capacity of the estuarine (HFU-III, HFU-IV)

facies is limited by the high detrital clay and siltstone content.

This integrated comprehensive analysis of multi-proxy datasets has yielded an improved rock
type classification and petrophysical parameter distribution in heterogeneous reservoirs.
The main flow in the Abu Madi reservoir is related to fluvial channel deposits and tidally
influenced fluvial channel units, which better-informs the next exploration and production
phases. The results of this study also contribute to the overall geological understanding of
the sedimentary and stratigraphical understanding of the Messinian system in the Nile Delta
area. In-particular, the relationship between interpreted sedimentary facies and depositional
environment, and the spatio-stratal distribution of reservoir quality contributes greatly to
the overall improved understanding of the hydrocarbon system and reservoir typology in the

region.
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1392  Fig. 4: Core photos showing the sedimentary facies of Abu Madi Formation in Salma-2 well.
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1395  Fig. 5: Core photos showing the sedimentary facies of Abu Madi Formation in Salma-4 well.
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1400  Fig. 7: Thin section microphotographs illustrating different sandstones microfacies of Abu

1401 Madi Formation (Mineral symbols: Anhydrite, An; Quartz, Qz ; K-feldspars, K;
1402 Glauconite, G ; Bioclasts , B ; Plagioclase feldspars , Ps; Lithic fragments , L ; Detrital
1403 clays , Dc ; Porosity (Orange Arrows), Heavy Minerals (Green Arrows), Residual
1404 Hydrocarbons (Red Arrows).
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1434  Fig.16: Density- neutron cross plot for Salma-2 well.
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1452  Fig.22: Hydraulic Flow units showing their distributions related to different reservoir units
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1455  Fig.23: Stratigraphic modified Lorenz plot (SMLP) for Messinian reservoir in Salma-2 well.
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1457  Fig.24: Stratigraphic modified Lorenz plot (SMLP) for Messinian reservoir in Salma-4 well.
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